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Polymerization of lactic acid oligomers under microwave irradiation

The kinetics of the polymerization of lactic acid oligomers (LAO) was studied for the first time at various mi-
crowave irradiation powers (MW) in the presence of Sn(Oct),/benzyl alcohol (C¢HsCH,OH) catalyst and
toluenesulfonic acid (TSA). LAO was polymerized in a multimodal reactor in a vacuum while sparging with
nitrogen at powers of 130, 280, 360 W. The optimal concentrations of catalysts and initiator were determined,
which represent 0.03 % Sn(Oct),/C¢HsCH,OH and 0.3-0.4 % TSA by weight of LAO. It was established that
the polymerization of LAO in the presence of TSA proceeds already at 130 W. As the MW power increases,
the rate of LAO polymerization increases. When Sn(Oct),/CsHsCH,OH was used as a catalyst, the LAO
polymerization process proceeds at a noticeable rate at 280 W, and after 25 min the molecular weight was
about 20,000 Da. During the polymerization of LAO in the presence of catalysts at 360 W, lactide forms
along with the formation of polylactic acid (PLA). Using the methods of IR and NMR spectroscopy, the
structure of the obtained substances was studied. The synthesized PLA samples are optically pure; the optical
rotation angle is 156-158 degreesxml/dmxg. It has been suggested that during LAO polymerization under
MW conditions, the so-called «non-thermal microwave effect» is observed, that is, at the same temperature
(215 °C), but at different powers (280 W and 360 W), the LAO polymerization proceeds at different rates.

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

Introduction

PLA is one of the most promising biodegradable polymers used for various biomedical applications be-
cause of its biocompatibility and biodegradation in the human body into non-toxic metabolites [1-5].

Tin octanoate is recognized as the most effective catalyst for the synthesis of PLA. In this case, com-
pounds containing hydroxyl groups, such as alcohols [2, 6, 7], initiate the ring opening polymerization pro-
cess.

With traditional methods for the synthesis of PLA stringent conditions are necessary: high vacuum,
long polymerization time and the consumption of large amounts of energy.

MW is able to accelerate chemical reactions 10-100 times. The wide possibilities offered by MW in
chemistry are of great interest in the study and application of the effects of exposure to microwave radiation.
It is believed that MW has firstly, the ability to cause rapid and significant heating of organic compounds and
secondly, to activate reagent molecules and especially, cause their dissociation into ions and free radicals.
The MW photon at a frequency of 2.45 GHz has the energy equal to 9.6x10™* eV. This is not enough even to
break the hydrogen bond [8, 9].
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To date considerable experience has been accumulated on the use of MW to accelerate the synthesis of
PLA [10-19].

The works [3, 6, 17-18, 20-23] show the results of studies of the synthesis of PLA under MW condi-
tions by polymerization of lactides. The rate of polycondensation of lactic acid (LA) under MW conditions
depends on the volume of reacting substances [24], pressure [19-20], and the monomer/catalyst ratio [25].

The polymerization of PLA with the opening of the lactide ring was successfully carried out using the
conventional and microwave methods in [26]. The lactide polymerization reaction time under MW condi-
tions was reduced from 6 hours to 20 minutes, the molecular weight (Mw) of the PLA was 11000 Da and
under ordinary conditions the Mw of the PLA was 2000 Da.

The processes of direct polymerization of LA under MW conditions are attractive as energy-saving process-
es, since they avoid the labor-consuming and energy-consuming stage of lactide synthesis [3, 12, 14, 26, 27].

Direct condensation of LA is carried out in three stages: removal of free water, polycondensation with
the formation of oligomers and condensation of oligomers to high molecular weight polymers in the melt. On
the first and third stages, water removal is critical to the reaction rate. For the second stage, the rate is deter-
mined by the chemical reaction [12, 28].

The authors of [12, 26] studied the polycondensation of 85 % LA in the presence of a SnCl,/TSA binary
catalyst under MW conditions in a monomode reactor. MW with Mw 16000 Da was obtained by carrying
out the reaction for 30 min at a pressure of 30 mmHg. When only TSA is used as a catalyst, LAO with Mw
less than 1000 Da is formed. This polymer can also be converted to high molecular weight PLA by melt po-
lycondensation [12].

The effect of MW is currently debatable [6, 11, 25, 27, 29-31]. No data were found on increasing the
reaction rate due to an increase in activation energy in the MW field in the literature.

The authors of [25], while studying the polymerization of lactide in a toluene solution, expressed the
opinion that microwave irradiation did not cause any changes in the polymerization kinetics, which made it
possible to consider the absence of a specific «<non-thermal» effect during microwave synthesis.

Authors [30] studied the kinetics of caprolactam polymerization under MW conditions. As a result, a
specific «non-thermal» effect was suggested.

Authors [31] investigated the polycondensation of LA under MW conditions in xylene in the presence
of catalysts at a power of 100—400 W and pointed to the existence of a specific «non-thermal» effect induced
by an electric field.

In [32], a lactide-pullulan copolymer was synthesized in a monomode microwave reactor and it was
found that at the same reaction temperature (80 °C) with increasing irradiation power from 50 to 200 W, the
yield of the final product increased. The authors suggested the existence of a specific «non-thermaly effect.

An analysis of the literature data showed that, despite the large number of publications on the synthesis
of PLA under MW conditions, the results obtained are disparate, performed under different conditions and in
various microwave reactors [29]. Although it can be said unequivocally that under MW conditions, the time
for the synthesis of PLA decreases by 10—15 times.

In this work, the influence of the MW power, the time and nature of the catalysts on the polymerization
of LAO under the MW conditions in a multimode reactor was investigated.

Experimental

LAO obtained according to the method described in [33] by evacuation for 25 min at 280 W of an 80 %
aqueous solution of D(+)-acid of the PURAK 80 brand (country of origin is the Netherlands) was used as the
object of study. Sn(Oct),, TSA applied qualifications chemically pure, CsHsCH,OH analytical grade was
used as initiator.

The IR spectra of the starting compounds and reaction products were recorded on an Agilent Resolu-
tions Pro IR spectrometer.

The 'H NMR spectra of the synthesized LAO and PLA were recorded using a Bruker AVANCE AV
300 Fourier spectrometer (Germany), an operating frequency of 300 MHz, and a deuterated CDCl; solvent.

The molecular weights of the obtained samples were determined by the viscometric method using a
Ubbelode viscometer. Chloroform was used as a solvent. The molecular weights of PLA were also deter-
mined by gel permeation chromatography on an Agilent 1200 instrument. Chloroform was used as a solvent,
the eluent velocity was 1 ml/s.

To determine the angle of optical rotation (degreesxml/dmxg), an AR-300 polarimeter was used, the
tube length was 1 dm, and the solvent was chloroform, A = 589 nm.

Cepusa «Xumuns». Ne 4(96)/2019 9
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Thermal studies of PLA samples were performed on an SDT Q600 V20.9 Build 20 instrument.
LAO was polymerized under microwave irradiation according to the general scheme shown in Figure 1.

0
OH MW OH MWkat
HO vacuum HO Vacuum
CH,

Lactic acid Olwgomers of lactlc acid Polylact\c aC|d

Figure 1. Scheme for the synthesis of PLA (catalyst — Sn(Oct),, TSA)

The resulting 10 g LAO was loaded into a 100 ml glass heat-resistant flask and catalysts (Sn(Oct),,
TSA) were added in an amount of 0.03—0.3 %, together with the initiator (C4HsCH,OH, in the ratio of cata-
lyst/initiator 1:1). They were placed in a microwave reactor and sparged with nitrogen at a pressure of 200
mmHg at various powers 130-360 W.

Results and Discussion

It is known that Mw of PLA depends on a number of factors: the nature and amount of the catalyst, the
ratio of catalyst:cocatalyst, temperature and polymerization time. Figure 2 shows the curves of the depend-
ence of the molecular weight of PLA on the concentration of the catalyst. The polymerization was carried
out at 280 W for 25 min. The highest Mw of PLA was achieved at a catalyst concentration (®) of
0.03 mass.%.

The increasing of catalyst concentration to @ = 0.03 mass.% leads to molecular weight growth. Howev-
er, further catalyst concentration increase provokes the reverse process of molecular weight decreasing.
Moreover, samples changed the color to darker one. Taking into account these facts, it could be suggested
that catalyst concentration increase stimulates polymer destruction process.

20000
A
16000 | 11
o3 " \
S 12000 |1 '
z [y
s 1o,
8000 |J . .
L
b T T, -
4000
0
0 0,1 0,2 0,3 0,4 0,5

() Sn(Oct)yCsHsCH20H
Sn(Oct),/C¢HsCH,OH = 1:1; Power = 280 W; T =25 min
Figure 2. Dependence of Mw PLA on o of the catalyst during LAO polymerization under MW

C¢HsCH,OH is an effective initiator of Sn(Oct), in the synthesis of PLA. Upon addition of C¢HsCH,OH
Mw to Sn(Oct),, the PLA increases and reaches a maximum at a ratio of 1:1, and then decreases (Fig. 3). In
the absence of CsHsCH,OH, the polymerization process is practically not observed. When the ratio of cata-
lyst: initiator is 1:2 and the reaction takes more than 15 minutes, the polymer is degraded and the reaction
mass becomes black-brown. The mechanism of PLA at Sn(Oct), and alcohols are described in [15, 17]. It is
known that alcohols presence increases the reaction rate of cyclic LAO polymerization at the presence of
Sn(Oct),.

It could be suggested that CsHsCH,OH forms intermediate complex. The optimal ratio is 1:1.

The kinetic curves of LAO polymerization in the presence of Sn(Oct),/CsHsCH,OH are shown in Fig-
ure 4. The dependence of Mw at an irradiation power of 130 W (205 °C), Mw LAO slowly increases. So,
during the course of the reaction for 30 min, the Mw LAO is only 1500 Da.
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Sn(Oct),/CsHsCH,OH
Power =280 W; T =25 min

Figure 3. Dependence of Mw of PLA on the molar ratio of Sn(Oct),/C¢HsCH,OH
during LAO polymerization under MW conditions

25000
20000 ;
ol a 2
A \
& 15000 \ —-130 W (205°C)
= Caiid \p 280 W (215°C)
A —s— 360 W (215°C)
5000 J n
0 m _‘__4..-—0—-0—-0—*-"" 1
0 10 20 30 40 50
T, min

Catalyst — Sn(Oct),/C¢HsCH,OH; Power: / — 130 W; 2— 280 W; 3 — 360 W
Ratio catalyst/initiator/LAO = 3/3/10000 (mass.%)

Figure 4. Kinetic curves of LAO polymerization the presence of a catalyst

At an MW power of 280 W, the sample heats up during the first 10 minutes and the process of
polycondensation of low molecular weight LAO occurs with the removal of water. With an increase in the
process time, the molecular weight of LAO sharply increases. Presumably, at this period of the process, the
LAO polymerization stage is limiting with the opening of the cycle after 15 minutes the polymerization pro-
cess slows down, which is apparently due to the fact that the diffusion stage of the process becomes limiting.

It should be noted separately that the temperature of the LAO reaction mass reaches 215 °C both at
280 W and 360 W [33].

At a power of 360 W, the molecular weight of the polymer increases sharply and reaches its maximum
value of about 20000 Da in 12 minutes.

With an increase in the process time, the resulting polymer is degraded and Mw LAO sharply decreas-
es, and a white crystalline compound is formed at the outlet of the reactor, which was identified as lactide
using IR spectroscopy.

Thus, we can assume that in this case the so-called «non-thermal microwave effect» is observed, that is,
under the same conditions at the same temperature (215 °C), but with different capacities (280 W and
360 W), the LAO polymerization proceeds at different rates.

LAO polymerization in the presence of TSA was performed at powers of 130 W, 280 W, and 360 W.
The dependence of Mw of PLA on o TSA is presented in Figure 5.

This dependence shows that with an increase in the catalyst concentration from 0.05 to 0.3 %, an in-
crease in Mw is observed. The optimal » TSA is in the range of 0.3—-0.4 mass.%.
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10000

8000

Mw, Da

0 0,1 0,2 0,3 04 0,5
® 15A

Power =280 W; 1= 30 min
Figure 5. Dependence of Mw of PLA on o TSA upon polymerization of LAO under MW conditions

The kinetic curves of LAO polymerization in the presence of TSA are presented in Figure 6. With an
increase in reaction time, an increase in Mw of LAO is observed. However, Mw PLA grows unevenly at 280
W. When carrying out the reaction up to 15 minutes, a weak growth of the LAO chain is observed, low mo-
lecular weight oligomers are formed. In the range from 15 to 30 minutes, a sharp increase in the Mw of the
polymer occurs, and then the chain grows in a linear relationship.

16000
= 12000
&
>
= 8000
1
== 2
4000
0
0 20 40 60 80

T, min

1—130W;2—280 W (0 TSA 0.3 mass.%)
Figure 6. Dependence of Mw of the PLA sample on time in the conditions of MW
During the polymerization of LAO at a power of 360 W, volatile cyclic lactides are formed in parallel

with the formation of PLA, which are white crystals deposited on the walls of the flask and the condenser.
Physicochemical properties of the synthesized samples and experimental conditions are presented in Table.

Table
Synthesis conditions and physicochemical properties of synthesized LAO samples
a b b (o135
Catalyst Po\v)\\;er, t,°C | t,min N][)V; ’ N]I)V; ’ 1\]/51;, PD degreesxml/
dmxg
Sn(Oct),/ C¢HsCH,OH 130 205 35 1700 - - - —
Sn(Oct),/ C¢HsCH,OH 280 215 25 19900 19230 12820 1,50 —-156
TSA 280 215 35 9350 9940 5402 1,84 —157
8 3000 -
Sn(Oct),/ C¢HsCH,OH 360 215 3 igggg _igg
25 6000 The sample darkened, lactide formed
TSA 360 215 10 Lactide formed

Note. t, °C — temperature; T — reaction time, min; Mw*, Da — calculated using a viscometric method; Mw’, Da —
determined by NMR spectroscopy; Mn°, Da — determined by gel permeation chromatography; [0(]529 — optical rotation angle.
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Therefore, it could be suggested that MW power determines the kinetics of LAO polymerization in the
presence of TSA.

The data obtained confirm the presence of a «non-thermal microwave effect» during LAO polymeriza-
tion under MW conditions, since at the same temperature but diverse capacities, LAO polymerization pro-
ceeds at different rates by various mechanisms at 280 W and 360 W.

The optical rotation angle of the synthesized samples is 156158 degreesxml/dmxg, i.e., the synthe-
sized samples are optically pure. Figure 7 shows the IR spectra of PLA samples synthesized under MW con-
ditions.

90 5
90

2
90

] 1
]
£
]
g
=
=

3600 3200 2800 2400 2000 1600 1200 800
v, cm’?

1 — 1 =20 min after polymerization;
2 —1=30 min at 280 W in the presence of 0.3 mass.% TSA;
3 — 1 =30 min at 280 W in the presence of 0.03 mass.% Sn(Oct),/CsHsCH,OH

Figure 7. IR spectra of LAO obtained at a power of 280 W

The interpretation of the absorption bands of the IR spectra is given below: 3500-3300 (vOH),
2997 (v,sCH;), 2947 (v,CH;), 2882 (vCH), 1760-1727 (vC=0), 1452 (5,,CH;), 1388-1348 (3,CH,),
1368-1360 (81CH+0,CH;), 1315-1300 (82CH), 1270 (vCOC), 1215-1185 (v,COC), 1130 (r,CH3),
1100-1090 (v,COC), 1045 (vC-CHj3), 960-950 (r CH; + vCC), 875-860 (vC-COO), 760-740 (6C=0).

In the IR spectra, intense absorption bands of carbonyl groups C=0 (1757 cm™) and absorption bands
of C-O-C bonds of 1188 cm™, PLA characteristic are observed.

On curves 2 and 3 (Fig. 7), belonging to the samples of synthesized PLA, the intensity of the absorption
bands in the region of 3600-3500 c¢m™, characterizing the vibrations of the OH groups, significantly de-
creased. The peaks in the region of 1759 cm™, which belong to the stretching vibrations of the C=0 bond,
become more symmetrical. The band in the region of 1188 cm™, related to the stretching vibrations of the
—C-O- bond, becomes more pronounced. Figure 8 shows the 'H NMR data of PLA samples synthesized un-
der MW conditions.

Chemical shifts "H NMR LAO and PLA are presented below:

Chemical shift in ppm Structural assignments
5.2 1H, m, -CH(CH;)-
4.4 1H, m, -CH(CH;3)OH, end group)
1.6 (3H, d, —CH,)
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P VR W

35 1.5 ppm

1 — OLA obtained by irradiating MW in vacuum for 20 minutes;
2 — PLA, obtained from OLA in the presence of TSA for 30 minutes at a power of 280 W;
3 — PLA obtained from OLA in the presence of Sn(Oct), for 25 minutes at a power of 280 W

Figure 8. "H NMR spectra

The proton signal of the multiplet of the methine group of the terminal group —CH(CH;)OH LAO is
4.4 ppm, the chemical shift of the proton of the multiplet of the methylene group of the PLA is 5.2 ppm. By
the ratio of signal intensities of methine groups in the region of 4.4 and 5.2 ppm we can judge the depth of
the polymerization process of LAO to PLA.

Intensive chemical shifts of 4.4 ppm are observed on curve 1 (Fig. 8), which suggests the presence of a
significant number of terminal hydroxyl (and, accordingly, carboxyl) groups in LAO. In the spectra of PLA
samples obtained by the polymerization of LAO in the presence of TSA and Sn(Oct), (see Fig. 8). Chemical
shifts at 4.4 ppm are observed. Other shifts are absent.

Figure 9 shows the DSC thermogram of a PLA sample synthesized at 280 W for 25 min in the presence
0f 0.09 mass.% Sn(Oct),. The absence of a pronounced melting peak at 180—-190°C suggests that the polymer
mainly has an amorphous structure.

DSC-TGA

%0 246.5°C Residual:| 2
43.26J/g 0.3308mg
A = (1.860%)
Y 0.6
15 ) / g 0.06

Weight (mg)

o n

— A
/\mjj.

1865°C
0 50 100 150 200 250 300
Temperature("C)

g 3
g 8
Thermal flow (W/g)

Temperature difference(°C

/

w
&
S

400

7 =20 min in the presence of Sn(Oct),

Figure 9. DSC-TGA spectra of PLA synthesized under MW conditions
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Conclusions

The optimal concentrations of catalysts and initiator for the synthesis of PLA were determined, which
are 0.03 % Sn (Oct),/CsHsCH,OH and 0.3—0.4 % TSA by weight of LAO.

It was found that with an increase in the power of MW, the rate of LAO polymerization in the presence
of catalysts increases. When Sn(Oct),/C¢HsCH,OH 1is used as a catalyst, the LAO polymerization process
proceeds at a noticeable rate at 280 W, and after 25 min Mw is about 20000 Da. The synthesized PLA sam-
ples are optically pure; the optical rotation angle of the synthesized samples is 156—158 degreesxml/dmxg. It
has been suggested that during LAO polymerization under MW conditions, the so-called «non-thermal mi-
crowave effect» is observed, that is, at the same temperature (215 °C), but with various capacities (280 W
and 360 W), the LAO polymerization proceeds at different rates by diverse mechanisms. During the
polymerization of LAO in the presence of catalysts at 360 W, a small amount of lactide is formed along with
the formation of PLA.
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I'.4. I'y6a, A.O. I'ycap, E.A. MamaeBa, B.A. Ilonoga,
W.P. lonros, A.A. bakubaes, P.P. AxmemkanoB

KpbIcKa TONKBIHABI COYJIeeHIIpPY KaFalibIHIA
CYT KBIIIKBLIbI OJIUTOMeEPJIePiH MoJIUMepJiey

Cyt KpIIKbUIBIHEIE onuroMepuiepidin (CKO) mommMepreHyiHiH KMHETHKAChl aJFalll peT MUKPOTOJIKBIHIBI
coynenenynin (MTC) oprypmi kyarrapsiana, Sn(Oct), / 6ensun cnupti (CsHsCH,OH) karanuzarops! sxoHe
toyoncynbhokeuKelbel  (TCK) xkarsicysiMen 3eprrenmi. CKO mommMepu3anmsichl  MyJIbTHMOIAIIbIBI
peakTopaarkl BakyyM/a a3oTneH Oapooraxnay sxene 130, 280, 360 Bt kyarTeuisikrapaa xyprizingi. 0.03 %
Sn(Oct),/CsHsCH,OH sxone CKO canmarer Ooiibiamia 0,3-0,4 % TCK OonaTelH Karanusatopiiap MeH
COKATaJIN3aTOPJIAp/AbIH OHTailnbl KoHHeHTpauuschl aHbikTamasl. CKO canmarbian 0,03 % Sn(Oct),/
C¢HsCH,OH xone 0,3-0,4 % TCK TypaTblH KaTamu3aTopiap MEH COKaTaau3aTOpIapiblH ONTHMAIIbI
koHueHTpauusacel TabpuIael. TCK kateicybiMen CKO-ubl momumepniey 130 Br-tan OGacranaTbIHIBIFBI
anplkranael. MTC KyatsmbiH xorapeitaysiMeH CKO monmmeprieny xpupiamisiEsl aptamel.  Sn(Oct)y/
C¢HsCH,OH karamm3zatop petiane konmpanranna, CKO momamepu3anusicel 280 BT KbUIaMaBIKIICH KYpei,
an 25 MUHYTTaH KeiliH MoueKynanslk Maccachkl mamamern 20000 Da 6ommer. CKO moimmepiiey mpormecci
Ke3iH/e KaTalu3aTopiapAbH KaTbicybiMeH 360 BT Kyartembikra momucyT KeluksiiasiH (IICK) tysimyimen
6ipre maktun tysineni. UK xone SIMP crnexrpockonust amicTepiHiH KOMEriMeH ajbIHFaH MOJMMEpIIepAiH
KypbutbiMbl  3eprrenni. Cunresmenren IICK yoirinepi onTukanblK Ta3za, ONTHKAIBIK OYpbLTY OYpBHIIIBI
156-158 rpagycxmi/amxr TeH. bommkam Goitbiaina, MTC xarmaiisinga CKO monuMepusanusicbl KesiHae
«OKBUTYCBI3 MHKDPOTOJKBIHABI d(dekT» nen aramateiH, sFHU Oipieil skarmaiinappa, Oipuaeit TemmepaTypana
(215 °C), 6ipak optypmi KyarTtsuisikTa (280 sxone 360 Bt) CKO monmmepiieHyi op Typii KBULIAMIBIKIICH
KYpexni.

Kinm ce30ep: MUKPOTOJKBIHABI COYJIENCHAIPY, CYT KBIIKBIIGL, IIOJHCYT KBIMIKBUIBI, CYT KBIIIKBUIBI
ommmromepiepi, IMP cnekrpockonusicsl, MK crekTpocKonuschl, MEHIIIKTI ONTHKANIBIK aifHaTy, KaTanu3aTop.

I'.4. T'y6a, A.O. I'ycap, E.A. Mamaesa, B.A. [lonosa,
N.P. Jlonro, A.A. bakubaes, P.P. AxmemkanoB

I[Mostumepu3anus 0JIMIOMEPOB MOJOYHON KUCJIOTHI
B YCJIOBHUSIX MUKPOBOJIHOBOT'0 00/ 1yYeHUsI

BriepBrle m3ydeHa KHMHETHKA MOJIMMEPH3AIMM OJIMroMepoB MosoyHoH kucnoTsl (OMK) mpum pasmmaHbIx
MOIIHOCTSIX ~MHKpOBOJIHOBOro obmyuenuss (MBO) B mpucyrcTBHM — KaTajmM3aTopa/coKaTtaiu3aTopa
Sn(Oct),/6en3unossiii criupt (CsHsCH,OH) u Tonyoncynbsdoxucnors: (TCK). ITonmumepuzaunro OMK mpo-
BOJIWIIM B MYJIFTUMOJAIIEHOM PEaKTOpe B BakyyMe IpH 0apOoTHpoBaHMH a30TOM IpH MomHocTsax 130, 280,
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360 Bt. OnpeneneHsl onTUMaIbHbIE KOHIIEHTPAMU KaTaIN3aTOPOB M COKaTaIU3aTOPOB, KOTOPHIE COCTABIIs-
o1 0,03 % Sn(Oct),/CsHsCH,OH u 0,3-0,4 % TCK ot maccet OMK. VYcTaHOBIEHO, YTO MOIMMEpU3ALHUs
OMK B npucyrctBun TCK nporekaer yxe npu 130 Br. C nosienneM mornaoctd MBO ckopocTs mporec-
ca momumepmzarmn  OMK  yBemmumBaercs. [Ipm  ucnone3oBaHMM B KadecTBE — KaTalM3aTopa
Sn(Oct),/C¢HsCH,OH mpornecc momumepuzanmu OMK ¢ 3ametHOU ckopocThio mpotekaet npu 280 Br, u ye-
pe3 25 MHMH MOIeKyJsIpHbId Bec cocTaBisul okosno 20000 Da. Ilpu nposeneHuu npouecca HOJIUMEPU3ALUU
OMK B npucyrcTBun katanusaropos npu 360 Br, Hapsiy ¢ o6pa3oBanuem noaumonounoi kuciotsl (IIMK),
nporcxoauT obdpaszoBanue jaktuna. C npumenenrneM MetonoB VK- u SIMP-cnekTpockonuu u3y4eHo cTpoe-
HHE TOTyYeHHBIX noiaumepoB. CuHTesnposaHHble 00pasisl [IMK SBIAI0TCS ONTHUECKH YUCTHIMH, YTOJ OIl-
THUYECKOTO BpallieHust paBeH 156—158 rpagycamxmin/aM*r. Beicka3aHo NpeanonokKeHre, YTo Mpu MOJTHMepH-
3aru OMK B ycnoBusix MBO HaGiioaercst Tak Ha3bIBaeMbIl «HETEIJIOBOH MUKPOBOJIHOBOIT 3 ek, T.e.
B OJIMHAKOBBIX YCIIOBHSX IPU OJMHAKOBOH Temmeparype (215 °C), Ho pasubix MomHOCTIX (280 1 360 Br)
npouecc nonumepusanun OMK mpoTekaeT ¢ pa3iandHO CKOPOCTBIO.

Kniouesvie cnoeéa: MAKPOBOIHOBOE OONYYECHUE, MOJIOYHAS KHCIIOTA, IMOJUMOJIOYHAS KHCJIOTA, OJMTOMEPHI
MoJIouHOH KucnoThl, SIMP-cniekrpockonust, MK-cnekrpockonus, yelbHOe ONTHUECKOE BpallleHue, KaTalu-
3aTop.
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Amidation of amino ethylene-1,2-dicarboxylic acid diesters:
a theoretical consideration

The amidation features of the Z- and E-isomers of amynoethylene-1,2-dicarboxylic acid diesters
MeOZCCN:C(NRRI)COZMe, where R = H; R' = H, Me, #-Bu; R = R' = Me, have been considered based on
the data of quantum chemical calculations in the PBE/def2-TZVPP approximation in the framework of Natu-
ral Bond Orbital (NBO). Amino-fumaric acid derivatives were chosen as objects for analysis since activated
enamines containing conjugated enamine and carbonyl groups in their structure are one of the promising clas-
ses of regulators. It was shown by the calculations that for enamines I-IV, regardless of their configuration,
conformers with o-s-trans, B-s-cis-arrangement of C=C and C=O bonds are most beneficial. These findings
are consistent with experimental data on the relative configurational stability of the Z- and E-isomers of
N-alkylaminoethylene-1,2-dicarboxylic acid diesters. The direction of the amidation reactions depends criti-
cally on the structure of the reactant and the reaction conditions. It was established that the amidation of ami-
no acid-1,2-dicarboxylic acid diesters obeys to orbital control of the reaction. The observed regiospecificity
of non-catalytic amidation on the a-ester group was explained by the joint influence of a decrease in the
electrophilicity (increase in the energy of the loosening m-orbital) of the B-carbonyl group due to effective
conjugation with the m-system of the C=C-NHR and an increase in the electrophilicity of the a-carbonyl
group with an increase in its conjugation with the rest part of the molecule. The inertness of N,N-dimethyl-
aminomaleate to reactions with amines is caused by the increased energy of " c_g-orbitals of ester groups.
Bis-amidation of amino-ethylene-1,2-dicarboxylic acid diesters is possible only in the presence of catalysts.

Keywords: amidation, quantum chemical calculations, activated enamines, regiospecificity, conformers,
cisoid arrangement of bonds, transoidal arrangement of bonds, isomers, orbital control.

Introduction

In modern agricultural technologies must important attention is paid to use of plant promoters, because
they, unlike other chemicals, usually require small doses for use, do not affect the environment and have
contribution to the production of environmentally friendly agricultural products.

One of the promising classes of promoters are activated enamines, containing in their structure conju-
gated enamine and carbonyl groups, including derivatives of aminofumaric acid [1-3]. Thereby, the
amidation of amino ethylene-1,2-dicarboxylic acid diesters has particular interest. It is known [4] that the
direction of amidation reactions depends strictly on the structure of the reactant and the reaction conditions.
The amino-fumaric acid diesters with unsubstituted nitrogen atom, at interaction with ammonia, primary and
secondary aliphatic amines in absolute alcohols, produce monoamides of Z-2-amino-3-alkoxycarbonyl-
acrylate acid, and in aqueous methanol — mostly or exclusively 1-alkyl-3-alkylaminopyrrole-2,5-diones
(with the exception of reactions with ammonia and tert-butylamine, leading only to the corresponding
monoamides).

The amino fumarates and monoamides of Z-2-amino-3-alkoxycarbonylacrylic acid in similar reactions
under conditions of basic catalysis (MeOH,,./MeONa) produce bisamides of aminofumaric acid.
N-alkylaminofumarates and N-tert-butylaminomaleate at interaction with primary amines in any conditions
produce 1-alkyl-3-alkylaminopyrrol-2,5-dione, and N,N-dialkylaminomaleates are inert in all cases.

Experimental

Quantum chemical calculations of the ground states of key compounds were carried out in the
PBE/def2-TZVPP approximation [5, 6] in order to analyze and explain the observed experimental regularity.
Quantum chemical calculations were carried out within the framework of the density functional theory [7, 8]
using the PBE96 functional [9] and the basic set of atomic functions def2-TZVPP [10] using the Firefly 7.1
software complex [11], which fully satisfy to the decision of the tasks. Chemcraft 1.7 program was used to
visualize the spatial structure and construct imine molecules [12].
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Geometry optimization was performed for all systems. There are several stable conformations for all
studied compounds, so the search of the most stable geometry (having the least energy) was carried out by
optimizing the structures of possible conformers.

The belonging of the found points to the minima and saddle points of the potential energy surfaces was
confirmed by calculations of the second derivatives with respect to coordinates (Hessian calculation). The
absence of imaginary frequency values in the vibrational spectrum testified that the optimized structures cor-
respond to minimum,

The atomic populations, charges, and energies of intramolecular interactions were obtained using the
natural orbitals of bonds (NBO) [13—15] with the help of NBO 5.G program [16] introduced in the Firefly
7.1 package. The NBO method allows to analyze nonempirical wave functions within one-and two-center
localized orbitals, thus making it convenient to thoroughly analyze intra- and intermolecular interactions.
The calculation was carried out for optimized geometries of the studied enamines. The NPA (Natural Popu-
lation Analysis) scheme was used to obtain the values of atomic populations and charges. Earlier it was
shown that of the charges that can be estimated by quantum chemical methods (Mulliken, AIM-, CHELPG -,
MK-charges) the best correlation with the experimental and calculated values of chemical shifts C NMR
observed for NPA-charges [17]. By calculations it was established that obtained data will correspond to the
location of the molecules in the gas phase or, at least, in solution of a non-polar aprotic solvent. In reality,
almost all reactions were carried out in polar protic solvents — in absolute or aqueous methanol with specific
solvating effect. Nevertheless, from our point of view, the use of calculated data to a sufficient degree is au-
thentic and useful for analysis due to comparable impact of solvation on the properties of the considered re-
lated compounds — derivatives of aminoethylene-1,2-dicarboxylic acid.

N-derivatives of dimethyl ester amine-fumaric and amino-maleic acids I-IV were selected as objects for

analysis:
Me02t<1:RRl NRR!
O,Me  MeO,C /_<C02Me

z E
R =H; R'=H (I), Me (I), -Bu (IIT); R = R' = Me (IV)

Results and Discussion

Calculations identified that for enamines I-IV, despite their configuration, the conformers with o-s-
trans,B-s-cis-arrangement of C=C and C=0 bonds are the most favorable (Table 1). Wherein, for Z-1I, Z-III
N-alkyl derivatives of aminofumaric acid the transoidal arrangement of the substituent at the nitrogen atom
and C=C bond is the most beneficial, while for aminomaleic acid — their cisoidal arrangement.

Table 1
Internal energies (Eiy.) and dihedral angles (Oncc=0(q), °) of preferred conformers
of Z-and E-isomers of enamines I-IV
Enamine Ein, a0 eNCzC1:O(a), o | Enamine E. . au! eNCZCl:O(a), ° AE,.*, kI/mol

Z-1 -589.3090 0 E-1 -589.2909 58.8 —47.5
Z-la —628.5595” 0 E-Ila —628.5555” 54.8 -10.5
Z-1Ib —628.5642° 21.7 E-IIb —628.5512° 73.9 —34.1
Z-1lla —746.3755° 0.5 E-Illa —746.3697° 59.1 -15.2
Z-111b —746.3776° 42.0 E-IIIb —746.3658° 74.9 -31.0
Z-IV —-667.8108 21.3 E-IV -667.8148 71.5 10.5

Note. ' — 1 a.u= 1 Hartree = 2625,5 kJ/mol; > — cisoid arrangement of bonds R'-N and C=C; * — transoid arrangement of

bonds R'-N and C=C; * — the difference between the total internal energies of the preferred conformers of the Z- and E-isomers.
Conformer a — cisoid arrangement of bonds R1-N and C=C; Conformer b — transoid arrangement of bonds R1-N and C=C. All
conformers have a-s-trans- f3-s-cis-arrangement of bonds C=0 and C=C.

For enamines I-III, aminofumaric acid diesters (Z-isomers) are energetically preferable, thermodynamic
preference of which are decreasing with increasing of volume of substituents at nitrogen atom. In the case of
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enamine IV which has the most voluminous substituent, derivative of aminomaleic acid (E-isomer) is ener-
getically most favorable. These conclusions approve experimental data on the relative configuration stability
of Z- and E-isomers of diesters of N-alkylamino-ethylene-1,2-dicarboxylic acid [4].

The calculated data were used to explain the regiospecificity of the amidation reaction of amino eth-
ylene-1,2-dicarboxylic acid derivatives. Theoretically, the amidation reaction can be carried out under condi-
tions of charge control, in which the unshared electron pair of the amine nitrogen atom attacks the most elec-
tropositive carbon atom of the investigated molecule, or in the conditions of orbital control, in which the
highest occupied molecular orbital (HOMO) of the nucleophile (the unshared electron pairs of amine) inter-
acts with the lowest free molecular orbital (LFMO) of the electrophile.

Analysis of the data in Table 2 reveals that the maximum and almost identical partial positive charges
(qc1(a)-gea(B) = 0.022—-0.038 € are localized on the carbon atoms of the carbonyl groups, which should pro-
vide almost equally probable amidation with a small preference on a-ester groups. This contradicts the ex-
perimental data [4], according to which regio-specific amidation on a-alkoxycarbonyl group is observed for
aminofumarates, and N,N-dimethylamino-maleate E-IV, for which the maximum qc value is observed is
generally inert in this reaction. Thus, the amidation of diesters of amine-ethylene-1,2-dicarboxylic acid does
not obey the charge control of the reaction.

According to the perturbation theory of molecular orbitals (MO) [18], the orbital control of reaction is
determined by the efficiency of the interaction between employed and vacant MOs, inversely proportional to
the energy gap (AE) between them [19]. Respectively, regiospecificity of amidation of aminofumarates
should depends on the AE value between interacting orbitals, that is MO T =0 of ester group and unshared
pair of electrons of nitrogen atom of amine (nN). Then, independently on substituent at nitrogen atom,
a-methoxylcarbonyl group in Z-isomers of enamines I-IV should be more reactive because of significantly
less energy of ' -MO of a-carbonyl group (Ex’'C,=0 —135.5 + —101.6 kJ/mol) in comparison with energy of
7' -MO of B-carbonyl group (En'C,=0O —83.5 + —41.7 kl/mol) and, correspondingly, lower value AE between
interacting MOs. This fact correspond to observed regiospecificity of amidation of aminofumarates I, II in
absolute methanol in the presence of basic catalysis. In the case of Z-1II N-tert-butylaminofumarate two the
most favorable conformers are observed that have practically equal enegries (AE,;=5.5 kJ/mol), but far dif-
ferent dihedral angles Oncaci- ~0() (Table 1) and energies of @ 1o MOs (Table 2). Obviously, amidation of
Z-11I enamine is only possible in the case of effective conjugation of a-ester group with C=C bond, leading
to decrease of m C;=O orbital energy and formation of an appropriate Z-Illa conformer. Thereby, non-
reactive with amines Z-IV N,N-dimethylaminofumarate deserves special attention, although dihedral angle
ONCZQ_O(Q) (Table 1), summary energy of conjugation of a-carbonyl group with double bond and energy of
T c1-0 MO are close to those for Z-1I N-methylaminofumarate (Table 2), that enters in reaction of amidation.
The explanation of this fact can’t be connected with spatial difficulties for attack by nucleophile of ester
group, because they are practically identical for considered enamines. The higher energy of 7'ci—o MO in
Z-1V enamine could be exceptional reason.

Table 2

Calculation of the quantum chemical analysis data for preferred conformers
of Z- and E-isomers of enamines I-IV

The energy of interac- | Energy of 7 -orbital,
tions, kJ/mol kJ/mol
N-C2 C2:C3 CI'CZ C3-C4 qu((l) Jdc2 Jc3 qc4(B) ()N Conjugationl HB2 nN-7'|C2=C3| C1=0 |C4=0
Z-1 [1.348]1.375]1.505]1.446|0.674[0.117]-0.395]0.652]0.709 [81.6*| 102.6°[30.6| 205.6 | —47.5 |-135.5|-83.5
Z-11[1.3511.3851.505 | 1.440]0.673[0.122]-0.399] 0.648 | 0.493|75.7°| 107.2°|48.8| 210.2 | —43.3 |[-114.7|-81.1
7111 1.356(1.390|1.510| 1.439]0.682(0.125|-0.393|0.645|0.514 |56.3" 107.1: 61.2|1209.7| -45.4 |-126.7|-81.5
1.351]1.386|1.508 | 1.440|0.683 [0.135|-0.403]|0.649 | 0.514 [85.2°| 108.3"|50.8|203.7 | —33.1 | -65.6 |-75.9
Z-IV|1.365]1.377|1.515|1.455]0.671]0.114|-0.378] 0.644|0.300[68.9°| 89.8° | — [136.9] —33.1 [-101.6]|-41.7
E-I1 [1.371]1.360]1.514]1.458[0.690[0.142]—0.398]0.6620.721[20.4*] 90.6" [<2.1]126.5] —-37.1 | —67.5 |-54.7
E-I1 | 1.363|1.365|1.514 | 1.457]0.695[0.135|-0.4190.662]0.500]25.0°| 91.0° |<2.1{161.7| —28.4 | —80.1 |-44.1
E-IIT | 1.363 | 1.367]1.520 1.455[0.698[0.151|—0.424]0.6620.516 [10.6°] 94.3° [<2.1]179.9] —17.6 | =71.2 [-39.6

No Bond length, /, A Partial charges, e

E-IV|1.367]1.370 | 1.520 | 1.453[0.701[0.143|-0.421] 0.660]0.307 | 6.4* | 95.8° | — [166.5] —21.0 | -58.3 [-42.0
Note. " — summary energy of interactions a) e T C1=0> Tici N b) mco- 3T a0y Teao—T co—c3; > — sum of
energies interactions nO—o 1x; © — Interaction energy nN—7 cy—c3. HB-intramolecular hydrogen bond.
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Taking into account that in the condition of amidation reaction the [-ester groups of I-IV
aminofumarates and a-ester group of Z-IV enamine are inert, conditionally the energy of Z-IV enamine
n*mzo MO can be taken as a high limit of n*czo energy, at which non-catalytic amidation of ester groups is
impossible. In this case all considered aminomaleates in which the energy of o- and B-m ¢—o make up from
—80.1 till —39.6 kJ/mol, should be inert in the reaction of amidation of any of ester groups. Unfortunately,
this assumption impossible to check experimentally, first of all, on other aminomaleates. Respectively, for-
mation of bis-amides of aminoethylene-1,2-dicarboxylic acid is possible only at decrease of energetic gaps
between interacting orbitals, that possible to be reached by amidation in absolute alcohol in the presence of
sodium methylate at intermediate formation of corresponding amide-aniones, that have more high energy of
nitrogen atom’s unshared pair of electrons. Really, fumarates and monoamides of Z-2-amino-3-alkoxyl-
carbonylacrylic acid in the condition of basic catalysis (MeOH,,;/MeONa) form bisamides of aminofumaric
acid [4].

Thus, although quantum-chemical calculations were carried out for molecules in gas phase, they let us
explain experimental data on amidation of esters of N-derivatives of aminoethylene-1,2-dicarboxylic acid.

It should be noted that according calculation data (Table 2) energy of @ ¢-o MO is directly connected
with efficiency of its conjugation with n-system of other part of molecule — removal of a-carbonyl group
from molecule plane leads to increase of its MO For example, change of digedral angle Oncaci-o() in Z-111
enamine from 0.5 to 42° increases energy of ©'ci—o MO for 61 kJ/mol, in energetically preferable Z- or
E-isomers of I-IV enamines energy of @ ci—o MO is increased generally symbatically to increasing of
Oncaci=o values. Energy of conjugation of unshared electron pair (UEP) of nitrogen with n-bond of C=C
(interaction of NAN—T ¢—c3) in I-IV E-isomersis increased with increasing of energy of UEP (=729.6, —651.9,
—618.9 and —627.1 kJ/mol, respectively); in the case of Z-isomers the corresponding pattern is not observed
(-598.5,-577.5,-559.9, —566.9 and —581.8 kJ/mol, respectlvely) possibly because of concomitant impact of
intramolecular hydrogen bond N-H...0=C, (interaction nO—c 11.y). Summary energy of conjugation (sum of
interaction energies, Table 2) in Z-isomers of [-IV enamines significantly high than in E-isomers, which ex-
plains the increased thermodynamical stability of Z-I-Z-III isomers; decreasing of relative stability of
Z-isomer of IV enamine is caused by steric interaction between voluminous ester and dimethylamine groups.
On other hand, observed change in bond length (elongation of C,=C; and shortening of N-C,, C,-C,, C;-C, in
Z-isomers relatively to E-isomers) is also stipulated by more high energies of conjugation in Z-isomers.

Conclusions

Thus, the amidation of amino ethylene-1,2-dicarboxylic acidsdiesters is obey to orbital control of the
reaction. The observed regiospecificity of non-catalytic amidation on the a-complex ester group is due to the
combined effect of decreasing electrophilicity (increasing the energy of loosening m-orbitals) of the
B-carbonyl group due to effective conjugation with the n-system C=C—NHR and increasing the electrophilic
a-carbonyl group with increasing its conjugation with the rest molecules. The inertness of N,N-di-
methylamino maleate to reactions with amines is caused by the increased energy of the m * C=0-orbitals of
the complex ester groups. Bis-amidation of amino-ethylene-1,2-dicarboxylic aciddiesters is possible only in
the presence of catalysts.
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AMHnHO3ITHIIEH-1,2-TNKAP0OH KBIIKbLIBIHBIH I3 (UpJIepiH aMuaupJey:
TEOPUSJIbIK TYPFbIIAH KApacTbIPy

Taburu Gaiinansic opourtanpaapsHeH (Natural Bond Orbital, NBO) dopmanusmi men6epinne PBE/def2-
TZVPP xybikTayblHIa KBAaHTTHIK-XUMHSUIBIK €CENTEYNIep ACPeKTepiHiH Heri3inae Z- sxone E-nzomepnepaiy
AMHHOSTHNIEH-1,2-MKapOOH  KBIIKBUIsI  mudduprepinin  MeO,CCH=C(NRR')CO,Me  amuamupiey
epekmienikTepi KapacTephliabl, MyHma R=H; R'=H, Me, t-Bu; R=R'=Me. Perreyminepain
MePCIeKTUBAJIBI KJIACCTAPBIHBIH Oipi OenceHai Typaeri KypbUIbIChIHIa OaillaHbICKaH SHaMUH JKOHE KapOOHHII
Tontapsl Gap SManmbaap Ooubin TaObLIagbl, Taj[ay jkacay HbICAHAAp PETiHAEC aMHHO(GYMap KbILIKbUIBI
TYBIH/BIIAPB! TaHAAJAbI, COH/ABIKTAH, aMHHO-3THJICH-1,2-1uKapOOH KBIIIKBUIBIHBIH AUIGUPIH aMUIHUpPIICY
peaxuusiapsl xyprizinai. Ecenteynep kepcerkenzeii, I-IV enaMunzaep yIIiH olapabiH KOHOHIYpaLUsChIHA
kapamactat, C=C »xone C=0 GaiinaHbICTapbIHBIH OPHATIACYBIHAA 0-S-trans, B-s-1ucke ue koHdopdopmepiep
THiMai Gosbin  TaObuTazbl. By KopeiThiHAbUIAD N-anKHIaMHHOITHIEH-1,2-TUKapOOHABIK KBILIKbLIIAP
mmdupaepiniy Z- xkoHe E-u3oMepriepiHiH canbiCThIpManbl KOHGHUIYPAUMSUIBIK TYPAaKTBUIBIFBI TYpajibl
TOKIpUOENiK AepeKTepre coifkec Kenmeai. AMUIUpIICY peakUMsUIapbIHBIH OaFbIThl PEaKTaHT KYPbUIBIMBIHA
JKOHE DeAKLMs JKAFJaHBIHA KPUTHKANBIK JKAaFbIHAH OaiinameicTel Gomagsl. MeO,CCH=C(NRR')CO,Me,
myaga R =H; R'=H, Me, ¢-Bu; R =R'=Me amuno-stnen-1,2-1mkap6oH KbIIKbLIB TH3GUpPIEPIiHiH Z-
xoHe E-m30MepliepiHiH aMHUAUpIeYy epeKIIeTiKTepi KapacThIpblUIFaH. AHBIKTAIFaHAai, aMHHO-3THICH-1,2-
JMKapOOH KBIIKbUIBL AUIGHUPICPIH aMHUAUPICY PEaKUMSCHIHBIH OpOUTANIBIK OakblIayblHa OaFbIHA/BI.
a-Kypzaeni adupiaep TonTapsl OOWBIHIIA KATATUTHUKAIBIK €MEC aMHUAUpIICYHIiH OaiikanraH aiiMakka TOH
GourysIHBIH Oatikaimysl m-xyiieciver C=C-NHR-men tuimai GaitanbicsiHa B-kapOoHMI TOOBIH TOMEHIETETIH
ANEKTPOPHUIBIUTIKTIH (T-OpOUTAIIBIH KOIICITY SHEPTHSICHIH )KOFAPhUIATY) JKOHE KalFaH MOJIeKyna OeliriMexH
GaiinaHpiCy apTyMeH O-KapOOHHI TOOBIHBIH JJIEKTPOQMIBALNIIIH  KOFapbUIaTyMEH OailaHbICTHI.
Amuazmepmer N N-IuMeTHIaMUHOMAJIEaTThlH — peaklusulapFa HMHEpPTTLNr  m¥c_o-Kypaeni  sdwuprep
TONTApPBIHBIH OpPOUTANAAPbl SHEPTHACHIHBIH apTybIMeH OainaHbICTbl OONBIN Kenedi. AMHHO-3THIEH-1,2-
JIMKapOOH KbIIKBUIBIHBIH AUA(GUPIICPiH GHC-aMUIUpIIey TeK FaHa KaTalu3aTopiapblH KaThICybIMEH MYMKIH
0oJ1abI.

Kinm coe30ep: amuaupiey, KBaHTTHI-XHMISUIBIK ecelTeynep, OelceHi eHaMHuHIep, aiiMakKa ToH, KOH(op-
Mepiiep, OaiJIaHBICTApABIH IMCOMATHL OPHANACYBI, TPAHCOMIBI OAlJIAHBICTHIH OpHAIACYBI, H30MepJep,
opOuTanbIK OaKpLIay.
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AMmuaupoBanue 113 (GpUPOB aMUHOITIIIEH-1,2-TUKAPOOHOBOI KHCJIOTHI:
TeopeTH4ecKoe pacCMOTpPeHue

Ha ocHoBaHMM IaHHBIX KBaHTOBO-XHMHUYECKHX pacueToB B mnpubmmwkenun PBE/def2-TZVPP B pamkax
¢dopman3ma HaTypanbHbIX cBs3eBbix opOutaneit (Natural Bond Orbital, NBO) paccmorpensl ocoGeH-
HOCTH aMuaupoBaHuss Z- u E-u3omepoB 1muddupoB aMHHOITHICH-1,2-IUKApOOHOBOM  KHCIOTHI
MeOzCCH=C(NRR1)COZMe, rze R =H; R'=H, Me, +-Bu; R = R' = Me. Tak kax oqsum u3 MEePCIEKTUBHBIX
KJIaCCOB PETYIISITOPOB SIBIISIFOTCSI aKTUBUPOBAHHBIE €HAMHHBI, COJIEPIKAINE B CBOEH CTPYKTYpE CONPSKEHHBIE
S€HaMHMHHYIO ¥ KapOOHMJIBHYIO I'PYHITEL, B KauecTBE 0OBEKTOB Ul aHAJIM3a BBHIOPAHBI MPONU3BOJHBIC aMHHO-
(ymapoBoii KUCTOTEL Pacuérsl mokasany, 4To A1t eHaMUHOB [-IV, He3aBHCHMO OT MX KOH(UIypanuu, Hau-
GoJiee BEITOAHBIMH SBIIOTCS KOH(DOPMEPEI, 00JIafalomue o-s-mpanuc, P-s-yuc-pacnonoxenneM caszeit C=C
u C=0. DTu BBIBOJBI COTIACYIOTCS C IKCIICPHMEHTAIBHBIMY JaHHBIMH 110 OTHOCUTEIBFHOH KOH(PUTypaIoH-
HOU ycroiumBoctH Z- M E-m3omepoB mmdrdupos N-ankmmamuHOAITHIICH-1,2-THKapOOHOBOM KncimoTsl. Ha-
TpaBJIeHHE PeaKUUi aMUANPOBAaHUS KPUTHUECKUM 00pa3oM 3aBUCHT OT CTPOSHUS PeaKTaHTa U PEaKIIMOHHBIX
ycnoBuil. Y CTaHOBIEHO, YTO aMUAUPOBAHUE AUIPHUPOB AMHUHOITHIICH-1,2-1MKapOOHOBOI KHCIOTH HOAYUHS-
eTcst OpOUTaIbHOMY KOHTpOUIO peakunu. Habmonatomascs pernocnenuduuHocTb HEKaTAIUTHYECKOTO aMu-
JHUPOBAHUS TI0 O-CIIOMKHOIPUPHON TpyIine 00yCIOBIeHa COBMECTHBIM BIUSIHUEM CHIDKEHUS 3IEKTPO(UIBHO-
cTH (IOBBIMICHUEM SHEPIHU PAa3phIXJIIONed n-opOuTany) B-kapOOHMIBHOM IPYMITEI BCIeACTBHE Y deKTHB-
Horo conpspkerus ¢ n-cucreMol C=C—NHR u nosbimeHreM 2:1eKTpohIIBHOCTH 0-KapOOHWIBHON IPYIIII C
POCTOM €€ CONPSDKEHHsI C OCTANBHOM 4acThio MoieKyibl. MuepTHOCTs N,N-IHMeTHIaMIHOMANIeaTa K peak-
IMAM C AMHHAMH BBHI3BAHA IOBBIIICHHOM OHEPIHeil T c—o-OpOHTameil CIOKHOI(QUPHBIX Tpymr. buc-
aMUIUpOBaHue IU3(QUPOB AMHHOITHIICH- 1,2-1TMKapOOHOBOI KUCIOTHI BO3MOJKHO JIMIIb B IPUCYTCTBUM KaTa-
JIM3aTOPOB.

Kniouegvie cnoséa: amuampoBaHHe, KBaHTOBO-XUMHYECKHE PacydeThl, aKTHMBHUPOBAHHBIC C€HAMUHBI, PETHO-
crienuduuHOCTb, KOH(GOPMEPDI, LIMCOMAHOE PACIIOJIOKEHHE CBA3CH, TPAHCOMIHOE PACIIONIOKEHUE CBs3ei,
H30MepHI, OpOUTAIBHBIN KOHTPOJIb.
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Chemical composition and properties of essential oil
of Ferula foetida (Bunge) Regel growing on Mangyshlak peninsula

The medicinal plant, Ferula foetida, has been studied, which has a wide range of pharmacological properties.
Since ancient times, ferules have been used in folk medicine in various countries (Central Asia, Iran, China,
India) for treatment of scabies, wounds, tumors, syphilis, tuberculosis, seizures, hysteria, the gastrointestinal
tract, and as an antiparasitic remedy. Chemical composition of Ferula foetida essential oil has been analyzed.
The samples were taken from two different populations on Mangyshlak peninsula — on loamy and sandy
massifs. Use of GC-MS analyses helped identifying 47 compounds comprising 91.5 % of the total compo-
nents in the oil. Components of essential oil of two populations — Tuyesu sands and Tynymbay Shoky
hills — differ through growing phase. 2,5-Diethylthiophene, 3,4-diethylthiophene, bulnesol, guaiol,
myristicine, o-pinene, caryophyllene oxide, 2,5-dipropylthiophene, elemicine, 1-heptatriacontanol, B-trans-
caryophyllene, B-cis-caryophyllene, a-caryophyllene, B-pinene, dimethyl trisulfide, a-eudesmol, B-eudesmol;
B-eudesmene, 2-methylthieno[3.2-b]thiophene, 5,5-dimethyl-4-[(1E)-3-methyl-1,3-butadienyl]-1-oxa-
spiro[2.5]octane, S-(9-thiabicyclo[3.3.1]non-6-en-2-yl are common for both populations. These components
have acaricide, antitussive, expectorate effect, as well as anxiolytic, antidepressant, antioxidant, growth stim-
ulating properties. Concentration of major components is higher in plants growing in harsher edaphic condi-
tions. Comparative analysis of essential oil of Ferula foetida growing in Iran, Turkey and Kazakhstan shows
differences in the composition. The differences are caused by the climatic conditions. The results of the stud-
ies may further be used for standardization of the raw materials.

Keywords: essential oil, Ferula foetida, herbs, Mangyshlak, GC-MS, climate, arid zone, latex.

Introduction

Aromatic plants and essential oils were used for millennia in medicine, cosmetics and perfumery. It is
believed that therapeutic properties of essential oils as treatment-and-prophylactic drugs are not fully studied.
However, huge experience of using separate essential oils as inhalator and antifungal remedy, was accumu-
lated in literature and applied medicine. Many oils are capable of reducing arterial pressure. They are effec-
tive at treatment of hypostases, rheumatism, inflammations, skin and other diseases.

Synthesis and accumulation of separate classes of biologically active agents in wild-growing herbs are
mostly defined by climatic conditions in the respective growth areas [1].

Therefore, comprehensive study of separate groups of plants, including composition of essential oils, is
critical for definition of main spheres for their use as treatment-and-prophylactic drugs. It may as well in-
clude a number of scientific tasks like studying of mechanism of synthesis of separate compounds in the raw
materials in different phases of growth and development, metabolism of separate compounds, developing
methods for their identification and allocation. Widespread use of phytogenic products is caused by their bio-
logical activity, mild effect and less side effects compared to synthetic products [2].

The greatest number of essential oil plants leads to Apiacea families. Ferula L. genus is the largest ge-
nus of Apiacea family and contains more than 170 species, the majority of which is herbs. One of these
plants is Ferula foetida (Bunge) Regel, which is used in traditional medicine in Central Asia, China, Iran and
India since ancient time.

Ferula foetida is a very polymorphic species. The plant has a specific, unpleasant smell. It grows up to
2 m high, has a massive stalk of 5-8 cm in diameter at the basis. The leaves are 30-40 cm long, ternato-
pinnate. The flowers are yellow and form a spherical inflorescence [3].

The main medical component of Ferula foetida is rhizome latex [4]. Solidified latex of Ferula foetida
consists of resin (40-65 %), gum (12-25 %) and essential oil (5-20 %). Generally, the essential oil contains
organic sulfides, which give onion-garlic smell [5], and a-pinene, umbelliferone, coumarin and other com-
pounds [6, 7].
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Antioxidative, antimicrobial, antifungal, anti-diabetic effects have been revealed as a result of
pharmacological studies of this species [8, 9]. Therapeutic effect of medications based on the herbal raw ma-
terials is defined by a combination of all compounds contained in the plants: tannins, flavonoids, saponins,
terpenoids, vitamins, sesquiterpenes, coumarins and essential oil [8]. Therefore, assessment of essential oil
composition of useful plants is a vital and practical task at this time.

The purpose of the research is to assess the quantitative and qualitative composition of essential oil ob-
tained from the roots of Ferula foetida (Bunge) Regel growing on Mangyshlak peninsula.

Methodology

The raw material has been collected from natural places of growth on Mangyshlak peninsula in arid
zone. The samples were collected in spring of 2014 during vegetation and full blossoming phase. Collecting
and preparation (air drying) of raw materials and obtaining of essential oil (hydro distillation) were carried
out by the standard techniques. The studied samples are named by their geographical places near the place of
collection of the raw materials. Characteristics of the collected samples are given in Table 1. The site map of
Ferula foetida growth area is shown on Figure 1.

Table 1
Characteristics of the collected samples

No. Local name Ontogenesis phase Identified compounds
number
Vegetation 42-47
I |Tuyesy sands Blossoming 43
. Vegetation 31-45
2 |West Tynymbay Shoky hill Blossoming a7

Roots of the plants were ground, and a portion of 100 g sharp, has been measured for each sample. Es-
sential oil has been separated by hydro distillation method with the use of Clevenger apparatus. Duration of
hydro distillation was 2 hours. The compounds were identified by GC-MS method.

Definition of composition of the essential oil was carried out on Clarus-SQ 8 (Perkin Elmer) gas chro-
matograph with mass and spectrometer detector.

Preparation of essential oil sample: 25 mg of Ferula foetida essential oil was placed in a measuring
flask with the capacity of 25 ml, dissolved in 15 ml of hexane, brought to the tag, and mixed.

Chromatographic conditions: capillary column Restek Rxi®-1 ms of 0.25 mm x 30 m x 0.25 microns;
sample volume: 1.0 mcl; gas carrier He, gas carrier velocity is 1 ml/min., split ratio 1:25; column tempera-
ture: 40 °C, build-up — 2 °C/min. to 280 °C, evaporator temperature is 280 °C; the mass and spectrometer
detector: t — 240 °C, EI+ = 70 eV; scanning time from 4 to 120 min; the mode of ions scanning: 39—
500 m/z. Percentage of the components was calculated automatically, proceeding from the areas of peaks of
the general ions chromatogram. The components were identified by the mass-spectrums and retention time,
with the use of the National Institute of Standard and Technology Library.

Results and discussion

Results of the studies on composition of essential oil of Ferula foetida growing in two different ecolog-
ical populations of Mangyshlak peninsula are reported in this article.

Natural populations of Ferula foetida are widespread as a part of the East Mangyshlak geobotanical dis-
trict, in the southern part of the peninsula. They grow on the fixed and semi-fixed sands of the loamy plains
of Middle and South deserts. Also, Ferula is spread in wormwood, saxaul, saltwort communities, often as a
co-dominant of spring communities.

Tuyesu sands are located in the south of Mangyshlak peninsula, close to Senek village, where Ferula is
involved in saxaul-ferula—sagebrush—psammophyte-shrubs associations. The relief has slides, hilly ridges,
and wavy fixed sandy massifs. The soils are sandy and sabulous, mostly non-saline or sub-saline. Tuyesu
sands have shallow fresh waters and potable top waters. Groundwater depth varies from 3—5 m to 41 m. The
thickness of watered eolian sand massif is around 5 m to 33.3 m.
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Figure 1. Site map of Ferula foetida growth area (Mangyshlak peninsula)

Tynymbay Shoky hill is located near Kunabay Mountain. Ferula foetida is observed in saxaul-ferula-
santolina-mugwort, sedge-artemisia terrac-albae-ferula associations. The region is significantly different
from the others both on mechanical makeup, and salinity of the soil. The sandy loam soil occurs at a depth of
30 cm, low loamy — from 30 to 50 cm and mid loamy — from 50 to 100 cm. Salinity level is low from the
surface down to 50 cm, middle level — from 50 to 80 cm and high level — from 80 to 100 cm. Watering of
the region is extremely low. The plants take up liquid from atmospheric precipitation and shallow ground
waters with various salinity levels.

From 31 to 47 components were detected and identified in the examined samples, using the gas-
chromato-mass-spectrometry (GC-MS), which constitute 88.2-92.5 % of the whole essential oil. Ether oil of
Ferula foetida represents liquid of yellow color with specific garlic-onion-like odor which is caused by the
presence of sulphide compounds. Chromatogram of essential oil of Ferula foetida roots is given in Figure 2.
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Figure 2. Chromatogramm of essential oil of Ferula foetida roots

The main compounds of essential oil of Mangyshlak’s Ferula foetida plants are: 2,5-diethylthiophene,
3,4-diethylthiophene, bulnesol, guaiol, caryophyllene oxide, myristicine, B-trans-caryophyllene, a-pinene,
B-pinene, dimethyl trisulfide, B-cis-caryophyllene; P-cis-caryophyllene, o-caryophyllene, o-eudesmol,
B-eudesmol, 1-heptatriacontanol, B-eudesmene, 2-methylthieno[3.2-b]thiophene, 5,5-dimethyl-4-[(1E)-3-
methyl-1,3-butadienyl]-1-oxaspiro[2.5]octane, S-(9-thiabicyclo[3.3.1]non-6-en-2-yl), elemicine and 2,5-di-
propylthiophene.

The composition of essential oil varies from sample to sample, except for the main components. The
structure of the main components is almost constant throughout all the samples. The quantitative content of
the main components is higher in West Tynymbai Shoky hill populations, i.e. in plants growing in harsher
edaphic conditions. Presence of certain substances only in individual samples is caused by the fact that popu-
lation, and even individual plants, occur with significantly different composition for this species or popula-
tion [10].

Thus, the obtained data show that composition of essential oil from two populations of Mangyshlak
peninsula differs by the content of the main components. Composition of essential oils can vary depending
on the age, growth phase and habitat.

Comparison of essential oil components with species growing in various regions of Iran shows a signif-
icant difference in the qualitative and quantitative content of components both between species, growing in
Iran, and between species growing in different countries. Comparison results of gum resin, aerial organs and
essential oils composition in different populations are shown in the Tables 2—4.

Table 2
The main components of Iran and Pakistan Ferula foetida essential oil obtained from oleo-gum resin, %

Location
Components Larestan, Yazd province, Kerman, Isfahan, Darab moun-
Iran Iran Iran Iran tain, Iran

20.3-23.9[11]]40.1-44.4[12]| 58.9[13] 22.1[14]

Pakistan

(E)-1-propenyl
sec-butyl disulfide
10-epi-y-eudesmol 15.111]
(2£)-1-Propenyl

sec-butyl disulfide 27.7[11] 23.9-28 [12] 35.1[14]
Guaiol 3.1-5.5[12]
Carotol 1.6-5.1[12]
B-Pinene 1[15]
a-Pinene 12.2 [14] 21.4[15]
(£)-B-Ocimene 11.9[13]
(E)-B-Ocimene 9[13]
Phelandrene 6.49 [16]
Propenyl

sec-butyl disulfide >1.9116]
Undecylsulfonyl
acetic acid

18.8 [16]
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Table 3

The main components of Iran and Pakistan Ferula foetida essential oil obtained from root, %

The main components of Ferula foetida aerial organs growing in Iran and Turkey, %

Location
Components Gonabad, Iran Tabas, Iran Mangl};silzlzllzhi f:rllnsula,
(E)-1-Propenyl sec-butyl disulfide 30.7 [17] 18.8[17]
10-epi-y-Eudesmol 12.7[17] 18.7[17]
(Z2)-1-Propenyl sec-butyl disulfide 12.4[17] 9.2 [17]
B-Pinene 0.1-1.0
a-Pinene 0.3-3.1
2,5-Diethylthiophene 11.0-26.2
3,4-Diethylthiophene 8.5-35.3
Bulnesol 5.6-20.7
Guaiol 5.8-19.3
Caryophyllene oxide 0.9-4.7
Myristicine 0.6-7.6
1-Heptatriacontanol 0.3-3.2
2,5-Dipropylthiophene 0.5-5.6
Elemicine 0.5-6.1
Table 4

Components

Aerial organs

Fruits

Leaves

Location

Kerman,
Iran

Turkey

Sari forest,
Iran

Neishabour
mountains,
Iran

Kashana
region, Isfa-
han, Iran

Mount
Telesm,
Kerman-
shah, Iran

No infor-
mation

1

2

5

6 7

1-Methylpropyl (1E)-
prop-1-en-1-yl disulfide

32.8[18]

o-Pinene

11.3 [18]

59.9[19]

3.4[21]

1.7[22] | 12.8[23]

1.5 [24]

Germacrene B

5.5 [18]

B-Pinene

13.5 [19]

6.2 [23]

Limonene

3.2[19]

Bornyl acetate

2.1[19]

2-Methyl-5-
(1-methylethyl)

18.2 [20]

o-Bisabobol

10.4 [20]

Arsinetriethyl

8.7 [20]

Cyclopropa[a]naphthalene
octahydrotetramethyl

6.6 [20]

trans-2-Undecen-1-ol

17.3 [23]

Thymol

10.9 [23]

Dodecanal

9.7 [23]

Spathulenol

8.5 [23]

B-Eudesmol

19122] | 6.8[23]

v-Elemene

32.2[23]

Eremophilene

31.3[24]

0-Cadinene

22.0 [24]

Longiborneol

12.1 [24]

Dehydroaromadendrene

39.7 [24]

Isoledene

36.4 [24]

1-Gurjunene

3.9 [24]

j-Guaiene

3.5 [24]

Ledenoxid

1 [24]
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Continuation of Table 4

1 2 3 4 5 6 7 8
trans-Caryophyllene 1[24]
a-Gurjumene 1[24]
2-j-Pinene 0.2 [24]
(E)-1-Propenyl
sec-butyl disulfide 53.8[21] | 1.1[22]

(Z)-1-propenyl
sec-butyl disulfide 35.6[21] | 5.9(22]

Chemical composition of essential oils obtained from Ferula foetida oleo-gum resin of two different
sites in the central part of Iran, Yazd and Tabas, were identified in 2008. 39 substances were identified in the
essential oil, which included 77.7 % (Tabas) and 72.4 % (Yazd) of sulphur-containing compounds;
monoterpene hydrocarbons (2.8 and 3.4 %), sesquiterpene hydrocarbons (4.6 and 7.3 %); oxylene hydrocar-
bons sesquiterpenes (6.3 % and 12.4 %)[12].

Sefidkon et al. assert that the main component of Iran Ferula foetida essential oil is (E)-1-propenyl sec-
butyldisulfide (58.9 %) which might be responsible for the positive properties of the essential oil, such as
insecticidal, repellent (scaring insects) effect [15, 5]. Meanwhile, this component was not detected in the
samples of the populations growing in Mangyshlak peninsula. However, other components, which were not
previously identified, have been revealed: 2,5-diethylthiophene (11.0-26.2 %) and 3,4-diethylthiophene
(8.5-35.3 %), which feature acaricidal activity and are used for treatment of animal scab [25].

The following basic components were also identified in essential oil of Ferula foetida growing in
Mangyslhak: bulnesol (5.6-20.7 %), guaiol (10.6—-19.3 %). Concentration of the other components detected
in all the samples was below 2 %.

Properties of the identified components are diverse; thus, bulnesol and guaiol feature anti-tussive activi-
ty, while bulnesol and a-cadinol (detected only in blooming samples of the plants growing westwards
Tynymbay Shoky hill) feature expectorative activity.

B-Caryophyllene is effective in treatment of anxiety and depression since it possesses anxiolytic and an-
tidepressant properties. This terpenoid is also contained in cannabis and is linked to one of the two canna-
binoid ceptors — CB, — the ones that are impacted by marihuana, and thus does not lead to euphoria [26].
Mpyristicine is responsible for psychoactive effects. During metabolism, the components are aminating,
which turns them into the centralized active amphetamine derivatives. In the course of amination,
Myristicine gives MMDA — a well-known entactogenic compound acting similar to ecstasy. Pinenes are
used in perfumery, and more seldom — as lacquer and paint solvents. Pinenes are well sensed by insects and
act as important regulator of their chemical communication. Eudesmol features antioxidant activity.

Dimethyl-trisulphide confers a specific garlic-onion-like odor upon the plant and is used as a flavoring
agent and food supplements. Eudesmol features antioxidant activity. Triacontanol features high biological
activity and influences plant growth by increasing assimilation of carbon dioxide and improving the photo-
synthesis. It allows a plant to acquire more nutritive agents from the environment, which leads to enhanced
growth of the plant and increases the yield. Minimal concentrations manifest the maximum effect [27].

Moreover, in the studied samples we have identified such materials depicted in samples of the plants
growing in other countries as: a-pinene, B-pinene, epi-y-eudesmol, B-eudesmol, germacrene B, a-bisabolol,
d-cadinene, B-trams-caryophyllene, guaiene. Concentration of these materials in the root resin of Ferula
foetida growing in Mangyshlak was lower by more than 10 % compared to plants growing in Iran.

Composition analysis of ether oil exuded from oleo-gum resin, roots and leaves of Ferula foetida from
different areas of Iran and Turkey reveals differences both, in qualitative and quantitative indicators.

Thus, composition of Ferula foetida essential oil differs both, by number of determined components,
and by their quantity within one population as well as between the populations. This can be caused by natural
and climatic conditions and by other genetic factors [3, 24].

Conclusions

Two different populations of Ferula foetida collected from loamy and sandy massifs on Mangyshlak
have been analyzed. 47 compounds out of 48, comprising 91.5 % of the total components, were identified in
the oil by GC-MS. Essential oil components of two populations — Tuyesu sands and Tynymbay Shoky
hill — differ through growing phase. 2,5-Diethylthiophene, 3,4-diethylthiophene, bulnesol, guaiol,
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myristicine, a-pinene, caryophyllene oxide, 2,5-dipropylthiophene, elemicin, 1-heptatriacontanol, B-trans-
caryophyllene, B-cis-caryophyllene, a-caryophyllene, B-pinene, dimethyl trisulfide, a-eudesmol; B-eudesmol,
B-eudesmene, 2-methylthieno[3.2-b] thiophene, 5,5-dimethyl-4-[(1E)-3-methyl-1,3-butadienyl]-1-oxa-
spiro[2.5]octane, S-(9-thiabicyclo[3.3.1]non-6-en-2-yl are constant components for both Mangyshlak popu-
lations. These components have acaricide, antitussive, expectorate effect, as well as anxiolytic, antidepres-
sant, antioxidant, growth stimulating properties.

Concentration of major components is higher in plants growing in harsher edaphic conditions. Compar-
ative analysis of essential oil of Ferula foetida growing in Iran, Turkey and Kazakhstan shows differences in
the composition. The differences are caused by the climatic conditions.
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M.C. CarsiagsikoBa, A.A. Umanbaesa, E.M. Cyneiimen, M.1O. NmmypaToBa

Manrpinak tyoeringe ecetin Ferula foetida (Bunge) Regel 3¢pup MalibIHBIH
XHMHUSJIBIK KypaMbl MeH KacueTTepi

AnyaH Typ:ni (hapMakoJIOTHsUIBIK KacueTTepi Oap cacwlk Kypail (Ferula foetida) napinik eciMairi 3epTrenreH.
Esxenri noyipien Oacran ¢epyna xanblk MequiHackiHAa apTypii engepae (Opranbik Asust, Mpan, Keitai,
YuzicraH) KellibIMa, jkapa, icik, Mepes, TyOepKyse3, KypbICynap, ecipik, ackazaH-illleK KOJIapblH eMIey
YIIiH, cOHpmaif-aK Mapa3nuTKe Kapchl Kypasl peTiHje KOJIJaHBUINBL. MaHFBINUIAK TYOCTiHIH eKi Typii casisl
JKOHE KYMJIbI HOMYJISALMSIIAPBIH/IA TapaifaH CachlK KypanablH 3(GUp MalblHBIH KYpaMbl aHbIKTanFaH. ['a3/ibl-
XpOMAaTo-Macc—CHEKTPOMETPHsl dAICIMEH TyTac Mail KOCBHIHABICHIHBIH 91,5 % KypalTeiH 47 KOMIIOHEHT
TaObUIBIN, aHBIKTaNFaH. Tylecy Kymzaapsl MeH ThIHBIMOAH IIOKBI TeOEMIriHiH OaTbic OeiriHiaeri momys-
musUIapabiH 2up Maiibl Kejieci KOMIIOHEHTTEPIiH KypaMbIMEH epekuieneHeni: Tyilecy MOmyssiusIChIHBIH
GapJbIK YITIIepAiH KypaMblHIa TUMETHITPUCYIbGuUI, o-kapuoduieH, B-oBaecmeH, 2-metiarueno|3.2-b]-
tuoden, 5,5-numernn-4-[(1E)-3-metun-1,3-0yranuenun)-1-okcacrupo[2.5]okraH, an TeiHBIMOAH NIOKBIHBIH
6atpic Gemirinaeri GapibIK YAriiepaiH Kypambiaia 2,5-aunpormwituoder u S-(9-tnabuiukio[3.3.1]HoH-6-
eH-2-w1)3TaHTHOaT Oomysl. bBipak exi mnomymsnmsutapablH  GapiiblK — YIITiIEpiHIH KypamblHIa 2,5-
mTanTHodeH, 3.4-mudTHntHodeH, OyiIbHE30Jd, TBaiol, KapHOGWUIEH OKCHI, MHUPUCTHULIWH, [-trans-
xapuopmuieHn 6ap. Omap KeHe >KOHFBINI, JKOTeIre Kapchl jKOHE KaKBIPBIK TYCIpeTiH OelceHIUTiKTepiMeH,
JeTIpeccusiFa  JKOHE Ma3achI3JbIKKAa Kapchl KOJJAHBUIATHIH KacHeTTepiMeH epekmeneHexi. Herisri
KOMIIOHEHTTEP/IiH KOHLCHTPALMACH! BI3Fapiibl 3AadHKAIbIK JKarJaiilapia eceTiH eCIMIIKTepICeH >KOFaphbl.
Upan, Typkus xone Kasakcranma ecerin cachlK KypaiabiH 3(up MaillapbIHBIH CAJBICTBIPMAIIBl TalAaybl
KIMMATTBIK JKaF[ainapra OailiaHbICThI dGUpP MailapbIHBIH KYPaMbIHAAFbl aibIpPMAIIbUIBIKTAPIbl KOPCETE .
Bonamakra 3epTTey HOTHXKENEPiH MMKI3aTThl CTaHAAPTTAY YILIIH KOIjaHyra Gosasl.

Kinm ce30ep: >dup Maiibl, cacbIKk Kypai, nepinmik eciMmmikrep, Manrpmuiak, ['’X-MC, aya paiibl, Kyprak
aiimMak, 1aisIp.

M.C. CarsingsikoBa, A.A. Umanbaesa, E.M. Cyneiimen, M.1O. NmmypaToBa

XuMunuecknii coctaB u cBoiicTBa 3pupHoro macia Ferula foetida (Bunge) Regel,
Nnpou3pacTawileid Ha MoJyocTpoBe MaHIbIILIAK

M3ydeHo nekapcTBEHHOe pacTeHue (Qepyna BOHIOYAs, KOTopas o007afaeT IIHMPOKUM  CIEKTPOM
(apmakonornyeckux cBoicT. C apeBHEHIINX BpeMeH (epyia NpUMEHsUIach B HAPOJHON MEIULMHE pa3-
myHbIX rocyaapetB (Mpane, Kurae, Unnun) u Cpenneit A3un asst 1e4eHHs YeCOTKH, 3a)KUBJICHUS paH, OIly-
X0JIel, cudunmca, TyOepKyesa, CyIopor, HCTePUH, JKEeIyIOYHO-KUIIEYHOr0 TPAaKTa, a TAKXKe KaK IPOTHBO-
napasurapHoe cpeacTBo. lccmemoBaH coctaB d(UpHOro Macia Qepyisl, MPOHM3pAcTAOIEH B IBYX
Pa3IMYHBIX HOMYJSIIUAX MOIYyOCTpOBa MaHIBIIUIAK — Ha CYTJIMHUCTBIX U IIECYaHBIX MaccHBax. MeTomoM
ra30-XpoMaro-MacCc—CIeKTPOMETPUH HICHTHQHIUPOBaHO 47 BemecTB, COCTABISIFOMMX 91,5 % oT cymmbl
HeJpHOro Macnia. DQupHOe Maciio momyisinuid neckoB Tyiecy M 3amajHee BO3BBIIICHHOCTH THIHBIMOAit
IIOKBl OTIMYAIOTCS 10 COACPKAHUIO: AUMETWITPUCYIbOUI, o-KapuodmuieH, P-3BIecMeH, 2-MeTHII-
tueHo[3.2-b]tuoden, 5,5-mumernn-4-[(1E)-3-merui-1,3-6yraanennin]-1-okcacnupo[2.5]oktan  BO  Bcex
obpasuax momysauun Tyidecy u Hamuuue 2,5-munponuntuodena u  S-(9-tuabuuukiio[3.3.1]HoH-6-eH-
2-WIT)3TaHTHOATa BO BCEX 00pa3lax MOIYJIALMH 3arajHee BO3BBIMIEHHOCTH ThIHBIMOal moksl. OgHAKO Uit
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HUX NPHCYIe Hanuuue 2,5-mumstuntruodena, 3,4-auatuarnodena, OynpHe3omna, reaifona, KapuouiuieHOKCH-
Jla, MUPUCTHLIMHA, PB-frans-kapuoduiuieHa, 00JafaolnX akapuLuJHON, NPOTUBOKAIIICBOH M OTXapKUBAIO-
el aKTUBHOCTBIO, a TaKKe€ AHKCHOIMTHYECKHMH W aHTHJETPECCAHTHBIMM cBoWcTBamu. KoHIeHTpanus
OCHOBHBIX KOMIIOHEHTOB BBIIIE Yy pAacTeHUH, pacTymux B Ooiee CypOBBIX 3Ja(UUecKHX YCIIOBUSX.
CpaBHMTENBHBI aHaMM3 S(QUPHBIX Macell (epylsl BOHIOUEeH, mpomspacratomeii B Hpame, Typrum u
Kazaxcrane, mokasplBaeT pasiU4udsi B COCTaBE I(PUPHBIX Macel, KOTOPHIE BBI3BaHBI KIMMATHYECKIMHU
YCIOBHSIMH. Pe3ynbTaTel McciieoBaHMi B manbHeHIIeM MOTYT OBITH MCHOJB30BaHBI IS CTaHIAPTH3ALMH
CBIPBSL.

Kniouesvie cnosa: 3bupHoe macno, ¢epyna BoHIouas, JeKapcTBeHHble pacTeHus, Manreimniak, ['X-MC,
KJIMMAaT, apuHas 30Ha, CMOJa.
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Swelling and mechanical properties of quenched polyampholyte hydrogels
based on 2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt (AMPS)
and (3-acrylamidopropyl) trimethylammonium chloride (APTAC)

In our previous paper (Bulletin of the Karaganda University. Chemistry series, 2019, 2(94), P. 35-43) we
considered the behavior of quenched (or strongly charged) polyampholytes based on fully charged anionic
monomer — 2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt (AMPS) and cationic monomer —
(3-acrylamidopropyl) trimethylammonium chloride (APTAC) in aqueous-salt solutions. In the present paper
we report the mechanical properties of quenched polyampholyte hydrogels synthesized by free-radical copol-
ymerization of the same monomers in the presence of N,N-methylenebisacrylamide (MBAA) as crosslinking
agent. The hydrogel samples in dependence of the molar amount of AMPS were abbreaviated as AMPS-75H,
AMPS-50H and AMPS-25H. The swelling, rheological, and mechanical properties of quenched
polyampholyte hydrogels were evaluated for different compositions of copolymers at fixed initial monomer
concentration Cy = 0.5 wt.% and constant amount of [MBAA] = 20 mol.%. The formation of hydrogels in the
course of (co)polymerization of oppositely charged monomers in presence of MBAA was monitored by
rheometric measurements using oscillatory deformation tests at an angular frequency = 6.3 rad-s' and
strain amplitude y, = 0.01. The strain-stress curves of as-prepared and swollen polyampholyte gels demon-
strate that the highest values of Young’s modulus E, fracture stress oy and elongation £% are characteristic for
as-prepared AMPS-75H and swollen AMPS-50H samples. These results are interpreted in terms of polyelec-
trolyte and polyampholyte effects.

Keywords: quenched polyampholyte hydrogels, swelling, rheological and mechanical properties, strain-stress,
Young’s modulus, ionic interactions.

Introduction

Three-dimensional quenched polyampholytes (QPA) can be divided into two categories: chemically and
physically crosslinked hydrogels [1, 2]. The long-range Coulombic interactions between opposite charges
along the backbone is a governing factor of conformational and volume-phase changes of QPA hydrogels.
Swelling ratio at equilibrium Q. for QPA gels prepared from 2-(methacryloyloxy)ethyltrimethylammonium
chloride (MADQUAT) and AMPS was studied in pure water and 2 mol-L™ NaCl solution [3]. Similar to lin-
ear QPA, hydrogels of QPA are in swollen and collapsed states in dependence of the net charges expressed
as Af = '~ (where f" and {~ are the molar ratios of cationic and anionic monomers to the total monomer
concentration, respectively). As the concentration of the anionic and cationic parts deviates from the
equimolar ones Af #0 the swelling ratio increases rapidly. A reasonable explanation of these results are that
the number of osmotically active ions in the hydrogel phase increases as the molar ratio of cationic to anionic
groups diverges from unity according to Donnan equilibrium. While as the molar ratio of cationic to anionic
groups approaches to unity the excess free counterions that are not needed to satisfy the electroneutrality of
the chain are effectively «dialyzed» from the hydrogel interior. In 2 mol-L"' NaCl solution the electrostatic
effects are screened and the swelling ratio at equilibrium Q. levels off and gel behaves as a neutral system. At
low ionic strength polyampholyte chains bearing net charges of opposite signs form intraionic complexes
leading to a phase separation. At high ionic strength, the gel swells due to screening of electrostatic interac-
tions and such microscale structure dissolves.

QPA hydrogels based on [3-(methacryloylamino)propyl]trimethylammonium chloride (MAPTAC) and
4-vinylbenzenesulfonate (NaSS) P(IMAPTAC-co-NaSS) [4] and P(AMPS-APTAC) [5] were compared with
polyion complex (PIC) composed of P(MAPTAC) and P(NaSS) [4] The main difference between
P(MAPTAC-co-NaSS) and P(IMAPTAC)-P(NaSS) hydrogels is that the former is composed of oppositely
charged monomers, while the latter is the product of matrix polymerization of NaSS on the matrix of
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P(MAPTAC). The conformation of P(MAPTAC-co-NaSS) can be stabilized by both inter- and intra-ionic
interactions, while PIMAPTAC)-P(NaSS) chains are stabilized by interionic salt bonds. The effects of charge
ratio and monomer concentrations, the molecular weight of polyelectrolytes on the swelling, toughness, self-
healing, and viscoelasticity of QPA and PIC hydrogels were comparatively studied. It was demonstrated that
the PIC hydrogels are much tougher than the QPA hydrogels and exhibit better mechanical properties. This
is due to structural and morphological differences of two systems. The PIC hydrogel shows a more inhomo-
geneous, large segregated structure with large pore size (d = 0.5-3.0 pm), while the QPA hydrogels show
more homogeneous structure with diameter of pores 0.1-0.3 pm.

The swelling properties of AMPS-APTAC were evaluated by continuous monitoring of 60 um sized
hydrogels with the help of instrument [6]. It was shown that the charge balanced P(AMPS-APTAC) hydrogel
exponentially swells upon ionic strength increases from 5-107* to 0.15 M NaCl exhibiting antipolyelectrolyte
effect [7] in response to added salts.

A new class of tough, viscoelastic and self-healing hydrogels was designed by authors [8—11] from
supramolecular QPA prepared by random copolymerization of oppositely charged ionic monomers at high
monomers concentration and equimolar monomers ratio (charge balance point). These physical gels contain
the strong ionic bonds that play the role of permanent crosslink and weak ionic bonds that are responsible for
elongation, deformation, twisting, fatigue resistance, internal friction, adhesion, self-healing, shape memory,
anti-biofouling and other important functions. In spite of topological difference, the QPA hydrogels are simi-
lar to double-network hydrogels [12]. In both cases, the strong bonds form a primary network and the weak
bonds — a sacrificial network. The effect of the charge fraction (f) on the swelling volume ratio (Q,= V/V,,
where V and V, are the volumes of swollen and as-prepared hydrogels), Young’s modulus E, and the com-
pressive fracture stress G, of the hydrogels MAPTAC-co-NaS) was evaluated. The extremums of curves cor-
respond to the vicinity of charge balance point (f= 0.48~0.53) where the Coulomb attraction prevails over
the repulsion and polymer chain collapse to globular state. In imbalanced region ((f < 0.48 and f > 0.53) the
Coulomb repulsion prevails and polymer segments elongate. The shrinking of the gels near the charge bal-
ance point (f = 0.50520.025) is accompanied by dramatic increase in the modulus E and fracture stress Gy,

A series of experiments were carried out to clarify the effect of specific ions on mechanical and electri-
cal properties of QPA hydrogels on the examples of PIMAPTAC-co-NaSS) and various salts [13]. A virgin
sample is represented as inhomogeneous medium composed of strong ionic bonds that play the role of per-
manent crosslink like covalent cross linker and weak ionic bonds that can be ruptured and re-formed. The cut
virgin sample contains the ruptured strong and weak ionic bonds. After contacting of the cut surfaces a large
number of ionic contacts in the vicinity of surfaces are re-formed across the interface which leads to healing.

Earlier [14] we have studied the swelling properties of a series of QPA hydrogels based on P(AMPS-
APTAC) in aqueous-salt solutions. The swelling behavior regardless of hydrogel composition, was followed
by Fickian diffusion. The adsorption and desorption ability of QPA hydrogels was evaluated with respect to
ionic dyes and surfactants.

In the present paper we report the mechanical properties of QPA hydrogel samples of P(AMPS-
APTAC) in dependence of the molar amount of AMPS. The rheological, and mechanical properties of
quenched polyampholyte hydrogels were evaluated for different compositions of copolymers at fixed initial
monomer concentration Cy = 0.5 wt.% and constant amount of [MBAA] = 20 mol.%.

Experimental

Materials

Commercially available 2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt (AMPS, 50 wt. %
in water), (3-acrylamidopropyl) trimethylammonium chloride (APTAC, 75 wt. % in water), N,N’-methyle-
nebis(acrylamide) (MBAA) purchased from Sigma-Aldrich were used as received. Ammonium persulphate
(APS) purchased from Changzhou Qi Di Chemical Co. was used without further purification.

Preparation of polyampholyte hydrogels

Polyampholyte hydrogels were prepared by solution polymerization of the monomers AMPS and
APTAC at 60 + 2 °C in the presence of MBAA as a cross-linker, and 10 mM APS as an initiator respective-
ly. The molar amount of AMPS in the comonomers feed was varied from 25 to 75 mol.% while initial mon-
omer concentration Cy and amount of MBAA were fixed at 5 wt.% and 20 mol.%. Further, the QPA hydro-
gels were coded as AMPS-75H, AMPS-50H and AMPS-25H (where 75, 50 and 25 are the mole percent of
AMPS in initial monomer feed). For example, AMPS-50H was prepared from the mixture of 50 mol.%
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AMPS and 50 mol.% APTAC in the presence of 20 mol.% MBAA. The synthetic protocol for preparation of
AMPS-50H is the following: the mixture AMPS (0.4 g), APTAC (0.2 g), MBAA (0.06) was stirred at room
temperature for 15 min to obtain a homogeneous solution. After the addition of APS (30 mg) and stirring for
1-2 min, nitrogen gas was bubbled through the homogeneous solution for 30 min to eliminate oxygen. The

solution was then transferred into 1 mL volume syringes, placed into oven and polymerized at 60 °C during
24 h.

Methods
Rheological measurements

The rheological measurements were conducted on a Bohlin Gemini 150 rheometer system (Malvern In-
struments, UK) equipped with a Peltier device for temperature control. Hydrogel samples were prepared be-
tween rheometer plates at 60 °C for monitoring gelation. The frequency sweep tests were carried out over the
frequency range of 0.1 to 100 rad-s™ placing the gel samples between the cone and plates (diameter 40 mm)
at the constant distance between them 150 um. The frequency-sweep tests at strain amplitude y, = 0.01 were
carried out at 25 °C.

Swelling tests

Hydrogels taken out of the syringes after 24 h reaction time were cut into small pieces of about 1 cm in
length, and immersed in an excess of water. After reaching an equilibrium degree of swelling, which was
monitored by recording the mass and diameter of gel specimen, the samples were taken out of water and
freeze-dried (Christ Alpha 2—4 LDplus). The fraction of the monomers converted into a water-insoluble pol-
ymer, that is, the gel fraction W, was calculated by formula:

W, = C’"& , (1)
R
where my,, and m, are the weights of the gel specimens in dried and as-prepared states, respectively, and C,
is the monomer concentration (wt.%) in the initial reaction mixture.

The relative weight (m,.;) and volume (V,.;) swelling ratios of as-prepared gels were determined by for-

mulas:

mrel = > (2)
m

<[] 3)

rel do s

where dj and d,,,; are the diameters of as-prepared and swollen specimen respectively, my,; is the weight of
swollen gel specimen.

Mechanical tests
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Figure 1. Typical stress-strain curves of under compression where the nominal stress g, (red curve)
and true stress o, (blue curve) are plotted against the compressive strain €. Dashed lines represent
calculations of the fracture stress oy and fracture strain &, from the maximum in the o,,,.—€ curve
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yThe compression tests were performed at room temperature on Zwick Roell test machine using 500 N
load cell. Initial compressive contact to 0.05 N was applied to ensure complete contact between the sample
and the surface. Load and displacement data were collected during the experiments at a constant crosshead
speed of 3 mm-min’". Compressive stress was presented by its nominal o,,, and true values o,.., which are
the force per cross-sectional area of the undeformed and deformed specimen, respectively. Assuming the
sample volume remains constant during deformation, the true stress o, was calculated as ;.. = AG,0m,
where 4 is the deformation ratio (deformed length/original length). The compressive strain is given by the
compression ratio ¢ which is the change in the sample length relative to its initial length, i.e., ¢ = 1 — 4. Fig-
ure 1 shows the typical stress-strain curves of AMPS-50H, where the g,,, and o, are plotted against the
strain &.

Results and Discussion

Swelling characteristics of QPA hydrogels

Photos of as-prepared and swollen (immersed into water and equilibrated) as well as the relative weight
m,;, volume V,.;, and gel fraction W, of QPA hydrogels calculated by formulas 1-3 are shown in Figure 2.
As prepared (or initial) hydrogel samples have the same size. After immersing and equilibration in aqueous
solution the QPA hydrogels of AMPS-75H and AMPS-25H are transparent and in swollen state, while
AMPS-50H is cloudy and in shrunken state. These results are explained by Donnan effect. In case AMPS-
25H and AMPS-75H, due to excess of positive and negative charges in hydrogel network the number of
osmotically active ions in the hydrogel phase increases leading to swelling of hydrogels. In case of AMPS-
50H, the equimolar amount of cationic and anionic charges compensate each other and the excess free
counterions (Na" and C1") that are no more needed to satisfy the electroneutrality of the chains are effectively
released from the hydrogel interior.

w,
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a — Images of as-prepared (top) and swollen (bottom) QPA hydrogels in water;
b — the relative weight m,,, (red bars), volume V,,; (blue bars), and gel fraction W, (green symbol)
of polyampholyte hydrogels as a function of AMPS in the feed

Figure 2

Gelation

The dynamics of gel formation was monitored by rheometric measurement using the oscillatory defor-
mation tests at an angular frequency o of 6.3 rad-s ' and strain amplitude vy, of 0.01. Figures 3a, b show the
loss G’ and storage modulus G’ of the reaction solutions plotted vs the reaction time together with the loss
factor tand (G’°/G’) of the reaction system. As seen from Figure 35 the gelation time decreases with increas-
ing of AMPS content in reaction mixture. This is probably accounted for higher reactivity of AMPS (ranps =
=(.62) in comparison with APTAC (raprac = 0.36) that is responsible for decreasing of gelation time
[15-17].
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a — Storage G' (filled symbols), loss modulus G" (open symbols) and loss factor tan d (red lines) of the reaction
mixture as a function of reaction time. ® = 6.3 rad-s™. 7= 60 °C. Blue arrows show the gelation point of the system;
b — Gel points #, (tand = 1, open symbols) are plotted as a function of AMPS content in reaction mixture.
Error bars are smaller than the symbols where the bars are not shown

Figure 3

Mechanical and rheological properties

Table represents the mechanical characteristics of QPA hydrogels with different AMPS content. With
increasing of AMPS content the mechanical strength (E.) increases 3 times and fracture stress (oy) increases
2 times.

Table
Swelling and compressive mechanical properties of QPA hydrogels. [MBAA] = 20 mol. %, [APS] =10 mM
As-prepared gel Swollen gel
o,

Code e HOwWL% | Ve ™ Fipa | o /kPa E/kPa o, /kPa
AMPS-25H 9.240.1 99.4 0.98 5.2 (0.4) 24 (1) 11.2 (0.7) 6.0 (0.8)
AMPS-50H 0.8240.02 99.5 1.00 12 (1) 30 (2) 23 (2) 147 (12)
AMPS-75H 7.9£0.5 93.8 0.92 19 (4) 55(3) 33 (1) 27 (3)

Figure 4 shows the results of rheological measurements: storage G’, loss modulus G’ and loss factor
tan o0 of as-prepared QPA hydrogels. It is seen that APMS-75H demonstrates stronger mechanical properties
but exhibits the brittleness (lines on the third graph are approximated). These results are in good agreement
with the loss factor tan J (G’/G’) of the reaction system.
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Figure 4. Storage G’ (filled symbols), loss modulus G”’(open symbols) and loss factor tand (red lines)
of QPA hydrogels prepared between rheometer plates at 60 °C for 1 h at 25 °C. y, = 0.01.
Hydrogel codes are indicated in the graphs. Note that the green lines are approximated data for AMPS-75H
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The corrected strain-stress curves of as-prepared and swollen QPA hydrogels at various AMPS concen-
tration are shown in Figures 5a, b. The Young’s modulus E, fracture stress oyand fracture strain €% (or elon-
gation) of QPA hydrogels as a function of AMPS content are represented in Figures 6a, b. The highest val-
ues of Young’s modulus £ and fracture stress o, exhibit as-prepared AMPS-75H sample. However, in swol-
len state the AMPS-50H shows significantly improved mechanical characteristics. It should be noted that
dialysis of as-prepared hydrogel samples in pure water plays the crucial role in enhancing the ionic bond
formation whereupon the polymer concentration governs the competition between intra-chain and inter-chain
complexation to form a tough hydrogel [11]. In case of equimolar AMPS-50H hydrogel, the formation of
intra-ionic contacts between oppositely charged monomers leads to toughening of hydrogel sample (Figs. 5b
and 6b). Compression tests of swollen hydrogel samples are shown in Figure 7.
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Figure 5. Compressive stress-strain curves of as-prepared (a) and dialyzed (b) QPA hydrogels
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Figure 6. The compressive moduli E. (a), fracture stress oy (b) and fracture strain €% (c) of as-prepared (filled
symbols and bars) and swollen QPA hydrogels (open symbols and bars) as a function of AMPS content in the feed

Due to the fact that swollen AMPS-25H contains the excess of cationic monomer — APTAC and ab-
sorbs much water in comparison with AMPS-50H hydrogel, the former is mechanically stable while the lat-
ter is ruptured under compression. However, the fracture stress (o) of swollen AMPS-50H is 6 times higher
than as-prepared state. The elongation (¢) values of as-prepared hydrogels are in the same level (62+2), but
for swollen AMPS-50 the value of ¢ (in %) is much higher than that of AMPS-25H and AMPS-75H
(Fig. 6¢). Thus both the fracture stress (oy) and fracture strain (¢) of swollen AMPS-50H are much higher in
comparison with swollen AMPS-25H and AMPS-75H (Fig. 6b, c). The reasonable explanation of this phe-
nomenon is that the opposite charges within AMPS-50H stabilized by intra- or interionic contacts act as
physical crosslinks. Such globular conformation of AMPS-50H is unfolded and extended upon stretching.
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Figure 7. Photographs of swollen AMPS-25H (a) and AMPS-50H (b) hydrogel samples during the compression tests.
Images al—a3 show during uniaxial compression up to a strain € of 40 %.
The images b1-b3 show the rupture of hydrogel specimen upon compression

Our data are in good agreement with results of authors [11] who studied the effect of the charge fraction
on the swelling degree, Young’s modulus E, elongation ¢, and the compressive fracture stress oy for QPA
hydrogels based on [3-(methacryloylamino)propyl|trimethylammonium chloride-co-sodium 4-vinylbenzene-
sulfonate.

Conclusion

Three samples of quenched (or high-charge-density) polyampholyte hydrogels were prepared from ani-
onic AMPS and cationic APTAC monomers in the presence of MBAA. They were characterized by swelling
measurements, rheological experiments, and mechanical tests. The swelling and mechanical properties of as-
prepared and equilibrated QPA hydrogels are different due to excess or equal numbers of anionic and cation-
ic monomers In dependence of composition they behave as polyelectrolyte and polyampholyte hydrogels.
The shrinking of the AMPS-50H gels is accompanied by dramatic increase in the fracture stress G, and frac-
ture strain €, %. It is outlined that dialysis of as-prepared hydrogel samples in pure water plays the crucial
role in competition between repulsive polyelectrolyte effect for AMPS-25H and AMPS-75H, and attractive
polyampholyte effect AMPS-50H due to intra-ionic complexation between oppositely charged monomers.
Both the fracture stress (of) and fracture strain (¢%) of swollen AMPS-50H are much higher than AMPS-
25H and AMPS-75H. This is explained by globular structure of AMPS-50H stabilized by ionic bonds be-
tween oppositely charged monomers. Upon stretching the globular parts unfold and extend exhibiting im-
proved mechanical properties. Supramolecular QPA prepared by random copolymerization of oppositely
charged ionic monomers at relatively high monomers concentration and equimolar monomers ratio repre-
sents a new class of hydrogels containing both strong and weak ionic bonds. The former serves as permanent
crosslinks to maintain the shape of the gel the latter as sacrificial network is responsible for elongation, de-
formation, adhesion, self-healing, shape memory, and other important functions.
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I'. Teneyrait, O. Cy, C.E. Kynaiibeprenon

AHHOH MOHOMeEPI aKPUJIAMHUI-2-MeTWI-1-IPONAaHCy/Ib(POH KbIIIKbLIbI
HaTpuii TY3bl (AMPS) koHe KATHOH MOHOMePi 3-aKpUIaAMHIONIPONIJI-
TpuMeTHaaMMoHuil xaopuai (APTAC) Heri3inae :xorapsbl 3apsiATaJIFaH
noJauaM@oJUTTi THAPOTeJbJAePAiH MeXaHUKAJBIK KJIHe ICiHy KacueTTepi

Biznin angpiarsl skymbicta (Kaparanmsl yHuBepcuTeTiHIH xaOapmibichl. Xumust cepuschl, 2019, Ne 2(94),
35-43 Ger) 6i3 TOJNBIK 3apsATaIFaH aHHOH-MOHOMED aKpHIaMHI-2-MeTHII-1-TIpomnaHcyab(OH KBIIIKBUIEI Ha-
Tpuit Ty361 (AMPS) xoHe KaTHOH MOHOMepi 3-akpuinamumonpomuI-rpuMeTwIaMmmonuii xiopuni (APTAC)
Heri3iHge nonuaMpoIUTTepAiH Cy-Ty3 epiTiHAIepiHAe SpeKeTiH KapacTepAbiK. by makanana N,N-meTuieH
6ucakpuwiamuinig (MBAA) OailnaHbICTBIPYILIBI areHT PETiHAE KAaThICYBIMEH ECKePTIIreH MOHOMEpIIepAiH
epKIH pPajUKaIabl CONOJIMMEPU3ALUACH apKbLIbl CHHTE3ICNICH JKOFapbl 3apsAATaIfaH MOJINaM(OIUTTI
THAPOTeNbACPIiH MEXaHHKAIBIK KacueTTepi Typaibl OasHmaimMbi. AMPS Monsipiblk Mesmiepine GailnaHbl-
cTel ruxporens yirinepi AMPS-75H, AMPS-50H sxome AMPS-25H perinne KbickapTeuigsl. JKorapsl
3apsATanFaH MoaMaM(OIHUTTI THAPOTENBACPAIH PEOJIOTHSIIBIK JKOHE MEXAaHHWKANBIK KacHeTTepl opTypi
COMNOJIUMEPITi KOMITO3HIMSUIAp YIIH TYpaKThl OacTamksl MOHOMep KoHIeHTpanusicel Cy = 0,5 mac.% xoHe
Typaktsl Memmepi [MBAA]=20 wmomp% ambiHmsl.  Kapama-kapcel  3apsiiTaiqfaH MOHOMEpIIEpPIiH
COTIONMMEPH3ALIMACH  Ke3iHAe THAPOTelbAepHiH Ty3inyi MBAA KaThicybiMeH ® = 6,3 pagc ' ikoHe
KepHEYAIH aMImmTynacs! v, = 0,01 Gonranna tepbenmeni nedopmarus TecTTepiH KOIIAHBII, PEOMETPHSUIBIK
enuieyyiep kemeriMeH OakputaHabl. [ToCTHHTe3eNreH >oHe iCIHreH HoIMaM(OINTUKANBIK TIelbiepre
apHaJIFaH KepPHEYAIH KUCBIK ChI3bIKTaphl cuHTe3aenreH AMPS-75H ynrinepi connaii-axk AMPS-50H icinren
KYHIHAE €H JKOFapbl MEXaHHKAIBIK KAaCHETTepiH KepceTTi. by HoTwkenep IOIMAICKTPOIUT IIEH
nonuaMpOIUTTIH dcepi TYPFBICBIHAH TYCIHIIpiIesi.

Kinm ce3dep: xymTi 3apsaTainFad noinnaM(oIuTTep, ICIHY, PEOJOTHSUIBIK JKOHE MEXaHUKAaJbIK KacHeTTepi,
kepHey-aedopmarnyst, KOHT MoyIti, HOHIBIK ©3apa dpeKeTTeCy.
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I'. Toneyrait, D. Cy, C.E. Kynaitbeprenon

Mexann4yeckue M Ha0yxawine CBOMCTBA CHIbLHO3aPSAKEHHBIX
N0JMaM(pOJINTHBIX THAPOresieil HA 0CHOBE AHHOHHOI0 MOHOMepa
2-akpuiaamMua-2-metwii-1-nponancyibGoHoBoii Kucjaorsl (AMPS) n KaTHOHHOT O
MOHOMepa — 3-akpujiaMmuaonponuaTpumeruaamMmmonnii xiopuaa (APTAC)

B namei npensinymeit padore (Bectauk Kaparannuackoro ynusepcutera. Cep. Xumus, 2019, 2(94), c. 35—
43) MBI paccMOTpenH noBeneHue «quenchedy (MM CHITBHO 3apsDKEHHBIX) HOJHaM(pOINTOB HAa OCHOBE ITOJTHO-
CTBIO 3apsDKEHHOTO AHMOHHOTO MOHOMEpa — 2-aKpHJIaMHUJI-2-METHII-1-IpOaHCyIb(OHOBON KUCIOTHI
(AMPS) u kaTHOHHOTO MOHOMepa — 3-aKpriIaMuIonpoITpuMeriIaMmmonnit xnopuna (APTAC) B BogHO-
COJIEBBIX pacTBOpax. B Hacrosmell crarbe cooOmaeM 0 MEXaHWYECKHX CBOMCTBAX CHIIBHO 3apsDKEHHBIX IO-
m1aM(OIUTHBIX THAPOTeNneil, CHHTE3UPOBAHHBIX MyTEM CBOOOJHOPAIUKAIBHOM COMOIMMEPU3ALUH TEX KE
MoHOMepoB B mpucytctBuu N,N-metunenOucakpunamuaa (MBAA) B kauectBe ciuBaroniero arerra. O0-
pasipl THIPOreNs B 3aBUCHMOCTH OT MOJIApHOro konmuectBa AMPS Obutn cokpaiieHHO 0003HAa4eHBI Kak
AMPS-75H, AMPS-50H u AMPS-25H. Peonoruueckiie 1 MeXaHHYECKHE CBOWCTBA CHIIBHO 3apsyKEHHBIX MO-
MMaM(OIMTHEIX THUApOreNel ObUIN OLEHEHHI IS Pa3JIMUHBIX COCTABOB COIOJIMMEPOB IPH (HUKCHPOBAHHON
HavaJbHON KoHIeHTparmu MoHoMepa Cy = 0,5 mac.% u noctostuHOM KosmdectBe [MBAA] = 20 mom.%. O6-
pa3oBaHHe TUAPOTeNel B XOA€ CONOIMMEPH3AIMH IIPOTHBOIOIOKHO 3apsHKEHHBIX MOHOMEPOB B HMPHUCYTCT-
BuH MBAA KOHTPOJIHMPOBAIH C IOMOIIBI0 PEOMETPHIECKHX H3MEPEHHUII C MCHOIB30BaHUEM TECTOB Koiebha-
TeNnbHOI AeopMAaLMH IPH YIIIOBOil yactoTe = 6,3 paa-c ' u ammauryae gedopmamuu y, = 0,01. Kpubie
HaIpsDKEHHUS-1eQOpMaIiH JUTS CBEXKECHHTE3UPOBAHHBIX ¥ HAOYXIINX MONMNaMpOINTHBIX Tejeil TOKa3kIBaIoT,
YTO caMmble BbICOKME 3HaueHus Moxyns IOura E, crenens paspylieHus of¥ OTHOCUTENBHOTO YAIUHEHHS Xa-
PaKTepHbI U1 CUHTE3UpoBaHHBIX 00pazoB AMPS-75H u B HaOyxmem coctosuuu AMPS-50H. Otu pesynb-
TaThl HHTEPIIPETUPYIOTCS C TOYKU 3peHHs 3P (HEKTOB MOIUIINEKTPOINTA U onuamdoiuTa.

Kniouesvie cnosa: CUJIBHO3APSHKCHHBIC HOJ'II/IaM(l)OHI/ITLI, Ha6yX3HI/I€, PEOJIOrNYECKUE U MEXAHUYECKUE CBOM-
CTBa, HaHpSI)KeHI/Ie-IIe(i)OpMaHI/ISI, MO4yJb IOHI‘&, HWOHHBIC B3aUMOJICHCTBUS.
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Levels of heavy metals in the «soil — medicinal plants» system
in relation to the geographical location and ecological
and genetic zone of the Irtysh river floodplain

The article provides the material on the levels of zinc, copper, and cadmium in the «soil-medicinal plants»
system in relation to the territorial location and ecological and genetic zonality of the Irtysh river floodplain.
The heavy metals (zinc, copper, cadmium) contents of medicinal plants growing in the Irtysh river floodplain
(Semey, Ozerki village) were assessed in order to determine the safety of the medicinal plant therapeutic ap-
plication. Standard procedures for collection, transportation, preparation and storage of soil and plant samples
and also for chemical analysis were applied in the study. The contents of all studied chemical elements in the
total aggregate of medicinal plants descend as follows: zinc 45.8 mg/kg; copper 6.2 mg/kg; cadmium
0.23 mg/kg. As is evident from the findings (Glycyrrhiza glabra (Zn =17.3 £0.79 mg/kg); Inula helenium
(Cu=2.3+£0.17 mg/kg); Taraxacum officinale (Cd =0.12 + 0.01 mg/kg)), no average values were found to
exceed the maximum permissible limits. This information is certainly essential for selecting sites for harvest-
ing safe herbal raw materials; also, medicinal plants can be considered as indicators of environmental pollu-
tion. This determines the rationale for research study in this direction and puts forward a vital task: to
strengthen quality control of herbal medicinal raw materials taking into account the content of heavy metals.

Keywords: zinc, copper, cadmium, metals, floodplain soils, medicinal plants, chemical analysis.

Introduction

The prospects for the use of medicinal plants are evaluated by their pharmacological properties and
chemical composition. The use of many wild plants can be hampered by their capacity to accumulate toxic
elements in their natural vegetation areas. Regional scope of the study of a problem of contamination of
herbal raw materials is conditioned by varying geochemical and climatic conditions of territories where the
raw materials are harvested [1].

The study of the mineral composition of herbal raw materials has a two-part implication. In one respect,
medicinal raw materials contain a rich complex of macro- and microelements and are a valuable source of
substances essential for the human body. On the downside, the use of plants that accumulate elements,
among which are toxic ones, is a potential threat to human health, as heavy metals are capable of being con-
veyed along the soil-plant-human continuum.

Both the increasing demand for herbal preparations and worsening environmental pollution require
conducting regional research to study the impact of external conditions on the quality of herbal raw materials
and to assess its environmental safety.
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Scientists who dedicated their works to the study of heavy metal levels in various objects of the envi-
ronment are: V.I. Vernadsky with his disciple A.P. Vinogradov [2] (20—40-ies of XX century), works of
V.V.Kovalsky [3], A.L. Kovalevsky [4], V.B.Ilyin [5], V.V. Dobrovolsky [6]. Many scientists work on
solving the problem of reducing the levels of heavy metals and radionuclides in the soil — plant link [7].
A number of scientists are also involved specifically with the problem of heavy metal content of herbal raw
materials [8—15].

Experimental

The research was carried out in the period between 2013 and 2016 at the premises of the laboratory of

Novosibirsk State Agricultural University. Field studies were conducted on the territory of the East Kazakh-

stan region in areas with various anthropogenic load; in particular, sampling sites were located in the Irtysh
river floodplain — Semey city, the village of Ozerki (Fig. 1).

1 — Semey; 2 — Ozerki
Figure 1. Study areas
19 medicinal plant species belonging to 9 families were targets of research; plants were divided into

morphological organs — flowers, leaves, roots, which made a total of over 342 samples; and soil samples
were collected along with the plants (study design) (Table 1).

Table 1
Study design
Analy- o . Plant parts Floodplam Ecologwal and Sampling | Number of plant
Plants/soils investigated . . locations | genetic zones . .
tes investigated | . . . times and soil samples
investigated | of floodplains
Zn Plants: Valeriana officinalis, inflores- The Irtysh channel- during the | 342 plant samples
Cu Centaurea cyanus, Persicaria cences river flood- adjacent vegetation | (19 plant species x
Cd hydropiper, Inula helenium, leaves plain: middle period — | 3 eco-genetic zones
Melilotus officinalis, Trifolium roots Semey city terrace- August— x 2 investigated
pratense, Urtica dioica, vil. Ozerki adjacent September | areas of each flood-

Sanguisorba officinalis,
Potentilla erecta, Mentha
piperita, Taraxacum officinale,
Tanacetum vulgare, Plantago
major, Artemisia absinthium,
Matricaria chamomilla,
Glycyrrhiza glabra, Carum
carvi, Cichorium intybus,
Bidens tripartita Floodplain soils

plain % 3 morpho-
logical organs = 171
x2 floodplains) and
27 soil samples
(from 3 eco-genetic
zones X2 flood-
plains)
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Plant samples were collected by the average sample technique at the end of the vegetation season (Au-
gust-September). Samples were washed with running and distilled water and conditioned to air-dry basis.
Baitenov's illustrated field guide was used for the identification of plant species [16]. Latin names of medici-
nal plants are given according to Cherepanov [17].

Soils were collected by mixing 6—8 individual samples to obtain a composite sample. To determine the
total heavy metals, the samples were digested by concentrated mineral acid mixture. Mobile forms of heavy
metals in soil were also investigated: ion-exchangeable (acetate-ammonium buffer CH; COONH,, pH = 4.8),
water-soluble (H,0), acid-soluble (extraction agent 1 n. HC1).

The photocolorimetric dithizone assay by Rinkis [18] on the SF-2000 spectrophotometer was used to
determine the contents of analytes in soil and plants. Analytical works were carried out at the premises of
Novosibirsk State Agricultural University.

The observational material was processed by statistical methods given in Plokhinsky's guidances [19]
with the use of Microsoft Excel software.

Results and discussions

The concentration of the element in soil is one of the main factors that determine the chemical element
content of plants.
Table 2 provides total contents of heavy metals (Zn, Cu, Cd) in the floodplain soil profile investigated.

Table 2
Total content of heavy metals in soil profile of Irtysh river floodplains, mg/kg
Horzon Depth, cm 7n | An?:ll}l/tes | cd
Floodplain, chestnut, sod soils, Semey (channel-adjacent)
A 0-10 67.1 22.8 1.45
B 10-25 62.4 64.7£2(2.8) 21.9 22.4+0.38(0.53) 1.16 1.33£0.12(0.17)
B-C 25-45 64.7 22.5 1.39
Floodplain meadow chestnut carbonate soils, Semey (central)
A 0-20 86.9 24.3 1.46
B, 2040 78.4 77.1£8.9(12.4) 23.8 25.6£2.1(2.9) 1.30 1.55+0.25(0.35)
B, 40-60 66.0 28.7 1.89
Floodplain meadow chestnut alkaline soils, Semey (terrace-adjacent)
A 0-30 73.3 27.8 1.45
B 30-50 69.5 69.9+2.6(3.7) 25.2 25.0+£2.4(3.4) 1.35 1.52+0.17(0.24)
B-C 50-70 67.1 22.0 1.75
Floodplain meadow light-brown stratified soils, Ozerki vill. (channel-adjacent)
A 0-10 61.3 16.4 1.40
B 10-25 55.2 58.4+2.6(3.6) 14.6 15.3+£0.76(1.07) 1.11 1.28+0.12(0.17)
B-C 2545 58.7 15.0 1.33
Floodplain meadow light-brown middle loamy soils, Ozerki vill. (channel-adjacent)
A 0-20 83.5 20.3 1.39
B, 2040 71.8 71.5€10.3(14.4) 16.9 19.6+2.1(2.9) 1.23 1.49+0.26(0.36)
B, 40-60 59.1 21.7 1.84
Floodplain meadow light-brown saline, Ozerki vill. (terrace-adjacent)
A 0-30 65.7 21.6 1.40
B 30-50 62.3 62.9+2.1(2.9) 19.5 19.1£2.3(3.2) 1.29 1.46+0.17(0.24)
B-C 50-70 60.8 16.2 1.69

Note. Arithmetic mean and its error (mg/kg); in brackets — standard deviations (mg/kg).

Elevated levels of zinc (77.1 mg/kg) and cadmium (1.55 mg/kg) were observed in the central zone of
floodplain within Semey city; however, concentrations of copper in the central zone (25.6 mg/kg) and ter-
race-adjacent zone (25.0 g/kg) within Semey city were virtually equal.

Low levels of zinc (62.9 mg/kg) in the terrace-adjacent zone of vill. Ozerki, copper (15.3 mg/kg) and
cadmium (1.28 mg/kg) in the channel-adjacent zone of vill. Ozerki were observed.
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No regular patterns of distribution in soil profile of the investigated analytes (Zn, Cu, Cd) were found.
There is accumulation in both upper and lower horizons. This distribution in the soil profile is probably due
to different types of soils and different anthropogenic load on the soil cover of the investigated areas of the
Irtysh floodplain.

In the soils of the channel-adjacent zone of the floodplain, the accumulation of the investigated analytes
is significantly less prominent due to the light mechanical makeup, lower humus content and deep ground-
water layer. Soils of the central and terrace-adjacent areas of the floodplain, that are characterized by more
complex structure of the soil profile, heavy mechanical makeup, water regime of which is determined by not
only surface but also ground waters, feature higher contents of the elements [20]. Table 3 provides the varia-
tion and statistical indicators of the total content of chemical elements in the aggregate in soils of the Irtysh
river floodplain.

Table 3
Variation and statistical indicators of total heavy metal content
in the aggregate in the soils of the Irtysh river floodplain, mg/kg
Analyte| n Horizon Average value in the | Clarke in the | Clarke in
A B C profile depth lithosphere [6] | soil [6]
7n |27 72.943.22(13.2) | 66.6+2.55(11.5) | 62.8+0.99(4.71) 67.4+£2.25(9.80) 83 50
9.65; 61.3-86.9 | 7.66; 55.2-78.4 | 2.96; 58.7-67.1 6.76; 55.2-86.9
Cu 27| 22.3+1.08(14.5) | 20.4+1.18(17.4) | 20.941.39(19.9) 21.2+1.22(17.3) 47 20
3.24;16.4-27.8 | 3.54;14.6-25.2 | 4.16; 15.0-28.7 3.65; 14.6-28.7
cd |7 1.43+0.008(1.68)| 1.2440.03(7.26) | 1.65+0.09(16.4) 1.44+0.04(8.45) 0.13 05
0.024; 1.39-1.46] 0.09; 1.11-1.35 | 0.27; 1.33-1.89 0.13;1.11-1.89 ) )

Note. In the numerator — arithmetic mean and its error (mg/kg); in brackets — coefficient of variation (%); in the denomina-
tor — standard deviations (mg/kg); and variation limits (mg/kg); clarke (%); n = 27.

As is evident from the data, the highest content of the element (mg/kg) in horizon A is typical for Zn
(72.9), Cu (22.3); for Cd (1.65) — it is in horizon C. The lowest content (mg/kg) of Zn (62.8) falls on hori-
zon C, Cu (20.4) and Cd (1.24) — on horizon B.

In terms of the total content in the humus horizon of floodplain soils, the following geochemical rank
(mg/kg) is typical for the investigated elements: Zn (72.9) > Cu (22.3) > Cd (1.43).

According to GOST 2559388, the term «mobility» is defined as the element capability to shift from
the solid phase of the soil to the soil solution [21]. Table 4 provides data on the content of mobile forms of

heavy metal compounds in the soils of the Irtysh river floodplain.

Table 4

Content of mobile forms of chemical elements compounds in soils of Irtysh river floodplain, mg/kg

Compound

soils, Semey (central)

Soils Zn Cu Cd
forms
1 2 3 4 5

. . water-soluble | 0.1+ 0.03(0.05) | 0.14+0.07(0.11) | 0.04+0.01(0.02)
f:ﬁ;’fgglgdjca}ggm sod soils, Semey 1 anecable | 0.2620.03(0.05) | 1.120.2(0.29) 0.08+0.03(0.05)
acid-soluble | 0.54+0.11(0.16) | 2.941.3(1.83) | 0.56+0.15(0.21)

Floodplain meadow chestnut carbonate | Y2tet-soluble | 0.06£0.03(0.05) | 0.2840.07(0.1D) | 0.0840.01(0.02)
exchangeable | 0.35+0.03(0.05) | 1.5+0.2(0.29) | 0.16+0.03(0.05)

acid-soluble

0.72+0.11(0.16)

6.0+1.3(1.83)

0.47£0.15(0.21)

Floodplain meadow chestnut alkaline
soils, Semey (terrace-adjacent)

water-soluble

0.15+0.03(0.05)

0.33+0.07(0.11)

0.09+0.01(0.02)

exchangeable

0.34+0.03(0.05)

1.6+0.2(0.29)

0.07+0.03(0.05)

acid-soluble

0.44+0.11(0.16)

5.5+1.3(1.83)

0.84+0.15(0.21)

Floodplain meadow light-brown strati-
fied soils, Ozerki vill. (channel-
adjacent)

water-soluble

0.03+0.07(0.1)

0.2840.07(0.11)

0.02+0.003(0.005)

exchangeable

0.14+0.04(0.06)

1.6+0.33(0.47)

0.22+0.1(0.14)

acid-soluble

0.3£0.05(0.08)

5.5+0.88(1.24)

0.48+0.12(0.17)

Floodplain meadow light-brown middle
loamy soils, Ozerki vill. (channel-
adjacent)

water-soluble

0.04£0.07(0.1)

0.1£0.07(0.11)

0.02+0.003(0.005)

exchangeable

0.18+0.04(0.06)

1.3+0.33(0.47)

0.370.1(0.14)

acid-soluble

0.21+0.05(0.08)

4.8+0.88(1.24)

0.41+0.12(0.17)
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Continuation of Table 4
1 2 3 4 5
water-soluble 0.2+0.07(0.1) 0.09+0.07(0.11) | 0.01%0.003(0.005)
exchangeable | 0.25+0.04(0.06) | 0.8+0.33(0.47) 0.47+0.1(0.14)
acid-soluble | 0.35+0.05(0.08) | 3.4+0.88(1.24) 0.19+0.12(0.17)

Floodplain meadow light-brown saline,
Ozerki vill. (terrace-adjacent)

Note. Arithmetic mean and its error (mg/kg); in brackets — standard deviations (mg/kg).

A geochemical sequence by the content of water-soluble form of the elements is established:
Cuyg20>Zn 16>Cdo g6.

By the exchangeable form content of elements, the investigated soils showed similar properties. The
following geochemical sequence was established: Cu; 4>Zng33>Cdy 6.

A geochemical sequence was derived by the content of heavy metals in the acid-soluble form for the in-
vestigated types of the floodplain soils: Cuy2>Zng ¢6>Cdy 4.

In terms of the average concentration, heavy metals and their compound forms investigated are ranked
in the following descending order: acid-soluble form>exchangeable form>water-soluble form.

The largest mobile portion of the elements is the acid-soluble fraction, followed by the exchangeable
fraction, and then the water-soluble fraction.

The revealed wide range of variations for the investigated elements in all compound forms in the soil
and narrow range of variations in the total content of the elements are explained by the fact that the total lev-
el of the elements is determined by the granulometric and mineralogical composition of parent rocks; the
extent of mobile elements is affected, in addition to the content of organic matter in the soil, by the soil solu-
tion reaction, oxidation-reduction processes, and the physicochemical properties of the soil [20]. Table 5
provides data on the average contents of elements in the soil in comparison with their MPCs.

Table 5
Chemical element content in soils of Irtysh river floodplain versus MPC, mg/kg

Analyte | Content, mg/kg MPC, mg/kg MPC, mg/kg [22]
Zn 67.4+2.25 100 55.5
Cu 21.2+1.22 100 33.0
Cd 1.4+0.04 3 1.0

Also, the content of heavy metals in medicinal plants depends upon the conditions of their growth.
The peculiarities of heavy metal accumulation in different areas of the Irtysh river floodplains were in-
vestigated: Semey city; Ozerki village (Table 6).
Table 6
Heavy metal content of medicinal plants in different areas of the Irtysh river floodplain, mg/kg

Area of the Irtysh Analyte
river floodplain Zn Cu Cd
Semey city 47.8+£3.8 5.8+0.45 0.2040.01
16.0 (18.6-77.7) | 1.87(2.6-9.5) | 0.05(0.14-0.31)
vil. Ozerki 43,1+£3.8 5,3+0,45 0,16+0,01
) 15,8 (15,6-73,9) 1,87 (2-8,9) 0,05 (0,1-0,27)

Note: in the numerator — arithmetic mean and its error (mg/kg); in the denomina-
tor — standard deviations (mg/kg); and variation limits (mg/kg).

According to the findings, the highest concentrations of the investigated chemical elements are ob-
served in Semey city, the lowest ones — in the village of Ozerki. This may be due to different levels of an-
thropogenic load in the investigated areas, namely, the activity of the industrial facilities and transport.

Depending on the proximity to the river channel, the territory of the river floodplain is divided into
three ecological and genetic zones (parts) (by R. Williams): channel-adjacent, central and terrace-adjacent.

Peculiarities of heavy metal accumulation in medicinal plants growing within these ecological and ge-
netic zones were studied. The regularities in the HM distribution in the same species of plants depending on
their zone of growth are presented in Table 7.
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Table 7
Distribution of heavy metals in plants by different ecological and genetic zones of the Irtysh floodplain, mg/kg

Ecological and genetic 7n Cu cd
zones
Semey city
Channel-adjacent 45.3 5.6 0.18
Central 504 | 47.743.8 | 6.2 5.8+0.45 0.23 | 0.20+0.01
Terrace-adjacent 47.5 5.8 0.20
vil. Ozerki
Channel-adjacent 41.3 5.0 0.14
Central 450 | 43.1£3.8 | 5.5 5.3+£0.45 0.18 | 0.16+0.01
Terrace-adjacent 43.1 5.3 0.16

As can be seen from the Table 8, all floodplain areas investigated are characterized by the lowest accu-
mulation of elements in the channel-adjacent zone. No pronounced pattern of the analyte distribution was
found in the central and terrace-adjacent zones: Semey city: central > terrace-adjacent > channel-adjacent;
vill. Ozerki: central > terrace-adjacent > channel-adjacent.

Table 8
Average levels of heavy metals in vegetation, mg/kg

. Summarized
Analyte Findings Rest of the world research data
7n 45343 8 31 33.1
Cu 5.6+0.43 5.9 8.6
cd 0.18+0.01 0.21 -

According to A. Kloke (Kloke, 1980), MPC of Cd in plants = 1 mg/kg. Comparing the data on Cd con-
tent in floodplain plants with the data by A. Kloke, it can be concluded that the investigated plant species
accumulate Cd to lower values than the MPC value.

The findings were multiple times read over at conferences and workshops of various levels and also
were published in printed publications, including four publications of the State Commission for Academic
Degrees and Titles of the Russian Federation [23].

Conclusions

None of the element contents in the soil exceed the MPC comparing with the data by A. Kloke [24];
comparing with the MPC (for Kazakhstan), the Cu content does not exceed the maximum permissible limit,
and the Zn content in the soil exceeds the MPC by 1.2 times, Cd by 1.4 times.

Comparing the data obtained on the heavy metal content in plants of different areas of the Irtysh river
floodplain with their levels in the vegetation of different regions and countries of the world, it can be con-
cluded that a higher content of zinc (45.3 mg/kg) and a lower content of copper (5.6 mg/kg) and cadmium
(0.18 mg/kg) is characteristic for medicinal plants of the Irtysh river floodplain.

There is a rather complex relationship between the content of heavy metals in plants and their concen-
tration in soil, which exerts differently for each chemical element in different systematic groups of plants and
their morphological organs. On that premise, it seems appropriate to conduct further research in this direc-
tion, thereby expanding the areal of research.
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SI.W. ITomn, T.U. Bokosa, E.A. Hcabaes

EprTic 63eHiHiH ayMaKThIK OPHAJIACYBIHA JKIHE IKOJIOTUSIJIBIK-T€HETHKAJIBIK
aliMaFbIHA 0AMJIAHBICTHI «TONMBIPAK — JIIPUIIK 6ciMaikTep» Kylecinaeri
aybIp MeTaJ1apAbIH MeJillepi

Makasana Epric e3eHiHiH anKaObIHbIH ayMaKThIK OpHAJIACYBIHA )KOHE IKOJIOTHSUIBIK-TCHETUKANIBIK ailMarbIHa
0allIaHBICTEI TOTBIPAK — JOPUIIK ©CIMIIKTEp» SKYHEeCiHIeTi MBIPHIII, MBIC, KaMUH JeHreiIepl Typaisl Ma-
Tepuan KapacTelpbuirad. J[opinik ecimaikTepai eMIaik MakcaTTapia MaiaaiaHyAblH KayillCi3OiriH aHbIKTay
yuria EpTic cy anka6binaa (Cemeit, O3epka aybUibl) ©CETiH ASPLTIK OCIMIIKTEPACT] ayblp MeTaNAapAbIH (MbI-
pBILI, MBIC, KaAMHI) AeHreili 3eprrenni. Tonblpak MmeH ociMIOiK YJrUIepiH ipikTey, TackiManaay, JalblHaAy
KOHE CaKTay YIUiH, COHAAH-aK XUMHSJIBIK TalAay YIUiH CTAHIApTThl oficTep KoiAaHeliibl. Jlopimik
OCIMAIKTEpiH >KaJlbl CaHBIHIAFbl OApIIbIK 3EPTTEIreH XUMHUSJIBIK 3JIEMEHTTEPAIH Ma3MyHbl MbIHaIal
TOPTINIIEH TOMEHAECHAI: MbIphI YImiH 45,8 wmr/kr; Meic 6,2 wmr/kr; kagmuid 0,23 Mr/Kr. AJBIHFaH
moanimertepre coiikec (Glycyrrhiza glabra (Zn=17,3 + 0,79 mr/kr); Inula helenium (Cu = 2,3 + 0,17 Mr/kr);
Taraxacum officinale (Cd = 0,12 + 0,01 Mr/kr)) pyKcaT eTiireH KOHLEHTPAIMSIHBIH OpTaIla MOHIEp OOMBIH-
IIa achlll KeTyl aHbIKTaJIManbl. By akmapaTThlH Kayinci3 eciMAiK INWKI3aThIH JadbIHIayFa apHalIFaH
OpBIHIAP/BI TAHJAY YIIIH MaHBI3bI 30p, COHOAaN-aK JASPLITIK ©CIMIIKTEp Il KOpIaraH TaOUFU OPTaHbIH JaCTaHy
KOpCEeTKILITepi peTiHae KapacTeipyra Oonazpl. By ocbkl OaFbITTarbl 3epTTEYJCPIiH OPBIHIBUIBIFBIH
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afKpIHAANIBI XKOHE ayblp METaJJapiAblH Ma3MYHBIH €CElKe ajia OTBIPBIN, ASPLTIK OCIMAIK MIMKi3aThIHBIH
carachlH 0aKbUIayIbl APTTHIPY KaXKETIiri Typasibl ©3eKTi MOCEJICHI TYAbIPaIbL.

Kinm ce30ep: MbIpbIL, MBIC, KaZIMHIi, METaJlap, TACTHI TOMNBIPAK, AOPLITIK 6CIMAIKTEDP, XUMUSIIBIK TaNAAY.

SI.W. ITomn, T.U. bokosa, E.A. Mcabaes

Coaepikanue TKeJIbIX METANI0B B CHCTEMeE «II0YBa — JIEKAPCTBEHHbIE PACTEHUSD
B 3ABHCHMOCTH OT TEPPUTOPHAJIBHOI PACIOI0KEHHOCTH
U JKOJIOT0-TeHEeTHYEeCKOH 30HbI NOMMBI peku UpThim

B crarbe u3nmoxkeH MaTepHall 0 YPOBHSIM COJEPKaHUS IIMHKA, MEJH, KaMHS B CHCTEME «I10YBa — JIEKapCT-
BEHHBIE PAaCTEHUS» B 3aBHCHMOCTH OT TEPPHUTOPHUAIBHON PACHONOKEHHOCTH M IKOJIOTO-TEHETHYECKOH 30-
HaJIBHOCTHU MOiMbI peku UpThim. J{ns BeIABICHUS 6€3011aCHOCTH UCIOIb30BaHUS JIEKAPCTBEHHBIX PACTEHUH B
JIe4eOHBIX LENAX UCCIIEN0BAHBI YPOBHU COAEPKAHUS TSHKENBIX METAIUIOB (IIMHKA, MEIH, KaMUsl) B JIEKapCT-
BEHHBIX PAaCTEHHX, Ipou3pacTaromux B nome pexu Uptem (r. Cemeit, c. O3épku). Ilpu otbope, Tpancmop-
THPOBKE, IOATOTOBKE M XPAHEHHH IIOYBCHHBIX M PACTUTENILHBIX 00pPA3IoB MUl HCCIENOBAHMS, a TAKXKe UL
TIPOBEAEHHST XUMUYECKOTO aHaIN3a HCIIOJIb30BAINCh CTaHAapTHEIE MeToauky. CoJepikaHue BCeX N3yIeHHBIX
XMMHYECKHUX JJIEMEHTOB B 00IIeil COBOKYITHOCTH JIEKAPCTBEHHBIX PACTEHHI yOBIBAET B CIIEAYIOIEM OPSIKE:
it nuHKa 45,8 mr/kr; mean 6,2 mr/kr; kagmus 0,23 wmr/kr. [lo noxyuennsiv nanaeM (Glycyrrhiza glabra
(Zn=173+0,79 wr/kr); Inula  helenium (Cu=23+0,17 wr/kr); Taraxacum  officinale
(Cd=0,12 £ 0,01 Mr/kr)) HpeBbILICHHs] IPEACIBHO AOMYCTUMBIX KOHIEHTPALMI [0 CPSAHUM 3HAYCHHSIM HE
BBISIBJICHO. DTH CBEJICHHS, HECOMHEHHO, IMEIOT Ba)KHOE 3HAYEHHUE ISl BHIOOPA MECT 3ar0TOBKH 0€30MacHOro
PaCTUTETBHOTO CHIPBS, TAKXKE JIEKAPCTBEHHBIE PACTEHHSI MOXKHO PAacCMaTPUBATh KaK MHIUKATOPHI 3arpsi3He-
HUSI OKPY’KaIoIeH IIPUPOAHOHN cpebl. DTO ONpeaeNseT [eIeco00pa3sHOCTh HCCIEAOBAHUM B JaHHOM HaIpaB-
JICHHX U BBIIBHTAeT aKTyaIbHYIO 3a/lady: YBEIMYUTH KOHTPOJb KauecTBa PACcTHTEIHHOTO JIEKapPCTBEHHOTO
CBIPBSI C YUETOM COJIEPIKaHUS TSDKEIBIX METAIIOB.

Karouesvie cnosa: nMHK, MeIb, KaJIMUN, METaJIbl, TOMMEHHBIE [TOYBbI, JIEKAPCTBEHHBIE PACTEHUS, XUMHUYE-
CKHUI aHau3.
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Polysulfone as a material for advanced electrical batteries

The materials based on polysyphone are used for polymer electrolite production. The rheological properties
were measured for three component system polysulphone — solvent — propylene carbonate. The varying factor
was propylene carbonate used as a plasticizer for polysulphone. Experiments were carried out in a wide shear
rate and frequency ranges at 25 °C. Polymer was characterized by the IR-spectral method. Rheological exper-
iments were carried out using the technique of rotational rtheometry. It was shown that the rheological behav-
ior of all samples is linear and these three-component systems are viscoelastic liquids. It can be assumed that
all systems under study at homogeneous in the absence of traces of water. The final goal of the study was the
choice of the optimal composition (concentrations of a solvent and plasticizer) and the regime of preparing
thin films from these systems which could provide obtaining solid state electrolyte for creating advanced
electrical accumulator with a none-fragile polysulfone membrane. This part of the research is devoted to in-
vestigation of the rheological properties (viscosity and viscoelastic properties of composition of polysulfone —
solvent — propylene carbonate systems.

Keywords: polysulfone, polymer solutions, plasticizer, viscosity, viscoelastic properties, solid-state electro-
lyte, thin-film membrane.

Introduction

Secondary sources of electrical energy are widely spread and used in the modern world. Nowadays, the
basic element of such a kind is a lithium-ionic accumulator which is almost exclusively used in portable elec-
tronics as well as it is a perspective power supply for electric transport. Advantages of lithium-ionic accumu-
lator are high store energy density, absence of a memory effect, and long term exploitation [1, 2]. Mean-
while, their essential defect is using liquid electrolytes. Thus does not allow for decreasing size of a power
source to a film of several microns, impossibility to create flexible battery and provide necessary safety.
Therefore, today we meet an increasing number of publications and research aimed to using a solid electro-
lyte/separator [3, 4].

The general way for building thin-film battery is creating a polymeric matrix which is acting of electro-
lyte and separator and this construction determines the mechanical properties of a battery in whole providing
the formation of a stable 3D structure [5].

One of the most perspective polymers which can be used for these purposes is polysulfone. This term is
common for the entire class of sulfo-group contacting compounds. A polymeric chain of these polymers con-
tains para-aromatic groups bonded by esters and sulfonic group [6]. As a rule polysulfone is a rigid-chain
amorphous polymer with relatively low molecular weight [7]. This is an engineering plastic with high me-
chanical performance in different modes of deformations (bending, extension, torsion) and high temperature
stability (till 150-170 £ °C). For this polymer, high chemical stability (in the pH range from 1 to 13), good
resistance to oxidation [8]. In the same time this polymer can be dissolved in many aprotonic solvents such
as dimethylacetamide and methylpyrrolidone. However there are serious difficulties in preparing polysulfone
films because they appear brittle and do not resist to deformations perpendicular to the film plate.

All these reasoning were the cause for this study. It was proposed to plasticizer polysulfone by using
propylene carbonate as a plasticizer. It was presumed that this liquid will occupy free volume in the polymer
bulk when the solvent from the polysulfone solution will be completely deleted.

This part of the research work is devoted to investigation of the rheological properties (viscosity and
viscoelastic properties of polysulfone — solvent — propylene carbonate systems.
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Experimental

Objects. A sample of granulated polysulfone sample (produced under working conditions using the fa-
cility of the Institute of Plastics (Moscow), PSF-150 grade according to the manufacturer’s standard) was
used. N-Methylpyrrolidone purchased from LLC Ruskhim was used as the solvent. Solvent contained 0.1 %
of water (determined by the Fischer method). Propylene carbonate was bought from Chemical Ltd. The mass
part of water was less than 0.05 % (determined by the Fischer method).

Methods. Chemical structure of the polymer was confirmed by the Fourier IR spectroscopy using the
IFS-66 v/s instrument (Bruker, Germany) — scan-30, resolution of 2 sm™, range of 0—4000 sm.

Three component solutions were obtained in two stages. At first stage, a plasticizer was added to a giv-
en quantity of a solvent. The mixture was placed into a ultrasonic bath for 10 min. At the second stage, the
polymer was introduced into the beforehand mixture and a sample stirred in a mechanical stirrer during
7 hours at a speed of 800 RPM under permanent heating at 100 °C. Samples with constant polymer — solvent
ratio was used and the quantity of plasticizer varied from 10 to 60 % in relation to the polymer mass.

Rheological properties of all highly concentrated systems were measured on a rotation rheometer
Kinexus Pro (MalvernPananalytical). Temperature was regulated using the Peltier element with thermal sta-
bilization of the measuring system with an active cover. The latter allowed us to prevent heat lose and mini-
mize temperature gradients inside a sample.

The procedure of measuring has been carried out using the cone-and-plate and plate-and-plate working
units. The angle between the cone and the plate was 1°; the cone diameter was 40 mm. When the plate-and-
plate system was used, the diameter of the user plate was 20 mm. All experimental data were obtained at
25 °C. The range of the given shear rate in measuring the apparent viscosity was from 0.01 to 100 s™. The
number of points in scanning was 10.

In the amplitude test at measuring viscoelastic parameters of the samples, the amplitude of strain was
varied from 0.01 % to 30 % at the frequency of 1 Hz.

In measuring frequency dependencies of the components of the dynamic modulus, the frequency varied
from 0.01 to 50 Hz.

Results and Discussion

Figure 1 shows the IR spectrum of the used polysulfone sample. The aim of this test was to determine
the exact molecular structure of the used polymer from great variety of possible polysulfones. As is seen, the
obtained spectrum demonstrates the presence of n-substituted phenyl rings (690-850 cm™ band) correspond-
ing to non-plane stretching vibrations C=C—H group, vibrations of C=C groups (1489 and 1585 cm™ bands),
and C—H stretching vibrations (3060 cm'band). 1000-1050 cm™ band corresponds to isopropylidene group,
1360—1420 cm™ band to C—C group, 27702840 cm™ to methyl groups, bands in the range 1150 u 1330 cm’™
are responsible to sulfone groups< bands of 1242 u 1103 cm™" are related to Ph—O—Ph bonds and angles.
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Figure 1. IR-spectrum of polysulfone sample used in the work
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So, the analysis of the IR-spectrum and comparison with the database shows that our sample is identical
to p-phenylsulfone.

The main problem in preparing polysulfone thin films is inherently connected with the pre-history of
their solvation. Therefore just the rheology of polymer solutions can give answers and prompt the optimal
protocol for obtaining films with necessary characteristics because the structure of solid polymer in a film is
created in a previous solution.

Figure 2 shows the dependencies of the apparent viscosity on shear rate for a series of plasticized solu-
tions. The viscosity of the initial sample (without of a plasticizer) is 40 Pa-s. This solution demonstrates the
Newtonian type of the rheological behavior. The same remains true for all plasticizer solutions.

n, Pa's
40
] 10%
0 ™ - 20%
30%
EEEEEEEEEEENEgg
40%
20
ampEEEEEEEEEEEEg
50%
1 1 1

0.01 0.1 1 10 100 7, 571
Figure 2. Dependencies of the apparent viscosity on shear rate for samples
with different concentration of the plasticizer

So, there is a three — component system. This (Newtonian) character of the flow can be presumably,
explained by a rather low concentration of the polymer in the composition. Indeed, the share of a plasticizer
in the composition in whole varies from 3 % to 15 %. It corresponds to an increase of the total content of
low-molecular weights liquids from 67 % to 71 %, i.e. it leads to dilution of a solvent. In this case, presuma-
bly, a system remains homogeneous and the decrease of the polymer concentration results to a decrease in
the viscosity. Actually the viscosity of a system decreases as seen from Figure 2. This is also clearly seen in
Figure 3 where the dependence of the viscosity of tree-components solutions on the plasticizer concentration
is presented.
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Figure 3. Dependence of the viscosity of three-components systems
on the concentration of the plasticizer
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The results of measuring viscoelastic properties of the systems under study are presented in Figures 4
and 5.

Amplitude dependencies of the components of the complex elastic modulus are shown in Figure 4 for a
single frequency of 1 Hz. One can see that the viscoelastic response remains linear in a rather wide amplitude
range. It confirmed that the structure of all these systems is rather stable. In particularly it means that the re-
sults of measuring frequency dependencies of the elastic modulus are really relate to the linear domain of the
viscoelastic behavior of solutions. These results are shown in Figure 5.
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Figure 4. Amplitude test for the storage modulus (@) and the loss modulus ()
made mod different concentration of the plastisizer (f=1 Hz)
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Figure 5. Frequency dependencies of the component of the dynamic modulus: the storage modulus (a)
and the loss modulus (b) for systems with different concentration of the plasticizer

For all compositions, experimental data show that G”> G, i.e. liquid component dominates and all
compositions are elastic fluids. The slope of the storage modulus is 1.54 that is much lower than the value
corresponding to the Maxwell singly-relaxation-time model. So, it is necessary to assume that relaxation
spectra of solutions are rather wide. This is related to the presence of polymeric chains with their inherent
segmental movement because polysulfone macromolecules are rather semi-rigid than rigid.

Experimental curves are placed rather systematically with exclusion of the most concentrated (50 %)
solution. It is reasonable to suspect that this is a limit of solubility of polysulfone. Similar results have been
obtained for a two-component polysulfone solutions in our previous publication [9].

Conclusion

The results of the rheological study of complex tree-component solution (polysulfone, solvent, plasti-
cizer) have been presented. These results include data on the apparent viscosity and viscoelastic properties in

56 BecTHuk KaparaHguHckoro yHuBepcuteTa



Polysulfone as a material for advanced electrical batteries

a wide concentration range. These data are important for the choice of the optimal composition and regime
of preparing thin-film solid membrane and solid electrolyte for advanced electrical accumulators.
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HOJ’II/Ich'HJ(l)OH Kak MaTepuaJl 1Jid COBPEMECHHBIX 3JICKTPUIECCKUX aKKYMYJISITOPOB

I' K. lllambunosa, N.B. I'ymennsiit, B.A. ['oBopoB,
A5l Mankun, B.E. Maxarosa, M.)K. HaykeHnoB

3amMaHayM JIeKTP aKKYMYJSITOPJaphI YIIIH NOJUCYJIb(OHABI KOJIJIAHY TYPAJIbl

Ionumepni SMeKTpOIMTTEp MEH cemapaTtopibl jkacay YIIH HONUCYIb(GOH HeTi3iHAeri Marepuannap
Konpaueusl. [lomucynb(oH HeriziHmeri YIIKOMIIOHEHTI JKyHenep YINIH PeoJOTHSUIBIK CHIIaTTaMalapbl
(KepiHymI TYTKBIPJBIKTEIH BIFBICY SKBUIIAMABIFBIHAH TOYEJIUITi, TYTKBIPCEPIIMAI KEIeH MOIYJTiHIH
aMIUTUTYJANBIK OKSHE OJKHENIKTIK Toyesimiri) 3eprrenai. bacramkel skyiie N-MeTHIMTHPPOIHAOHIAFHI
nonuMepin epitinaici. [Inactudukatop perinie npomuieHKkapOOHAT KOJIIAHBUIIbL, )KYMBICTA €PITIHALIePAiH
PEOJIOTHSUIBIK KACHETTEPiHIH IIACTU(GHUKATOP KOHICHTPALUICHIHA TOYSNAIIr 3epTTenai. DKCIepUMEHTTEep
25 °C temmeparypana, KbUIAaMIBIKTap MEH XXbUDKY KHUUTIKTEpiHiH KeH ayKbIMbIHIA Xypri3iani. bacranksr
nomumep UK-criekTpockomus oliciMeH cHuaTTainsl. PEoOrHsIIbIK SKCIIEPUMEHTTEP POTALMSIIBIK PEOMETPHS
TEXHHKAChIH MaijiaiaHy apKbUIbl JKYPri3inai. Bapiiblk 3epTTeNnreH yiariiep YIUiH KbUDKY >KbULIAMABIFbIHA
TYTKBIPJIBIKTHIH TOYSJNITIri HEIOTOHIBIK OOJIBIN JKOHE MYHJIAH YII KOMIIOHEHTTI XKYienep TYTKbIp-IieHOep
CYHMBIKTBIKTap OOJIBINT TAaOBUIATBIHBI KOPCETLIAI. 3epTTENreH YIriIepiH pPEeoJOTHIIBIK CHITaTTaMaapbl
CHI3BIKTBIK KOHE MYHJall YL KOMIIOHEHTTi )KyHelep TYTKbIpCepMiMIi CYHBIKTBHIKTap OOJBIN TaObUIATBHIHBI
kepcetinai. bapnbik 3eprrernerin kyilenepai cy izaepi Ooimaran ke3ne Oiprektec jaen Oospkayra Ooabl.
3epTTeyaiH COHFbI MaKCaThl OHTAWJIBI KypaMabl MaTepuan (epiTKIIUTiH JKoHEe IIaCTU(HUKATOPABIH
KOHILICHTPALUACHI) JKOHE OChI JKYHelepAeH >KyKa IUICHKaIapibl JailblHIay PEeXUMIH TaHzay OOJIIbI, oJap
JNIEKTPOJIUT TEH CeHapaTop peJliHjge KOJIaHyFa JKapaMAbl, HKeMIi MOJIHCYITbGOH MeMOpaHaMeH
KETUIIIPIAreH 3JIeKTp aKKyMYJISITOPBIH jKacay YIIH KaTThl 3JIEKTPOJIHT allybl KAMTaMachl3 eTe anaibl. by
JKYMBIC TTOJHCYIb()OH — epITKIII — MPONMICHKapOOHAT XKYHeJIepiHiH TYTKBIPIBIFBI MEH TYTKBIPCEPIIMILIIT]
CHSKTBI PEOJIOTHSUIBIK KaCHETTEPIiH JKOHE OJNApIBIH epiTIHALIEpAIH KypaMbl MEH KYPBUIGIMBIHA TOYEJIUIriH
3epTTeyre apHajFaH.

Kinm ces3dep.: monucynb(GOH, MOIAMEpPIi epiTiHIinep, MIacTUPUKATOP, TYTKBIPIBIK, TYTKBIPCEPIIMALTIK
KacHeTTepi, KaTThI IEKTPOJIUT, )KyKa IUICHKAJIBl MeMOpaHa.

I'.K. Ilam6unoga, 1.B. I'ymennsrii, B.A. I'oBopos,
A5, Mankun, B.E. Maxarosa, M.JK. Haykenos

Marepuaiisl Ha OCHOBE MONUCYIb(OHA HCTIONB3YIOTCS KaK OCHOBA JUIS CO3AaHUS HOJIMMEPHBIX JIEKTPOIUTOB
U cemapaTopoB. Peonorndeckue cBoicTBa (3aBUCHMOCTh KaXKyILEHCsl BI3KOCTU OT CKOPOCTH CJ[BHTa, @ TAKKE
aMIUTUTYIHbIE U YaCTOTHBIE 3aBUCHMOCTH KOMIIOHEHTa MOJYJIs BS3KOYIIPYTOro KOMIIIEKca) OblIn H3MEPEHSbI
JUISL TPEXKOMITOHEHTHBIX CUCTEM Ha OCHOBE MONUCYIb(poHa. MicxoqHas cucTemMa — 3TO pacTBOp MOJIMMEpa B
N-metunmupponunone. B kauectse miactudukaropa IpruMeHeH MPONMWICHKapOOHAT, B paboTe U3ydeHa 3a-
BHCHUMOCTb PEOJIOTHUECKUX CBOICTB PACTBOPOB OT KOHIIEHTPALMH IUIACTU(PHUKATOpA. DKCIEPUMEHTHI IIPOBO-
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JUINCH B IIMPOKOM JIHana3oHe CKOpocTel u 9acToT casura npu 25 °C. McxonHblil monumep XapakTepu3oBa-
mu metogoM MK-cnexkrpockonuu. Peonorudyeckue s3KCIepUMEHTHI TIPOBOJMINCH C UCHONB30BaHUEM TEXHUKU
POTAIMOHHON peoMeTpHH. B0 Moka3aHo, YTO 3aBUCHMOCTB BSI3KOCTU OT CKOPOCTH CIBMTa AT BCEX MCCIe-
JIOBaHHBIX 00pa3IOB SIBISIETCS HBIOTOHOBCKOH, M TaKWE TPEXKOMIIOHCHTHBIE CHCTEMBI SIBIISIOTCS BSI3KOYIIPY-
TUMHU KHJIKOCTAMH. MOXKHO IPEANOI0KUTh, YTO BCE UCCIECAYEMbIE CHUCTEMbI OJHOPOJIHBI IIPU OTCYTCTBUU
cienioB Bojbl. KoHewHoH 1enpio uccaenoBanus ObUT BEIOOP ONTHMAIBHOTO COCTaBa (KOHIEHTPAUH PacTBO-
pHTEIS ¥ INTAaCTU(GHUKATOPA) U PEXKMMA IIPUTOTOBIEHHS TOHKHUX IIEHOK U3 9THX CHUCTEM, KOTOPBIE MOTJIH OBl
00ecreynTh MONydeHHE TBEPAOTO 3IEKTPOINTA A CO3AaHUS YCOBEPUIIEHCTBOBAHHOTO 3NIEKTPUYIECKOTO aK-
KyMyJIITOpa ¢ THOKOHM mosucynbhoHOBall MeMOpaHOH, BRICTYHAIOLIEH B POJHM 3JEKTPOJIUTA M Cemaparopa.
JlaHHast paboTa MOCBSILIEHA HCCIEIOBAHUIO PEOJIOTHIECKHX CBOWCTB, TAKUX KaK BSI3KOCTh U BSI3KOYIpPYIHe
CBOWCTBA CHUCTEMBI «IOJIHUCYJIL()OH — pacTBOPUTEIIb — MPOIMMICHKAPOOHAT» U 3aBUCHMOCTH MX OT COCTaBa U
CTPYKTYpBI paCTBOPOB.

Kniouesvie cnosa: HOJII/ICyIII)(i)OH, TOJIMMEPHBIC paCTBOPHI, l'UIaCTI/I(bI/IKaTop, BA3KOCTb, BA3SKOYIIPYTUE CBOMCT-
Ba, TBCpIIOTCJILHLIﬁ QJIEKTPOJIUT, TOHKOIUICHOYHAsA MeM6paHa.
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Kinetics of silver dissolution in aqueous solutions of hydrochloric acid

In this article results of the kinetic regularities of the processes of electrochemical oxidation-reduction of sil-
ver in a solution of hydrochloric acid by the recorded potentiodynamic polarization curves method were pre-
sented. The electrochemical behavior of silver electrodes was studied by voltammetry on an SVA-1BM
potentiostat to elucidate the mechanism of oxidations. The main polarization current-voltage curves were tak-
en at a sweep rate of 10 mV/s and were recorded on a flat two-coordinate potentiometer of H 301/1. A silver
rod was used as the working electrode; its working surface was the front part, the area of which was 4 mn’.
The measurements were carried out in a three-electrode cell relative to the silver chloride electrode
(Ey=+0.203 V). Platinum was used as an auxiliary electrode. Voltammograms are mainly obtained in the
temperature range of 20-70 °C (293-343 K), with potential sweep rates of 5-100 mV/sec. To clarify the
mechanism of the processes occurring during the polarization by alternating current, the electrodes were sub-
jected to cyclic polarization, i.e. the curves were recorded first in the direction of the cathode-anode, then the
anode-cathode. The effect of electrolyte concentration and temperature, sweep rate on the electrochemical
behavior of silver has been studied. The peculiarities of silver oxidation kinetics in an acidic medium were
revealed. These data and the results of our previous studies serve as the theoretical foundations of electrode
processes during the polarization of silver and other noble metals by alternating current and are prerequisites
for the creation of new methods of metal extraction from waste solutions and wastewater and procedures for
the synthesis of compounds for use in various industries. The following kinetic parameters were calculated to
characterize the mechanism of the silver electro-oxidation: the ion transfer number (c,), the diffusion coeffi-
cient (D), the heterogeneous constant of the electrode process rate (K) and the effective energy of the activa-
tion process (E,).

Keywords: potentiodynamic polarization curves, electrochemical behavior, silver, hydrochloric acid, elec-
trode, concentration, temperature, electro-oxidation.

Introduction

The use of unsteady currents in the electrolysis processes led to the creation of a new scientific direction
in applied electrochemistry — the development of unsteady electrolysis methods. The study of the behavior
of electrochemical systems in alternating current is one of the most powerful experimental methods of mod-
ern electrochemistry. This method allows to solve a large number of various problems, starting with a precise
study of the electrode-electrolyte boundaries structure, and ending with the clarification of fine details of the
mechanism of electrochemical processes and the dissolution of sparingly soluble and sometimes insoluble
metals and synthesis of their compounds [1]. In a number of works it was established [2, 3] that the non-
stationary mode of electrolysis contributes to the intensification of electrochemical processes. However, the
advantages of non-stationary electrolysis are not fully utilized due to insufficient knowledge. Until now elec-
trode processes on silver electrodes have not been practically studied during polarization with industrial al-
ternating current with a frequency of 50 Hz. In this regard the study of the electrochemical behavior of silver
during the polarization of alternating current is an urgent task and has both theoretical and practical signifi-
cance.

However, the question of studying the electrochemical behavior of silver during polarization by indus-
trial alternating current remains open, since there are only fragmentary data in the scientific literature. In ad-
dition, it should be noted that the tendency of the silver surface to passivation during anodic electro-
oxidation as a result of the oxide films formation by which the characteristics of its electrochemical behavior
is determined.

Experimental

The electrochemical behavior of silver electrodes was studied by voltammetry on an SVA-1BM
potentiostat to elucidate the mechanism of oxidations.
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The main polarization current-voltage curves were taken at a sweep rate of 10 mV/s and were recorded
on a flat two-coordinate potentiometer of H 301/1. A silver rod was used as the working electrode; its work-
ing surface was the front part, the area of which was 4 mm®.

The measurements were carried out in a three-electrode cell relative to the silver chloride electrode
(Ep =+0.203 V). Platinum was used as an auxiliary electrode.

Voltammograms are mainly obtained in the temperature range of 20—70 °C (293-343 K), with potential
sweep rates of 5-100 mV/s. To clarify the mechanism of the processes occurring during the polarization by
alternating current, the electrodes were subjected to cyclic polarization, i.e. the curves were recorded first in
the direction of the cathode-anode, then the anode-cathode. Thus, to a certain extent, a change in the direc-
tion of the current that occurs during the passage of an alternating current was imitated.

The cyclic polarization curves to a certain extent reflect the situation when the metal alternately is either
the anode or the cathode.

The measurements were carried out in the following way: after the electrode surface was renewed, a po-
tential sweep was switched on with a certain speed in the range of 5-100 mV/s and the corresponding
potentiodynamic polarization curve was recorded.

For research at a constant temperature, a special electrolytic cell of the YSE-2 brand, mounted in the
thermostat of the ITZh-0-03 brand, was used.

Results and Discussion

The purpose of this work is to investigate the anodic silver dissolution in hydrochloric acid solution. In
this paper, we studied the effect of acid concentration and temperature, potential sweep rate on anodic silver
oxidation by removing potentiodynamic polarization curves.

We have previously conducted a series of studies on the electrochemical behavior of various elements,
including silver, during polarization with alternating current of industrial frequency [4—7].

Figure 1 shows the anodic-cathodes and cathode-anodic cyclic polarization curves of silver obtained
by us.

20 2,5 2,25 1,75 1,25 075 0,25 ﬂ

Ea V. — = T

2
173

I.,mA

C=0.5M; sweep rate is 10 mV/s

Figure 1. Anodic-cathodes (1) and cathode-anodic (2) potentiodynamic cyclic polarization curves of silver
in hydrochloric acid solution

When the current-voltage curves are shifted to the region of cathode potentials, a current maximum is
observed, due to the reverse recovery of the formed silver chloride.

When removing the cathode-anodic cyclic polarization curves in the region of the cathode potentials,
only a current of hydrogen evolution is observed. As is well known in chloride environments, silver chloride
is always present on the surface of a silver electrode. In the polarogram, a wave of silver chloride reduction
is not observed; this is probably due to the fact that chloride films on the silver surface passivate the elec-
trode. The release of hydrogen is observed at more negative potentials («minus» 0.75-1.0 V):

2H" +2e — H,
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The data we obtained are consistent with the literature. Under the conditions of a linear potential sweep
in solutions of halides [8, 9] and chromates [10], the oxidation of silver occurs by the formation of salt films
by the reaction:

ZAg+ A" o AgA+ze
A=CI,Br,I,CrO/

Next, we investigated the effect of various factors on the anodic silver dissolution in a solution of hy-
drochloric acid with the formation of AgCl by the method of removing polarization curves.

The electrochemical silver dissolution depending on the hydrochloric acid concentration was studied at
a solution concentration of 0.5-5.0 M (Fig. 2a). In a solution of hydrochloric acid with an increase in the
concentration of acid to 3.0 M, the height of the current maximum increases, and then it falls due to a de-
crease in the rate of silver oxidation.

EaV

CM

Figure 2. Anodic polarization curves of silver at different concentrations of hydrochloric acid (@), V =10 mV/s
and its effect on the height of the maximum oxidation current ()

First, with an increase in the chloride ion concentration, the reaction rate increases, since formation of
silver chloride is facilitated, and then denser silver chloride films are formed, and partial passivation occurs
and the reaction rate decreases.

Based on the processing of the polarization curves results, the order of the silver oxidation reaction was
determined from the lgi — Ig[HCl] dependence, which corresponds to a value of 0.23.

Figure 3 shows the anodic polarization curves of a silver electrode in a 0.5 M hydrochloric acid solution
at various potential sweep rates in the range of 5-100 mV/s.

;43 20 15 1.0 0,5 20 40 &0 20 100 <o/

Iq.mA
V,mV/c: I —5;2—10; 3 —20; 4 —50; 5— 100

Figure 3. Anodic polarization curves of silver at different potential scan rates and its effect
on the height of its oxidation current maximum
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In the anodic-cathodic cyclic polarogram the maximum current in the acid solution in the potential

regions +0.075... +0.4 V reflects the process of silver anodic oxidation to form silver chloride:
Ag+Cl'=AgCl+e  E’=+0222B

With more positive anodic potentials, a weak release of oxygen and chlorine is observed:

2H,0 —4e — O, +4H"
2CI -2¢ =Cl, E’°=+1,396B

With an increase in the potential scan rate, the height of the silver oxidation current maximum, which
indicates that the process proceeds in the diffusion mode increases.

Based on the processing of the polarization curves using the Galyus method [11], the transfer number of
silver ions (o), the diffusion coefficient (D) and the heterogeneous constant of electrochemical processes
rate (K,) were calculated, they are respectively equal to: o,=1,28-10", D=8,07-10" cm’s,
K,=6,6:107 cm/s.

In this paper, the effect of temperature on the silver oxidation process was also investigated. As can be
seen from Figure 4, the height of the current maximum increases with rising temperature. The activation en-
ergy calculated by the temperature-kinetic method is equal to 11.43 kJ/mol. This indicates the flow of anodic
dissolution is on the diffusion mode.

EaV

]
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L 2,0
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5 F 3.0

F 3.5

4,0
T T T T T % 103

I.,mA 3.0 iz 34

Acid temperature (K): / —293; 2 —303; 3 — 313; 4 —323; 5 —333; 6 — 343

Figure 4. Anodic polarization curves of silver at different solution temperatures
and the logarithmic dependence of height current maximum temperature

Conclusions

Thus in the solution of hydrochloric acid, as a result of current-voltage research, we considered the
effect of the potential sweep rate, electrolyte concentration and temperature. The activation energy, the
reaction order, the diffusion coefficient, and the heterogeneous constant of the electrochemical process rate
were calculated. The mechanism and peculiarities of oxidation in acidic medium are shown.
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2.XK. Tynemona, A.b. baemos, I'.K. Aiibonosa

Ty3 KbIIIKBLIBIHBIH CYJIbI epPITiHAIepiHAe KYMICTIH epy KHHETHKACHI

Makanaga Ty3 KbILIKBUIBI EPITIHAICIHIAEC KYMICTiH JJIEKTPOXHUMHUSUIBIK KACHETi MOTSHIHOJHHAMUKAIIBIK
HOJISIPU3ALMSUIBIK KUCBIKTAp TYCIpY apKbUIbl 3epTTeni. Herisri noispu3aunsuiblk BOJIBTaMIICPIIiK KHUCHIKTap
noteHumn Oepy skputmamaeirsl 10 MB/c tycipinin, exi kopaunattel H 301/1 nuaHmerTi moteHIpoMeTpae
Ka3bUbL. JKYMBICIIBI S7EKTPOJ PETiHAE KYMIiC CHIMBI KONIAHBUIABI, OHBIH KYMBICHIBI aydaHbl 4 MM .
Orueyep Y SIeKTPOATH YAIIBIKTA XIOPKYMIC 3IeKTpoIKa KaTeIcTsl (Ey = +0,203 B) sxyprizinni. Kemexmri
JJIEKTPOA PeTiHJe TUIaTHHA KOJIJaHsubl. Bonsramneporpammanap Herizinen 20-70 °C (293-343 K) temne-
paTrypa apanbFbIHIA, MOTeHIHAN Oepy kpurmamiasrel 5—100 MB/c Gomrannma anslHABI. AWHBIMAIBI TOKIECH
TOJISIPU3AMSUIAaHFAHAA KYPETiH MEXaHU3M IIPOIECTEPiH TYCIHY YINIiH IEKTPOATAap HMUKIIIK MOISIpH3aIHsiFa
YUIBIPAiiJbl, IFHA KUCHIKTApP aJIILIMEH KaTO/-aHOJ, COJaH KeHiH aHOJ-KaTox OarbIThIHA ka3buianbl. KymicTin
UEKTPOXUMUSAJIBIK KaCHETIHE 3JIEKTPOJIMTTIH KOHILEHTPAMICHl MEH TEeMIEpaTypachIHBIH ocepi 3epTTeli.
KBIIKBIT OpTafarbl TOTHIFY €PEKIIEeTIKTepi, MEXaHU3M/Iepi KOPCETUImi. AJABIHFBI JKOHE OChI 3epTTeylepae
aJIFaH MAJIIMETTEp KyMiC jkoHe 0acka Ja achul MeTayiap/ibl alHbIMAJbl TOKIICH MOJIIpH3alusiIayla eTeTiH
AIIEKTPOITHI TMPOLECTEPIIH TEOPUSUTBIK HeTi3aepl OOk TaObLIabl, COHAANH-aK OHICITCH CPITIHIICD MCH
arelHJBl CyJaplJaH MeTaJJapiAbl aXyAblH KaHa TOCULAEpiH, OHEPKACINTIH TYpJl cajanapblHia KEeHiHEeH
KOJITaHBUIATHIH OipKaTap KOCBUIBICTAP/IBI CHHTE3ZEY TOCUIAEPIH XKacay/blH aIFBIIApThl OOJBII TaObUIa b
KyMicTiH 37eKTpOATHl TOTBIFY MEXaHHM3MIH CHIATTAHTHIH Keleci KMHETHKANBIK IapaMeTpiep ecenTeli:
MOHJIap/bl TackIMaliay caHel (0,), muddysns kodddumuenti (D), snekrpon npouecinin (K) rereporensi
JKBUIIAM/IBIK KOHCTAHTACHI XKoHE MpolecTiH 2Q(HeKTUBTI akTUBTEHIpY SHEepruscHl (E,).

Kinm ce30ep: MOTEHUNOOUHAMMKAIIBIK MOJSAPU3ALMAIBIK KUCBIKTAP, MIEKTPOXUMUSIIBIK KAaCHET, KYMicC, TY3
KBILIKBLIBI, SJIEKTPOJI, KOHIIEHTPALUs, TEMIIEPATYPa, SIEKTPOTOTHIFY.

2.K. Tynemoga, A.b. baemos, I'.K. AitbonoBa

Kunernka pactBopenns cepedpa B BOTHBIX PACTBOPAX COJISTHONH KHCIOTHI

B crarbe npencraBieHBl pe3yabTaThl UCCIIEAOBAHHUS KHMHETHIECKUX 3aKOHOMEPHOCTEH MPOIECCOB IEKTPO-
XMMHYECKOTO OKHCICHHSI-BOCCTAHOBIICHHS cepedpa B pacTBOpE COJSTHOM KHCIOTHI METOJOM CHSITHS ITOTEH-
IUOJMHAMHYECKAX MOJSIPU3AIMOHHBIX KPHUBBIX. OCHOBHBIC MOJSPU3AIMOHHBIC BOJIETAMIICPHBIC KpPUBBIC
CHHUMAJINCH NIPH CKOPOCTH pa3BepTku 10 MB/c ¥ 3amuchiBasich Ha IDIAHIIETHOM JIByXKOOPAWHATHOM ITOTECH-
mmometpe H 301/1. B kadecTBe pabovero aJeKTpo/ia UCIIOIL30BAIN CepeOPSHBII CTepKEHb, ero padoueii mo-
BEPXHOCTBIO ABIIACH TOPLOBAs YACTh, IUIOLIAAb KOTOPOil cocTaBisita 4 MM>. M3MepeHHs pOBOIMINCH B
TPEX3IEKTPOHOMN sueiike OTHOCHTEIBHO XIopcepebpsHoro snektpona (E° = +0,203 B). BemoMoraTenbHbM
3JIEKTPOIOM CITyXKHJIa ITaTHHA. BojbrammneporpaMmsl, B OCHOBHOM, ITOJIy4YEeHBI B HHTEpBaie TeMmnepatyp 20—
70 °C (293-343 K), npu ckopocTtsix pa3sepTku noteHuuana 5—100 mB/c. st BbIACHEHHsS MeXaHH3Ma IPO-
LIECCOB, IIPOTEKAIONINX IIPH MOJSIPU3ALIN EPEMEHHBIM TOKOM, JICKTPOABI MOBEPraIiCh IUKINIECKOH 1mo-
JSIPU3aIAy, T.€. KPUBBIC 3alMCHIBAINCH CHAa4yala B HANPaBJICHHU KaTOJ-aHOJ, 3aTeM aHoA-Karoj. V3ydeHo
BIMSIHAE KOHIIEHTPAIIMM M TEMIIepaTyphl 3JIEKTPOJIMTA, CKOPOCTH PAa3BEPTKH Ha DIIEKTPOXUMHUYECKOE
noBezieHne cepebpa. Beumi mokazaHel 0COOCHHOCTH KMHETHUKH OKHCIICHUS cepedpa B KHCIOH cpene. OTH U
Ipyrue IaHHBIE, MOJY4YEeHHBbIE HaMH B HPEABIIYLIMX HCCIECAOBAHUAX, CIYXKAT TEOPETHUYECKUMH OCHOBAMH
3JIEKTPOAHBIX MPOLECCOB, MPOTEKAIOMIUX MPU MOJIApU3aLUK cepebpa U Ipyrux OlaropoAHBIX METAJIOB IIe-
PEMEHHBIM TOKOM, @ TaKXe SIBISIFOTCS IPEAINOChIIKOA CO3AaHMsI HOBBIX CIIOCOOOB M3BJICUSHUSI METAIUIOB U3
0TpaboTaHHBIX PACTBOPOB U CTOYHBIX BOJ, CIOCOOOB CHHTE3a Psia COSANHEHHUH, HAXOIIMX IMPOKOE TPH-
MCHEHHE B Pa3JIMUHBIX OTPACAX NMPOMBINIIEHHOCTH. I XapaKTepHCTHKU MEXaHHW3Ma IIpoIecca 3JIeKTPo-
OKHCJIEHUs cepedpa pacCUUTaHbl CIEAYIONEe KMHETUYECKUE TapaMeTphl: YHCIO MepeHoca HOHOB (0,), KO-
a¢¢unment quddysun (D), rereporeHHas KOHCTAaHTa CKOPOCTH IEKTPOAHOro mporecca (Ky) u d3pdeKTuB-
Hast 9HEpIUs aKTHBAIMH npouecca (£,).
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Synthesizing copper phosphide in interacting of elemental phosphorus
with copper (II) oxide in aqueous solutions

The article deals with a possibility of the copper phosphide synthesis by interaction of copper (II) oxide and
elemental phosphorus in the water solutions. The method of multifactorial experiment planning was used for
more complete assessment of the influence of various factors on the copper phosphide yield, in particular, the
concentration of phosphoric acid, the solution temperature, the process duration, the stirring rate and the
weight ratio of copper oxide and phosphorus. The target product was identified by the chemical, X-ray phase
and electron-optical analyses. Based on the experimental data, taking into account the significant particular
functions, a multifactorial generalized equation for the output of copper phosphide was obtained. The equa-
tion is used to find the optimal conditions for the copper phosphide synthesis. The partial point dependences
of the product yield on the studied factors show that they have a real impact on the process, and the mathe-
matical models are adequate. The yield of copper phosphide is 95.1 %, which is in good agreement with the
calculated data (96.5 %). The proposed method of obtaining copper phosphide in interacting of elemental
phosphorus with copper (II) oxide in aqueous solutions can be used for industrial large-tonnage synthesis of
copper phosphide and phosphoric acid. In this case, the proposed method does not involve appreciable costs
for the production re-equipment.

Keywords: elemental phosphorus, copper phosphide, mathematical planning, generalized multifactor equa-
tion.

Introduction

Copper-phosphorus alloys are widely used in a number of technological processes in non-ferrous metal-
lurgy. They are used to deoxidize copper, to make phosphorous bronzes, to obtain solders, as well as modifi-
ers of silumin. Today according to some data the demand for copper phosphide in the world market is esti-
mated at 20-30 thousand tons per year [1].

Traditionally copper phosphide is mainly obtained by direct action of copper powder on elemental red
phosphorus at very high temperatures [2; 205; 3, 4; 158-161]. However direct fusion of metals with phos-
phorus is hampered by the high elasticity of phosphorus vapor that causes contamination of the resulting
phosphides with the components of the crucible material and the furnace lining.

It is known that at present copper phosphide is obtained in interacting of the copper sulfate solution
with phosphate sludge according to the method described in [5].

The basis for obtaining copper phosphide is the reaction of phosphorus interaction with the copper sul-
fate solution that is represented in equation (1)

4P + 6CuSO, + 9H,0 — 2Cu;P + 2H;PO,4 + 6H,SO, 1
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However despite the simplicity of the technological design this method has several disadvantages: first-
ly, copper phosphide obtained by this method contains sulfate sulfur, the presence of which affects dramati-
cally the quality of the product obtained; secondly, the secondary waste is generated in the form of a mixture
of sulfuric and phosphoric acids in the filtrate requiring respectively further processing that is associated with
additional operations and costs.

In this regard the development of fundamentally new, cheap, and environmentally friendly technologies
for synthesizing metal phosphides is a very topical issue.

In order to obtain pure copper phosphide and to simplify the process we carried out preliminary exper-
iments and showed the possibility of obtaining copper phosphide in interaction of elemental phosphorus with
copper (II) oxide in the solution of phosphoric acid.

Method

For a more complete assessment of the various factors influence on the yield of copper phosphide stud-
ies were carried out according to the method of rational experiment planning [6; 37; 7; 116].

We studied the effect of various factors on the yield of copper phosphide, in particular, the concentra-
tion of phosphoric acid, the solution temperature, the process time, the stirring rate and the weight ratio of
copper oxide and phosphorus (Table 1).

Table 1
Factors studied and their levels
Level
Factor 1 3 3 4 5
X, is the concentration of phosphoric acid, g/l 50 100 150 200 250
X, is the temperature ¢, °C 45 55 65 75 85
X;is duration, h 0.5 1.0 1.5 2.0 2.5
X, is the stirring rate, W, rev/min 800 900 1000 1100 1200
X; is the weight ratio, CuO/P 2.5 3.0 35 4.0 4.5

The experiments were carried out in a thermostated cell with the capacity of 300 ml equipped with an
agitator with the adjustable rotation speed. Elemental white phosphorus and copper (II) oxide were intro-
duced into the heated phosphoric acid solution and mixed using a mechanical stirrer.

In accordance with the planning matrix for 5 factors there were carried out 25 experiments for each fac-
tor with variations at 5 levels. The experiment plan and results are shown in Table 2.

Table 2

Experiment plan and results of elemental phosphorus interaction with copper (II) oxide
in the phosphoric acid solution

No. X] X2 X3 X4 X5 YE Yp
1 50 45 0.5 800 2.5 0.73 0.74
2 50 65 L.5 1000 3.5 0.80 0.79
3 50 55 1.0 900 3.0 0.81 0.82
4 50 85 2.5 1200 4.5 0.89 0.84
5 50 75 2.0 1100 4.0 0.82 0.86
6 150 45 1.5 900 4.5 0.66 0.65
7 150 65 1.0 1200 4.0 0.82 0.78
8 150 55 2.5 1100 2.5 0.83 0.85
9 150 85 2.0 800 3.5 0.89 0.88
10 150 75 0.5 1000 3.0 0.87 0.88
11 100 45 1.0 1100 3.5 0.79 0.79
12 100 65 2.5 800 3.0 0.84 0.83
13 100 55 2.0 1000 4.5 0.84 0.83
14 100 85 0.5 900 4.0 0.79 0.82
15 100 75 1.5 1200 2.5 0.78 0.77
16 250 45 2.5 1000 4.0 0.76 0.76
17 250 65 2.0 900 2.5 0.74 0.77
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Continuation of Table 2

No. X] X2 X3 X4 X5 YE YP
18 250 55 0.5 1200 3.5 0.74 0.79
19 250 85 1.5 1100 3.0 0.89 0.83
20 250 75 1.0 800 0.90 0.82
21 200 45 2.0 1200 3.0 0.79 0.76
22 200 65 0.5 1100 4.5 0.75 0.83
23 200 55 1.5 800 4.0 0.87 0.86
24 200 85 1.0 1000 2.5 0.88 0.83
25 200 75 2.5 900 3.5 0.76 0.76

Note. X;... X5 are the factors studied; Yy is an experimental value of the recovery degree; Yp is calculated according to
Protodyakonov’s equation.

The phosphorus sample mass in all the experiments was constant and equal to 0.8 g. After a specified
period of time the solid and liquid phases were separated by filtration and residual copper was determined in
the filtrate, copper and phosphorus in the sediment [8; 715, 865].

Results and Discussion

According to X-ray phase, electron-optical and chemical analyses the product of the reaction is copper
phosphide.

Electron microscopy of copper phosphide shows that the maxima in the electron diffraction pattern of
phosphide at 2.68; 2.40; 2.17; 1.75; 1.57 coincide with the X-ray phase analysis data 2.17 (26); 2.40 (23);
1.75 (34) (Fig. 1, 2).

Figure 1. Electron-diffraction pattern (a) and microphotography (b) of copper phosphide (x7000)
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Figure 2. Bar X-ray pattern of copper phosphide

The partial point dependences of the target product yield on the studied factors are presented in Fig-
ures 3—5. The equations describing their coefficients are listed in Table 3. The 7> 2 signification shows that
all the factors studied have a real impact on the process, and the resulting mathematical models are adequate
[6;37;7; 116].
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Figure 4. Copper phosphide yield dependence on the duration (@) and the stirring rate () of the process
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Figure 5. Copper phosphide yield dependence on the copper oxide/phosphorus ratio

The nature of the obtained partial dependences can be explained as follows. With increasing the con-
centration of phosphoric acid to 200 g/l (Fig. 3a) the copper phosphide yield increases by the reaction
H;PO,
4P + 5CuO + 3H,0 — CusP, + 2H;PO,. 2)
Further increasing the concentration of electrolyte leads to decreasing the product yield. This is proba-
bly due to the fact that solubility of copper oxide in concentrated solutions of phosphoric acid decreases with
increasing the concentration [9; 283-285].

Table 3
Correlation coefficients R and their significations tg for private functions
Function equations R IR Function signification
Y, =3.64x X" -3.17 0,77 3,36 >2 significant
Y, :—1,85><104‘><X22 +0,0296x X, —0,292 0,98 3,61>2 significant
Y, =-5,31xX; +0,14+0.736 0,78 3,78>2 significant
Y, =9,62x107 x X;** +0,766 0,80 3,83>2 significant
)’5=—9,61><X52+1,19><X5—2,79 0,73 3,33>2 significant
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As the results of chemical analysis show one half of the initial phosphorus is bound to copper to form
copper phosphide, and the remainder goes to the solution in the form of phosphate ions.

As it can be seen from Figures 35, 4b the maximum dependence of the copper phosphide yield on the
temperature and stirring rate is at the temperature of 65 °C and the stirring rate of 1100 rev/min. Further in-
creasing the temperature and stirring rate does not increase the yield of the target product.

The degree of copper phosphide formation dependence on the duration of the process is also maximum
when the duration of the process is 1.5 hours (Fig. 4a).

With increasing the duration of the process the degree of copper phosphide formation falls. Decreasing
the product yield is apparently caused by partial dissolution of freshly formed copper phosphide.

As it can be seen from Figure 5 increasing the weight ratio of copper oxide when phosphorus is more
than 3.5-4.0:1 is not advisable, since there is no significant increase in the product yield. Based on the exper-
imental data taking into account the significant particular functions a multifactor generalized equation for the
output of copper phosphide is obtained:

Y=Y,+Y,+Y,+Y,+Y,-3,25. 3)

After substituting partial dependences, the generalized equation has the form:

Y. =3.64x X" —3.17-1.85x107* x X7 +0.0296x X, —

-0.292-5.31x107 x X; +0.14+0.736+9.62x10% x X} + 4)

+0.766—9.61x107 x X7 +1.19x X, —2.79-3.25.

The obtained generalized multifactor equation was used to find the optimal conditions for obtaining
copper phosphide. The calculated optimal process conditions had the following values: the phosphoric acid
concentration 200 g/I, the temperature 65 °C, the process time 1.5 hours, the stirring rate 1100 rev/min,
CuO:P weight ratio was 3.5:1. Under these conditions the calculated yield of copper phosphide is 96.5 %.

To test the multifactor equation a control experiment was performed in the optimal mode.

The yield of copper phosphide is 95.1 %, which is in good agreement with the calculated data.

According to the results of the tests it was established that the use of copper oxide as a copper donor
eliminates all the main disadvantages inherent in the above mentioned vitriol technology [5]. Below there are
given the component compositions of copper phosphide samples obtained by the vitriol and the proposed
oxide technologies (Table 4).

Table 4

Data of the component compositions of copper phosphide samples
obtained by the vitriol and the proposed oxide technologies

Requlremgnts . The average component composition in (%) | The average component composition in (%)
of standard specifications . . L . . )
113-25-04-06-88. of copper phosphide obtained by the vitriol | of copper phosphide obtained by the oxide
Mass. share, % technology technology
Grade A B 1 2 3 4 5 1 2 3 4 5
Cu 50-80 | 50-80 | 53.87 | 54.04 | 54.56 | 52.02 | 53.25 | 53.02 | 53.42 | 59.21 | 58.20 | 53.40
Py 7-14 | 6-14 5.1 9.49 10.1 | 11.18 6.2 13.82 | 14.05 | 14.10 | 13.90 | 14.01
Snomore | 1,0 8,0 2.63 2.45 2.47 2.99 221 | 0.084 | 0.079 | 0.095 | 0.089 | 0.065
F 1-3 8,0 0.12 0.17 0.23 0.37 0.30 | 0.048 | 0.039 | 0.055 | 0.042 | 0.051
Fe 1,0 1,6 0.42 0.26 0.24 0.29 0.32 0.04 0.03 0.05 0.03 0.04
Conclusions

Thus according to the method of rational experiment planning there was studied the impact of various
factors on obtaining copper phosphide in interacting of elemental phosphorus with copper (II) oxide in the
solution of phosphoric acid. It is shown that the yield of copper phosphide really depends on the concentra-
tion and the temperature of the solution, the duration of the process, the stirring rate and the copper ox-
ide/phosphorus weight ratio.

The proposed method of obtaining copper phosphide can be successfully used for industrial large-
tonnage synthesis of copper phosphide and phosphoric acid wherein the proposed method does not involve
appreciable costs for the production re-equipment.
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B.I1I. Capcembaes, K.C. Moumes, M.M. Jlocriae

CyuJnbl epitingisiepae sj1ementapibl ¢pocdopast mbic (II) TOTbIFBIMEH
dpekerTecTipy apKbLIbl MbIC pochuain axy

Maxkanana anemeHTapisl GochopasiH cyisl epitinainepinge Mbic (II) TOTBHIFBIMEH 03apa opeKeTTecyi apKbLIbI
MBIC (OCOUIIH aTy MYMKIHAIr 3eprrenreH. Meic (GochuIiHIH MBFRIMBIHA OPTYPIi (AaKTOPIApIbIH, aTan
aiftkanga (ocop KBIIKBUIGIHEIH KOHIEHTPAIMAICHl, CPITIHAI TEMIepaTypachl, IPOIECTIH Y3aKTHIFHI,
apajacThlpy JKbULIAMJBIFBI JKOHE MbIC OKCHII MeH (OC(OpABIH CaIMAKThIK apaKkaThIHACBIHBIH CEPiH
TOJIBIFBIpAK Oaranay YHIH ToXipuOeHI MaTeMaTHKalblK IKOCHapiayAblH KemdakTopibl dmicTemeci
KOJIIAHBLIAbl. MakcaTThl ©HIM XHUMHSJIBIK, PEHTreH(pa3alblK JKOHE 3JIEKTPOHABI-ONTHKAJIBIK aHAIM3AEp
apKbUIbI aHBIKTANABL. MaHbI31bI XKeKe (YHKIHMIIAP/Ibl €CKePE OTBIPHII, TOXKIPUOEIIK AepeKTep HeTi3iHAe MbIC
(ochuai IMBFBIMBIHBIH KOM(AKTOPIBI JKaINbUIaMa TEHACYiH aniablK. OJ eHIMAI adyAblH ONTHMAIIBI
JKarFIaillapelH aHBIKTAy YIIH KoJiaHsuiibsl. KapacTeipburran (akropiapra MbIC (HOChuIi MIBIFBIMBIHBIH
TOYeIIUTIKTeP]l OJIApABIH HPOLECKe HAKTHI oCepiH JKOHE MAaTEeMaTHKAIBIK YJITiHIH IYPBICTBIFBIH KOPCETTI.
Msic ¢ochuminiy mereMEl 95,1 % Kypamsl, Oyn ecenTeydik Jepekrepre coiikec kenenmi (96,5 %).
¥YcpiHbUIaTHIH MbIC (Gochumin amy oaici Mmbic ¢ocdumin xaHe (Gocdop KHIIIKBUIBIH OHEPKACINTIK ipi
TOHHAXIbI CHHTE3CYy YIUiH KOJgaHbutybl MyMkiH. CoHbIMEH Katap, Oysl eHmipicTi Kaiita jkaOmplKTayra
eJieyJIi IbIFBIHAAPABI TaJlall eTHeH .

Kinm cesoep: snemenrapnsl gocdop, Meic dochumi, MaTeMaTHKAIBIK JKOCIapiay, >KaibliaMma
KoM(aKTOPIIBI TEHJEY.

B.II. Capcembaes, K.C. U6umes, M.M. [locniaes

Cunre3 dochuna mean npu B3anMoeiicTBUM 3j1eMeHTapHOTO docdopa
¢ okcuaom meau (II) B BOZHBIX pacTBOpax

B craTtbe nccnenoBana BO3MOKHOCTb IMONTydeHUs Gochuia Memu pu B3aHMOICHCTBHH IeMeHTapHOTO (oc-
tdopa c okcuom mMean (I1) B BogHbIX pacTBopax. s Goiee TONHOM OICHKU BIIMASHUS Pa3IMYHBIX (PAKTOPOB
Ha BBIXOJ (ochuna MeIu, a IMEHHO: KOHIEHTpanuu (HocHOopHOI KUCIOTHI, TEMIIEPaTyphl pacTBOpa, Mpo-
JOJDKUTEIBHOCTH MPOLECCa, CKOPOCTH MEpEMEIINBAaHNS  BECOBOIO COOTHOIIECHHS OKCHaa Menu u ¢ocdopa
UCTIONIB30BAJIM METOIMKY MHOTO(AKTOPHOIO MAaTeMaTH4ecKOro IUIaHMPOBAaHUS SKcrepuMmeHTa. lleneBoit
HPOJYKT HACHTUPUIMPOBAIH C MOMOIIBI0 XHUMHYECKOr0, PEHTIeHO()Aa30BOr0 M 3JIEKTPOHHO-ONTHYECKOTO
aHanu30B. Ha 0CHOBaHHHM 3KCHEPUMEHTAJIBHBIX JaHHBIX C yY€TOM 3HAYMMBIX YaCTHBIX (yHKIHI ObLIO MOIy-
YeHO MHOTO(aKTOpHOE 0000IIeHHOEe ypaBHEHHE BbhIXxoa hocduma Meau, KOTOPOe UCTIOIB30BAIIM ISl HAX0-
JKJICHHSI OTITUMAJIBHBIX YCIIOBUH IOJTy4eHUsS MPOAyKTa. YacTHBIC TOYCUHBIC 3aBHCUMOCTH BbIXoaa (ochuia
MEJIM OT PAacCMOTPEHHBIX (aKTOPOB MOKA3aIl UX JEHCTBUTEIBHOE BIMSHUE HA MPOIECC U aJJICKBATHOCTh Ma-
TeMaTHueckoil Moaenu. Beixon mpoaykra cocraBui 95,1 %, 4To XOpoIIo coryiacyercsi ¢ pacyeTHbIMH JIaH-
HbIMH (96,5 %). Tlpennaraemblii Hamu Metoq nosydeHust pocduna Mean MoxeT OBbITh HCIOJIb30BaH IS
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HPOMBIIIICHHOTO KPYITHOTOHHAXXHOTO cuHTe3a Gocduna meau u GpochopHoii kucinoTsl. [Ipu 3TOM OH HE Tpe-
OyeT CyIIeCTBEHHBIX 3aTPaT Ha epeoOopy10BaHNE MPOU3BO/ICTBA.

Kniouesvie cnosa: »nementapueiii ¢pocop, hochun Mean, MaTeMaTHdecKoe IUIAHUPOBaHHE, 00OOLIEHHOE
MHOTO(aKTOpHOE ypaBHEHHE.
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Development of the synthesis technology
of SWAgCl-Ag,S nanocomposite in aqua medium

This research work is devoted to the development of the synthesis technology of nanocomposite based on sul-
fur, silver chloride and silver sulfide. The components which included in this nanocomposite make it possible
to use it in various fields of science and technology: from biomedicine to agriculture.S@AgCIl-Ag,S
nanocomposite was synthesized in aqua medium by two stages: 1) separate obtaining of each component;
2) mixing of all systems (products of reactions). The first stage is based on the interaction of aqueous solu-
tions of silver nitrate with sodium chloride and sodium thiosulfate (in excess) with hydrochloric acid. Each of
these reactions was carried out separately. At the second stage there was formation of silver sulfide and di-
rectly the S@AgCl-Ag,S nanocomposite, under interaction of all products of the first stage. The physic-
chemical characteristics of the samples were determined by X-ray diffraction (XRD), Raman spectroscopy,
scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM-EDAX). The results of XRD
and Raman spectroscopy of the samples showed that nanocomposite represented by silver chloride, silver sul-
fide and sulfur. EDAX analysis identified the presence of silver, chlorine and sulfur. Meanwhile SEM analy-
sis revealed that investigated material has range of particles size from micro to nano ones. Morphology of
particles mostly represented by oval and spherical forms, and smooth surface.

Keywords: nanocomposite, nanoparticles, sulfur, silver halides, silver chloride, silver sulfide, aqua medium,
aqueous solution.

Introduction

Nowadays nanomaterials are made a big breakthrough in science and technology. By turns
nanomaterials can be obtained by various methods from mechanochemical synthesis to liquid phase synthe-
sis [1, 2]. It is known that nanocomposites are multicomponent materials and each individual component
must have useful properties. Combining of different elements and their compounds can give a new material
with enhanced properties.

There are a lot of researches devoted to the study of silver and silver chloride, its antimicrobial and
photocatalytic properties [2—5]. Silver sulfide is a functional material which has semiconductor, thermoelec-
tric and photoluminescence properties [6, 7] also in the study [8] it is assumed that this compound may show
some biological activity. As for sulfur it is widely applied as fungicide, fertilizer in agriculture and in pro-
duction of Li-S batteries [9, 10].

It is obvious that the production of nanocomposite based on the above elements and compounds can
lead to the creation of a universal material with a set of features applicable in various fields. At the initial
stage of investigation it was important to get the final product corresponding to the claimed composition.
Therefore, the aim of this study was development of the synthesis technology of the nanocomposite with
S@AgCl-Ag,S composition.

Experimental

The synthesis proceeded in two stages: 1) separate obtaining of each component; 2) mixing of all sys-
tems. The first stage included interaction between aqueous solutions of silver nitrate and sodium chloride.
The solutions were poured drop by drop with constant stirring. During this reaction there was obtained silver
chloride. Then, through the interaction of aqueous solutions of hydrochloric acid with excess of sodium thio-
sulfate under conditions similar to previous reaction, there was formation of sulfur.

The second stage included the mixing of solutions with the products which were obtained on the first
stage. Silver sulfide is formed in the process of mixing of all solutions. The formation of silver sulfide was
observed not only visually (black precipitate), but also subsequently confirmed by a number of physic-
chemical methods of analysis. The formation can be explained by the next scheme [11]:
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NaszOj), + 2AgNO3 = Ag28203 + 2NaNO3
Ag28203 = AgQSOj), +S
Agst3 +S +H20 = Agzs + HQSO4

After mixing the solutions, the excess of sodium thiosulfate reacts with silver nitrate, which is not all
amount reacted with sodium chloride at the first stage. As a result, silver sulfide is formed according to the
scheme described above and after some time the system comes to balance and forms a composite
S@AgCl-Ag,S.

Further, the solid precipitate is precipitated using a centrifuge ROTINA 380 R, for 15 minutes and at a
speed of 4000 rpm. Eventually the samples had been dried at 45 °C, for 12—16 hours.

Results and Discussion

The phase composition of the sample was identified by XRD using X-ray difractometer Rigaku
MiniFlex 600. Identification of the sample was carried out using the databases PDF Card Ne 00—014-0072
for silver sulfide and PDF Card Ne 01-085-1355 for silver chloride. The results of analyses (Fig. 1) showed
that investigated material represented by clear peaks of silver sulfide and silver chloride and correspond to
standard data. On the Fig. 1 spectrum with red color is investigated sample, blue columns are standard peaks
of silver sulfide and green columns are standard peaks of silver chloride. Sulfur could not be found. The ex-
planation may consist of that sulfur present in amorphous state; therefore, the XRD analyzer was unable to
fix it. Consequently, Raman spectroscopy was performed to detect sulfur and confirm the presence of silver
chloride and silver sulfide in the sample.

—— Sample
I Ag,S (00-014-0072)
2000 AgCl (01-085-1355)

1000

0_ | S L . . L . .
15 20 25 30 35 40 45 50 55 60 65 70 75 80
2 theta (°)

Intensity (a.u.)

Figure 1. XRD patterns of the sample. Characteristic peaks of the silver sulfide and silver chloride

Raman spectra were excited by a He-Ne laser with a wavelength of 633 nm and recorded by a Raman
spectrometer Solver Spectrum (NT-MTD) using a diffraction grating 1800/500, which provides a spectral
resolution of 1 cm™. So, there are quite clear Raman peaks on the Figure 2, fully corresponding to the sulfur.
Other components do not show clear peaks, which may indicate their metallic nature. The peaks at 95 and
190 cm ' maybe, relates to Ag-Ag lattice vibrations, while the bands at 240 and 400 cm™' are caused by the
Ag-Cl bond stretching and compression mode [12]. According to [13] Ag,S correspond to two intense peaks
between 90 and 109 cm™ and there should be a weak band at 245 cm ™. Silver chloride appears at 233 cm ',
and there should be two small peaks in the area from 324 to 470 cm ' Thus, it can be seen from the spectrum
(Fig. 3), our results echoes in some means with literature data.

The structural morphology of prepared samples and elemental composition were examined by SEM and
EDAX, using scanning electron microscope Quanta 200i 3D. Figure 4a showed the SEM images of the
S@AgCl-Ag,S nanocomposite which revealed homogeneous structure of the sample. Closer examination of
the sample shows that the majority of particles is represented by oval and sphere form with smooth surface
(Fig. 4b). Figure 4c revealed that investigated material has both micro- and nano-sized particles. It can be
seen that the powder is mainly represented by light particles. But at the same time, on closer examination,
there can be seen the gray areas (particles) in the sample. The EDAX analysis (see Table) shows there is the
highest percentage (At%) of such elements like Ag (24.05), Cl (16.46) and S (8.63 %). It should be noted
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that Ag and Cl are presented by pronounced peaks and wave shoulders (Fig. 5). Thus, based on the obtained
data, it can be assumed that the light areas are silver chloride and sulfur (smaller particles), and the gray are-
as is silver sulfide. Also in the composition of nanocomposite present a small amount of Na, O, C, Si, P.
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Figure 2. Raman spectra of elemental sulfur Figure 3. Raman spectra corresponding to AgCl and Ag,S

Figure 4. SEM images of S@AgCI-Ag,S nanocomposite

cledax3?\genesis\genmaps.spe 08-Feb-2019 03:07:07
- sl Table
Elemental composition of S@AgCl-Ag,S
nanocomposite
Element Wt.% At.%
C 10.22 35.40
O 4.62 13.02
Na 1.11 2.01
Si 0.58 0.86
P 0.42 0.57
S 6.66 8.63
Cl 14.03 16.46
: Ag 62.35 24.05
10.00 12.00 14.00 16

Figure 5. EDAX analysis of the S@AgCl-Ag,S
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Conclusions

In summary S@AgCl-Ag,S nanocomposite has been synthesized in aqua medium by two stages. The
results of XRD analysis revealed that samples represented by silver chloride and silver sulfide. The Raman
spectroscopy showed the presence of sulfur in composition of nanocomposite, also illustrated some areas,
which can indicate the silver chloride and silver sulfide. EDAX analysis demonstrated the presence of ele-
ments like Ag (24.05 At%), CI (16.46 At%) and S (8.63 At%). SEM analysis proved that S@AgCl-Ag,S
nanocomposite has micro- and nano-sized particles with oval and sphere form, and smooth surface.

As a result the goal of this study was successfully achieved.

This research work was supported by scientific projects of the Ministry of Education and Science of the
Republic of Kazakhstan AP05133115 and BR05234566 (program-target financing).
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H.B. Xan, M.M. bypkir6aes, ®@.X. YpakaeB

Cyabl opragarbl S@WAECI-Ag,S HAHOKOMIIO3UTIH CUHTE3/1eY/IiH TeXHOJIOTUSACHIH
AaHbIHAAY

Makasa KypamblHOa KYKIpT, KyMic XJIOpHAl oHe cyiabduai 6ap HAHOKOMIO3UTTEPAl CHHTE3ICYMIH
TEXOJIOTHSACHIH JalbIHIAayFa apHaIFaH. ATajraH HAHOKOMIIO3UTTIH KypaMblHa KipeTiH KOMIIOHEHTTEP OHBIH
FBUIBIM MEH TEXHHKAHBIH OpTYpJi calanapblHIa KOJJAHyFa MYMKIHIIK Oepemi: sSFHH, OHOMeIMIMHAIaH
Oacran aypUmmapyambuibiFbiHa JeiiH.  S@AgCl-Ag)S HaHOKOMIO3UTI Cymbl OpTajga €Ki CaThIMEH
CHHTe3JIeN/i: 1) KOMIIOHEHTTEpHl >KeKe-)KeKe CHHTe3qey; 2) Oapiblk kyHenmepai (peakumus eHiMuaepi)
apanacTelpy apKbUIBL bBipiHII caThl Kymic HUTpaThl MEH HATpUH XJIOpUAI epITIHAIIEpiHIH XoHEe HaTpHil
THOCYIIb(ATHI (APTHIK MOJIILIEPAE) MEH TY3 KBIIIKbUIBIHBIH dpeKeTTecyine HerizaenreH. OnaH Oesek, aTanral
peakipsulap JKeke napa ga OKkyprizingi. ExiHmnd catbima OipiHIIG  CaThIHBIH peakius OHIMACPIHHIH
OpeKeTTeCyiHiH HoTHKeciHae KyMmic cynbduaiHin xoHe S@AgCl-Ag,S HaHOKOMIIO3UTIHIH TY3ilyi Xy3ere
acanpl. CplHamanapablH — (U3MKA-XUMUSUIBIK ~ Kacuertepi peHtreHodaszanbik Tangay (POT), Paman
CHEKTPOCKOIHUSACHI, CKAHUPJICYII 3IeKTPOHIbl MUKpockonus (SEM) jxoHe 3HeproaucrepCHOHIbl PEHICHI1
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criektpockonusi (SEM-EDAX) opictepinin kemeriMeH anbikranasl. POT jxoHe PamaH CIIeKTPOCKOMUACH
TaJlayapblHbIH HOTIKENEPI HAHOKOMITO3MTTIH KYpaMblHOa KYKIPT, KYMiC XJIOpHAI KoHe cynbduii Oap
ekeHiH aHbikTagpl. EDAX Tangaypl HaHOKOMIO3UTTIH KypaMbIHAA KYMIC, XJIOp, KYKIpT koHe nae T.0.
JJIEMEHTTEepAiH 0ap eKeHiH pomenpeni. 3epTTeTNiHreH MaTepHaIIbH IIIIHI MHUKpPOJIIeMHEeH OacTam
HaHoeumeMre aeiiin TapaixranslH SEM TanmaybIHBIH HoTIXKeNepi kepceTTi. bemmekrepain Mopgonoruscs:
HETI31HeH colaK »oHe IIap Topi3ai, 6eTTiK KabaThl Teric eKeHi aHBIKTAIIIEL.

Kinm ce30ep: HaHOKOMIIO3UT, HAaHOOGNIIEKTEp, KYKIPT, KyMiC TaJOTEHHITEpi, KYMic XJIOpuai, KyMic
cynb(u/i, Cysbl OpTa, CyJIbl epiTIHALIEp.

H.B. Xan, M.M. bypkur6aes, ®.X. Ypakaen

Pa3paboTka TexHoJ0ruu cuHTe3a HaHOKOMMIO3UTa S@WAZCI-Ag,S B BoAHOI cpefie

Crathsl MOCBsIIIEHa Pa3paboTKe TEXHOJIOTMH CHHTE3a HAHOKOMIIO3HTa Ha OCHOBE CEphI, XJIOpHJa cepedpa u
cyneduna cepedpa. KoMHoHEHTHI, BXOASAIINE B COCTAaB JaHHOTO HAHOKOMITIO3UTA, MO3BOJIAIOT UCIIOIb30BATh
€ro B Pa3IMYHBIX OTPACIIX HAYKH M TEXHHUKH: OT OMOMEIHMIUHEI 0 CeJILCKOro Xo3siicTBa. Hanokommo3ut
S@AgCl-Ag,S ObIT CHHTE3UPOBAaH B BOJHOM cpelie, B JBE CTaAUU: 1) pa3mesrbHOE MONydeHHEe KaXXJI0To H3
KOMITOHEHTOB; 2) CMEIIEHHE BCEX CHCTEM (IPOIYKTOB peakiuii). [lepsast craaust ocHOBaHa Ha B3aMMOJICHUCT-
BUM BOJHBIX PACTBOPOB HUTpaTa cepedpa ¢ XJIOPUAOM HATpHs, a TAKXKe THOCYIIb(aTa HATpHs (B H30BITKE) C
COJIIHOM KucnoTol. IIpuueM kaknas U3 3THX peakuMid MPOBOAMIIACH OTAEIBHO APYr OT Apyra. Ha BTopoi
CTaAuU TIPOHCXOIUT 0Opa3oBaHHE Cynbpuia cepedpa U HEMOCPEACTBEHHO CaMOTO0 HAaHOKOMIIO3HUTa
S@AgCl-Ag,S, npu B3aMMOJICHCTBIM BCEX MPOIYKTOB peakiuil mepBoii craauu. OU3HKO-XUMHYECKHE Xa-
PaKTepUCTHKH 00pa3LioB OBUIM OMpEAENIEHBI C MOMOLIbI0 peHTreHodazoBoro ananusa (POA), pamaHoBckoit
CIIEKTPOCKOIIUH, CKAHUPYIOLIEH AJIEKTPOHHON MUKPOCKOIIMU U PHEProJUCIEPCUOHHON pEeHTIeHOBCKOI CIiek-
tpockormu (SEM-EDAX). Pesynbrarer POA-ananusza 1 paMaHOBCKOH CIEKTPOCKOIMH IOKA3allk, 4TO 00-
Ppa3ibl IPEeICTaBICHEI XJIIOPUAOM cepebpa, cynbdumoM cepebpa u cepoil. EDAX-aHanu3 ycTaHOBIII IPUCYT-
CTBHE B COCTaBE HAaHOKOMIIO3HTa cepedpa, XJIopa, Cephl U JPYrux 31eMeHToB. B To Bpemst kak SEM anamms
TIO0Ka3aJl, 9TO UCCIEAYEMBIIl MaTepHa MPEACTaBIeH YaCTHIIAMH OT MUKpPO- IO HaHOpa3MepoB. Mopdomorus
YaCTHI] MIPEJICTaBIeHA B OCHOBHOM OBaJIbHBIMU U ceprueckuMu HopMamu, C IIIaJKONH U POBHOH MOBEPXHO-
CTBIO.

Kniouegvie cio6a: HaHOKOMIIO3UT, HAHOYACTHULIBI, CEpa, FANOreHUIBI cepedpa, Xopu] cepedpa, cyabdun ce-
pebpa, BoaHas cpefia, BOAHBIE PACTBOPBI.
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Effect of catalytic systems on the hydrogenation of phenanthrene

This paper shows the effectiveness of the synthesized catalytic additives in the process of hydrogenation of
phenanthrene in the presence of ethanol as a hydrogen donor. Ferrosphere, NiO/SiO, covered the surface of
ferrosphere and Fe,0;/SiO, covered the surface of ferrosphere were used as catalytic additives. Ferrosphere
was extracted from energy ashes of Karaganda thermal power plant. NiO/SiO, and Fe,05/SiO, covered the
ferrosphere were prepared by the method of «wet mixing». The phase composition, surface morphology, av-
erage size and distribution of particles of ferrospheres and nanocatalytic additives NiO/SiO, and Fe,05/SiO,
covered the ferrospheres were determined. The composition of the reaction products was determined by the
method of chromato-mass spectrometry on the gas chromatograph of Agilent Technologies 7890A with mass
spectrometric detector 5975C. Identification of the substances was carried out using the NIST 98 mass-
spectral database. A synergistic effect of nanocatalytic additives NiO/SiO, and Fe,03/SiO, covered the
ferrospheres was established. The high degree of phenanthrene conversion is observed on the hydrogenation
in the presence nickel and iron catalytic additives on the ferrosphere. According to the results of hydrogena-
tion of phenanthrene efficiency range of the catalytic additives was built: NiO/SiO, on the ferrosphere >
> Fe,03/S10; on the ferrosphere > NiO/SiO, > Fe,05/Si10, > ferrosphere.

Keywords: polyaromatic hydrocarbons, phenanthrene, hydrogenation, catalytic systems, ferrosphere, sol-gel
method, «wet mixing» method, coal.

Introduction

Currently due to the shortage of the «light oil» resource most of the researches related to the processing
of heavy oil and solid hydrocarbon raw materials is being considered. As it is known synthetic liquid fuel get
7-8 times more from coal than from oil. Despite the high losses scientific works on improvement of hydro-
genation of coal, coal tar and liquefaction of products are continued in most countries.

According to modern concepts the main part of the organic mass of coal is a three-dimensional polymer
of irregular structure, the rigidity of the framework of which is enhanced by internal donor-acceptor interac-
tions. Studies show that the products of destruction of the organic mass of coal are complex combination of
hydrocarbons in which compounds with the number of aromatic rings up to three predominate, but
hydrocarbon derivatives with four or more rings form a certain part [1].

The decomposition of the organic mass of coal is carried out to obtain liquid products. Liquefaction of
the initial product and saturation with hydrogen are carried out during hydrogenation. Depending on the pro-
cess conditions and the depth of conversion of the organic mass of coal, hydrogenation allows to turn solid
fuel into high-quality motor fuel (gasoline, diesel fuel) or raw materials for organic synthesis (hydrocarbons,
phenols, nitrogenous compounds). The composition of the hydrogenation products depends on the amount of
hydrogen entering into the reaction, the quality of the catalysts and the parameters of the process itself
(pressure, temperature, contact time) [2].

Cepusa «Xumuns». Ne 4(96)/2019 77



D.E. Aitbekova, Xintai Su et al.

The study of destructive hydrogenation of polyaromatic compounds was carried out to improve the pro-
cess of coal liquefaction mentioned above. One of the polycyclic aromatic compounds in solid fuels is
phenanthrene, which was first obtained from coal tar.

The purpose of this work is to investigate the process of catalytic hydrogenation of phenanthrene as a
model object, which constitutes the organic mass of coal.

Experimental

For experiments phenanthrene was used as model object; ferrosphere, synthesized nanocatalytic
additives NiO/SiO, and Fe,05/Si0O, separately covered the ferrosphere were used as catalytic additives.
Ferrosphere was extracted from the energy ashes which were obtained by burning coal at Karaganda thermal
power plant.

Ferrosphere was used as a carrier of catalytic additives NiO/SiO, and Fe,05/Si0O,. Catalytic additives
added to the ferrosphere were prepared by the «wet mixing» method.

The catalytic additive Fe,0;/Si0, was covered the ferrosphere by mixing the ferrosphere with 20 % so-
lutions of ferric chloride and sodium silicate, followed by heating the mixture to a temperature of 70-80 °C
for 2 hours. Then the resulting suspension of the initial compounds was dried at a temperature of 100—
105 °C. The dry mass was calcined at a temperature of 500-550 °C for 60 minutes and then molded into a
tablet. The second catalytic additive NiO/SiO, covered the ferrosphere was prepared similarly. Ferrosphere
was mixed with 20 % solutions of nickel sulfate and sodium silicate.

The activity of the prepared catalytic additives in the hydrogenation of phenanthrene was determined
under autoclave conditions: T — 380 °C, P — 3 MPa, t — 120 min, the amount of catalytic additive
1.0 mass %, 5 ml of ethanol as a hydrogen donor. The use of alcohols allows to obtain significant yields of
liquid products in the absence of catalysts and molecular hydrogen. The ability to interact with active radical
centers, preventing their recombination, determines the stabilizing role of aliphatic alcohols [3].

The mixture of phenanthrene and catalytic additives was pre-mixed, and then the prepared mass and
ethanol were loaded into the autoclave. The reactor was purged with molecular hydrogen and pressurized
with it. Then the reactor was heated to the required temperature (380 °C) and kept for a given time. The heat-
ing rate of the autoclave was 10 °C/min. After the experiment, it was cooled to room temperature; the reac-
tion mixture was dissolved by chloroform. The composition of the reaction products was determined by the
method of chromato-mass spectrometry on the gas chromatograph of Agilent Technologies 78904 with mass
spectrometric detector 5975C. Identification of the substances was carried out using the NIST 98 mass-
spectral database.

Results and Discussion

The phase composition of catalytic additives was studied on a X-ray diffractometer MiniFlex 400/300.
The diffractograms of the synthesized samples of NiO/SiO, on the ferrosphere (sample 1) and Fe,05/Si0, on
the ferrosphere (sample 2) are presented (Fig. 1).
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Figure 1. X-ray diffractograms of NiO/SiO, catalytic additives covered the ferrosphere (a);
Fe,05/S10, catalytic additives covered the ferrosphere ()
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The diffractograms of samples 1 and 2 show the presence of phases respectively NiO/SiO, and
F6203/ SIOZ
Electronic micrographs of initial ferrosphere and the samples 1 and 2 are shown in Figure 2.
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Figure 2. Electronic micrographs of NiO/SiO, on the ferrosphere (a),
Fe,05/Si0, on the ferrosphere (b), initial ferrosphere (c)

The study showed that spherical formations of ferrospheres have a particle size of 975.5 nm. The nick-
el-silicon composition (sample 1, b) is spherical formations with the diameter of 374 nm. These formations
tend to coalesce, forming conglomerates with fouling of small spheres of nickel oxides and iron oxides.

The average particle size of the prepared nickel and iron samples was determined by using nanosizer
NanoS90 (Fig. 3).
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Figure 3. Average particle size of NiO/SiO, on the ferrosphere (a), Fe,03/SiO, on the ferrosphere ()

The average particle size was 213.9 nm for sample 1 and 1064 nm for sample 2.
The results of phenanthrene hydrogenation are presented in Table. The main products of hydrogenation

of phenanthrene in the presence of the catalytic additives are the products of the hydrogenolysis and
hydriding.
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Table
The yield of the products of phenanthrene hydrogenation without catalyst
and in the presence of the catalytic additives
Yield of the products, %
- . | Without NiO/SiO, | Fe,0y5i0, | MOS0 | Fe:05/50;
Individual chemical composition Ferrosphere on the on the
catalyst [4] [4]
ferrosphere | ferrosphere

1 2 3 4 5 6
Naphthalene — — 0.14 0.08 — —
1-Methylnaphthalene — — 0.11 — 3.6 —
2-Ethylnaphthalene — — — 0.05 — —
2-Butylnaphthalene — 0.9 — — — 4.2
Fluorene — — 0.98 0.97 — —
9-Methylfluorene — — 0.42 0.18 — —
9,10-Dihydroanthracene — 0.7 0.41 0.44 — 7.5
9,10-Dihydrophenanthrene — — 4.5 4.3 34.3 16.4
1,2,3,4-Tetrahydrophenanthrene - 3.2 - - 13.2 3.5
1,2-Dihydrophenanthrene 4.2 — — — — —
1,1-Biphenyl — - 1.54 0.03 11.2 -
Benzene — — — — 2.2 —
2-Methyl-1,1-biphenyl — — — — — 5.7
Anthracene — — 8.8 9.3 — —
Phenanthrene 95.8 95.2 83.1 84.65 35.5 62.7
Conversion 4.2 4.8 16.9 15.35 64.5 40.0

There are isomerization reactions along with the hydrogenation reactions as a result of the polyaromatic
hydrocarbon processing in the presence of ferrosphere and Fe,05/Si0, on the ferrosphere as catalytic addi-
tives: 9,10-dihydrophenanthrene isomerized into linear 9,10-dihydroanthracene. Angular-linear isomeriza-
tion of 9,10-dihydrophenanthrene into 9,10-dihydroanthracene and further dehydrogenation of 9,10-dihydro-
anthracene with the formation of anthracene were shown in the work [5].

Experimental results of hydriding and hydrogenolysis reactions of polyaromatic hydrocarbon hydro-
genation process are presented in Figure 4.
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Figure 4. The yield of the hydrogenolysis and hydriding products of phenanthrene hydrogenation
(experience numbers taken from Table)

It has been established that the yield of hydrogenation products of phenanthrene is 64.5 % in the pres-
ence of NiO/Si0, covered the ferrosphere, in contrast to the using the ferrosphere as catalytic additive, where
the yield of hydrogenation products is 4.8 %. This fact may indicate a synergistic effect.

80

BecTHuk KapaFaH,ﬂMHCKOFO yHuBepcuteTta



Effect of catalytic systems on the hydrogenation of phenanthrene

Conclusions

So the synergistic effect of binary nanocatalysts in the process of phenanthrene hydrogenation was re-
vealed. The results indicated high activity of the catalytic additive NiO/SiO, covered the ferrosphere. The
high degree of phenanthrene conversion is observed on the hydrogenation in the presence nickel and iron
catalytic additives on the ferrosphere. An efficiency range of the studied catalytic additives was obtained on
the basis of products yield data: NiO/SiO, on the ferrosphere > Fe,05/SiO; on the ferrosphere > NiO/SiO, >
> Fe,05/Si0, > ferrosphere.
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J.E. AitbéexoBa, Cunraii Cy, ®3upt0Hb Ma, A. Tycinxan, M.U. baiikeHoB

KartaaunTukaasIk skyiiejepaiH (peHaHTPeH rHAPOreHU3anMsChbIHA dcepi

Makanaza cyTteri JOHOPBI PETiHIE ITAHOJIBIH KaThICYbIMEH (eHaHTPEHAI T'MApOTreHU3auusuay ypIiciHme
CHHTE3/ICJITeH KaTaJMTHKAJBIK KOCMAlapAblH THIMALTII KepceriireH. KaramuTHKaiblK Kocmaiap peTiHzae
deppocdepa, deppocthepa Oerine koumbippurran NiO/SiO, xone ¢eppocdepa OeriHe KOHABIPHUIFAH
Fe,0,/Si0, xonmaubuinsl. Deppocdepa Kaparanmpr JKIO-HbIH JHEpPreTHKaNbIK KyJASpiHEH albIHFaH.
Oeppocepa Oerine xouapippuFran NiO/SiO, xoHe Fe,03/Si0, KaTaIUTHKAIBIK KOCHAIAphl «IBIMKBLI
apanacTeIpy» oficiMer anbHIBL. Deppochepansiy xoHe Geppocdepa Oeringeri NiO/SiO, xene Fe,05/Si0,
HAHOKATAJIUTHKAIBIK KOCHAJApBIHEIH (a3alblK KYpaMbl, OCTiHIH MOPQOJIOTHACH], OpTalla eJIIeMi >KoHe
Tapalysl aHbIKTaNFaH. Peakims eHimuepiHiH Kypambel 5975C Macc-CIIEKTPOMETPHSIIBIK AETEKTOPHI Oap
Agilent Technologies 7890A ra3npl xpomaTtorpadblHaa XpOMaTO-Macc-CIIeKTPOMETPHSI 9iCIMEH 3epTTeNi.
NIST 98 wmacc-ciekTpiik jaepekTep 0a3achblH KOJNJaHy apKbUIbl 3aTTapFa COMKECTEHIIPiNy Kypriziimi.
Oeppocepara  koumpipeuFan  NiO/SiO, xone Fe,03/SiO, HaHOKaTaIUTHUKANBIK — KOCHAIApIIbIH
CHHEPIreTHKAaJbIK dcepi aHbIKTanapl. DeHaHTPEH KOHBEPCUSCBHIHBIH JKOFapbl jaopexeci (eppochepanars
HHKEJIb MEH TEMIp/IiH KaTaTUTHKAJIBIK KOCTIAIapbIHBIH KaThICYBIMEH THIPOTCHU3ALMACH Ke3iHae OaiKaaibl.
@DeHaHTPEH THIPOTCHU3ALMACH! HOTHXKECI OOMBIHIIA KaTAIMTHKAIBIK KOCHAMap/blH THIMIUTIK KaTapsl
a"pIKTanael  eppocdepanarsr NiO/SiO, > ¢eppocdepanarsr Fe,0;/SiO, > NiO/SiO, > Fe,05/Si0, >
(heppocdepa.

Kinm ce30ep: mommapoMaTThl KeMipCyTeKTep, (EHAHTPEH, THAPOreHU3alMs, KaTAIUTHUKAJIBIK >XyHenep,
(beppocdepa, 3051b-resIb 9/ici, «IBIMKBUT apATACTBIPY» dIicCi, KOMIp.

JI.E. AiitroekoBa, Cunraii Cy, ®3ubt0oHb Ma, A. Tycunxan, M.U. balikeHoB

Biusinne kaTaauTHYEeCKUX CHCTEM HA IMIPOreHu3anuio peHaHTpeHa

B crarbe mokazana 3G (EKTUBHOCTh CHHTE3MPOBAaHHBIX KATAJIUTHYECKHX NOOABOK B Ipolecce THAPO-
reHu3anuy (eHaHTPEeHa B MPUCYTCTBUH STAHOJA B KaUeCTBE JIOHOPA BOAOPOJA. B pony KaTanuTHieckux 1o-
6aBok BeIcTynamu ¢eppochepa, NiO/SiO, Ha moepxHOocTH (eppochepst u Fe,03/SiO, Ha MOBEepXHOCTH
tdeppochepsl. Deppochepy u3BIeKIM U3 dHeprermdeckoit 3ombl Kaparammumackoir TOL. NiO/SiO, u
Fe,03/S10, Ha deppocdepax momydmanm METOAOM «MOKPOTro cMmenieHus». OmpernencHbl (a3oBbIii cocTas,
MOP(OJIOTHsI MOBEPXHOCTH, CPEIHUI pa3Mep U pacmpezerneHue dacTul] Geppocdep ¥ HaHOKATATUTHICCKHX
no6asok NiO/SiO, u Fe,05/Si0, Ha deppocdepe. Coctas npoayKkTOB peakii BHUSIBUIA METOJOM XPOMATO-
Macc-CIIeKTPOMETpUH Ha Ta30BoM xpomatorpade Agilent Technologies 78904 ¢ mMacc-CieKTpOMETPUIECKUM
nerekropoM 5975C. VneHTnduKaiuo BEIIeCTB MPOBOWIN C HCHOIb30BaHHEM MacC-CIIeKTPaIbHOW 0a3bl
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nauHbix NIST 98. Bblio ycTaHOBICHO CHHEPreTHYECKOe IeiicTBre HaHOKaTaauTHIecKkux 106aBok NiO/SiO, n
Fe,0,/Si0, Ha ¢eppochepe. Bricokas creneHb KOHBepcuH (eHaHTpeHa HaOI0AaIach MPU THAPOTeHU3ALMN
B IPHUCYTCTBUM KaTIMTHYECKHX H00aBOK HHKens M okenesa Ha (eppocdepe. Ilo pesynbraram
THApOreHn3auy  (eHaHTpeHa MOCTPOoeH psax 3(GEeKTUBHOCTH KatamuTudecknx mobaBok: NiO/SiO, Ha
theppochepe > Fe,0,/Si0, Ha deppocthepe > NiO/SiO, > Fe,05/Si0, > deppocdepa.

Knrouegvie cnosa: TNOJIMapOMaTU4YECKUE YIJIEBOAOPOMIBIL, (beHaHTpeH, ruaporeHusanus, KaTaluTU4CCKUe
CUCTCMBI, q)eppocq)epa, 30JIb-T'CJIb METOA, METOJ «MOKPOT'0O CMECIICHU», YI'OJb.
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Obtaining of lead (II) sulfate by polarization of bipolar lead electrodes
with alternating current

The process of electrolysis using bipolar lead electrodesat polarization by alternating current of industrial fre-
quency (50 Hz) in sulfuric acid solutions was studied for the first time. It is shown that the oxidation of lead
to the bivalent state on all monopolar and bipolar electrodes takes place in the anode half-period of alternating
current. Next, the anode half-period is replaced by a cathode half-period, then the lead electrode becomes a
cathode and hydrogen is released on its surface. Lead (II) ions react with sulfate anions in the near-electrode
space to form lead (II) sulfate. It was found that the total loss of electrode mass increases with increasing cur-
rent density up to 1200-1400 A/m?, and in the region of 2000 A/m* — significantly decreases, which is asso-
ciated with increased adverse reactions.In the interval of experiment duration 0.5-2 hours the total loss of
electrode mass increases. However, after 2 hoursthis value remains almost constant. Apparently, lead (II) sul-
fate begins to be accumulating on the electrodes and interfere with the dissolution process. It was found that
when using bipolar electrodes, the mass of lead (II) sulfate is about 2.4 times greater at the same current
strength than when conducting electrolysis with only two monopolar electrodes.

Keywords: lead, bipolar electrode, electrolysis, alternating current, oxidation, anodic half-period, sulfuric
acid.

Introduction

Lead (II) sulfate is used in the paint industry as additives in the manufacture of minium [1; 771] for fill-
ing the cells of a lead-acid battery plates [2; 519], in the synthesis of certain acids as a necessary component
of technological processes, and also performs the role of a stabilizer in the production of plasticized PVC
[3, 4]. Obtaining of lead (II) sulfate is usually carried out [1; 771, 5; 322] by precipitation from soluble salts
of divalent lead (nitrate, acetate) with sulphuric acid.

Pb(NO;), + H,SO, = PbSO,4 + 2HNO;

The authors of article [6] proposed a method for obtaining lead (II) sulfate by electrochemical dissolu-
tion of lead electrode in sulfuric acid during polarization by alternating current of industrial frequency of
50 Hz. In this case, one electrode is a metallic lead and titanium is used as the second electrode. Electrolysis
is carried out at a current density of 1500 A/m’® on lead electrode and 8000—12000 A/m” on a titanium elec-
trode. The highest current outputs are observed at current densities at the lead electrode equal to 3000 A/m’
and reach 53.5 %.

The proposed method has certain disadvantages, which include the fact that the formation of lead (II)
sulfate occurs on only one lead electrode in the anode half-cycle of alternating current, as a result of which
the productivity of the process is low.

In addition, at high current densities, lead oxidation reactions may occur with the formation of lead ox-
ides, which can contaminate the resulting product. Besides, the use of titanium causes possible contamination
of the reaction product with titanium ions, since it is known that during alternating current polarization, tita-
nium also passes into solution [7]. The process of formation of lead (II) sulfate as a result of oxidation of
lead sulfide with hydrogen peroxide solution was studied by the authors [8]. It is established that the yield of
the product (lead (II) sulfate) and its purity depend on the amount of oxidant.

In connection with the demand in a number of technological processes, the development of new meth-
ods for producing lead sulfate seems to be an urgent problem. The aim of our work is to develop a method
for producing lead (II) sulfate by electrolysis with polarization by alternating current using bipolar electrodes
and, in this regard, to analyze literature sources covering the issues of bipolar electrode connection.

Cepusa «Xumuns». Ne 4(96)/2019 83



A.K. Bayeshova, A.M. Kongyratbay et al.

Experimental technique

The unit shown in Figure 1 was used for the research. The unit consists of an electrolyzer (1) in which
two extreme monopolar (2) and three (3) bipolar lead electrodes are installed. The electric current of the re-
quired power is supplied through SOURCE (MATRIX of single-phase TDGC-1 1 KVA, 4A), the magnitude
of current measured by the ammeter (laboratoryA-meterE538). Lead plates of C-1 grade were used as elec-
trodes, electrolyte solutions were prepared from sulfuric acid of chemically pure grade. The electrolysis was
carried out with polarization by alternating current of industrial frequency (50 Hz). Two electrodes were at-
tached to the current source, located closer to the wall of the electrolyzer, which are conventionally called
«terminal». Between them three more electrodes were installed vertically and parallel to each other. The dis-
tance between them was equal to 1.4 cm. Surface area of all electrodes were the same and equal to 12.5 cm’.
The electrolyzer was made of plexiglass and had a rectangular shape.

The electrodes were placed in such a way that there were no large gaps between the side walls of the
electrolyzer and the electrodes. Before the experiment, the lead electrodes were thoroughly cleaned with
sandpaper, washed with water and treated with alcohol. After electrolysis, the electrode mass loss was de-
termined by weighing.

220V

Vo

4_—| SOURCE

(D

1

1 — electrolyzer; 2 — monopolar electrodes; 3 — bipolar electrodes;
4 — adjustable electric source; 5 — ammeter

Figure 1. Schematic diagram of the installation for the obtaining of lead (II) sulfate
by electrochemical method

The effect of the current density and duration of the experiment on the mass loss of lead electrodes was
studied.As a result of electrolysis in the electrode spaces in the solution, the interaction of lead ions with sul-
fate ions occurred with the formation of lead (II) sulfate, which in the form of a white precipitate fell to the
bottom of the cell. After the experiment, the electrolyte was filtered, the precipitate was separated from the
solution, washed with water and dried. The sediment was identified by x-ray fluorescence, x-ray phase and
elemental analysis methods.
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Results and discussion

As it is known from the literature [9; 178, 10], anodic polarization of lead in an aqueous solution of sul-
furic acid may result in the following electrode reactions:
1) oxidation of metallic lead to a divalent state followed by the formation of lead (II) sulfate:

Pb+ SO —2¢ — PbSO,  E’=-0.356V; (1)
2) oxidation of divalent ions of lead to a tetravalent state with the formation of lead dioxide:
PbSO,+2H,0 —2¢ — PbO,+ SO +4H"  E’=+1.685V; 2)

3) direct oxidation of metallic lead to tetravalent state:
Pb +2H,0 —4e” — PbO, +4H+  E’=+0.66V;
4) release of oxygen:
2H,0 —4e = O, +4H" (in acidic solutions) E'=+1.229 V;
5) the possible discharge of ions SO~ with the formation of acid:
SO —2¢ — S,07 E'=+201V.

Of the several possible reactions at the anode, first of all, the one that requires the lowest energy costs,
i.e. a reaction with more negative potential, i.e. a reaction (1), should occur. It was found [11; 339] that a
fairly dense porous layer of lead sulfate is formed on the surface of the lead electrode. After a certain time,
the reaction (2) takes place, i.e. the formation of lead dioxide, the reaction of the formation of lead sulfate
completely stops, although the supply of metallic lead has not been used upyet. Passivation occurs when the
thickness of the lead sulfate layer is about 1 pum.

In contrast to the known methods of electrolysis, our experiments were carried out under the influence
of alternating current of industrial frequency using bipolar electrodes.

It is known [12; 35] that electrolyzers with mono- and bipolar inclusion of electrodes in the DC circuit
are used in electrochemistry. In a monopolar circuit, all electrodes of the same sign are connected to the
corresponding pole of the current source. In this case, the current passing through one electrode, in
accordance with the law of parallel connection of conductors is equal to the total current divided by the
number of electrodes. The voltage that occurs between a pair of electrodes of the opposite sign is equal to the
total voltage on the electrolyzer.

In the bipolar scheme of inclusion of electrodes, the current is supplied only to the terminal electrodes,
which are monopolar electrodes. All other electrodes located between the terminal monopolar electrodes
have no current leads and work as bipolar — one side of the electrode is the cathode, and the other is the an-
ode. Through each cell of the bipolar electrolyzer all the current coming from an external current source
passes and the total voltage is equal to the product of the voltage on one cell by the number of cells. It is not-
ed [13] that when sufficient voltage is applied to the solution in which the bipolar electrode (BPE) is im-
mersed, oxidation and reduction reactions occur on the opposite sides of the BPE.Since no direct electrical
contact with a current source is required to activate redox reactions, large electrode arrays can be controlled
by only one DC source or even a battery in an electrochemical circuit. The wireless aspect of the BPE also
allows for electrosynthesis and screening of new materials for a wide range of applications.Additionally, the
bipolar connection of the electrodes allows the movable electrodes, called microswitch to move freely in the
solution.Practical application of bipolar electrodes is widespread in water electrolysis [14; 39, 15; 97, 126].
The advantages of electrolyzers with bipolar electrodes are compact design, there is no need to supply cur-
rent to each electrode, the ability to impose high voltages.Advantages of electrolyzers with bipolar electrodes
are compact design, no need to supply current to each electrode, the ability to impose large voltages.

Known literature sources [16] present the results on study using bipolar electrodes and show that the ef-
fective removal of fluoride ions from water occurs when the electrodes are bipolar.

In addition, in the review [17], the authors note the prospects for the use of bipolar electrodes, using the
expression «bipolar electrochemistry». They stress that this method of electrolysis has attracted new interest
in the last two decades, due to the use in several fields — from materials science to sensing and so on.

The same review presents new examples of the use of the bipolar connection, focused on the sensing of
electrotransplantations, the electrodeposition and the use of graphene as a bipolar electrode.

The authors of [18] demonstrated that bipolar electrode coupling can be used for high-performance cor-
rosion tests covering a wide range of potentials in one experiment, and that this, combined with rapid image
analysis, is a simple and convenient way to verify the corrosion properties of conductive materials.
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Interesting studies have been carried out in the work of the authors [19]. They show that the rotation of
the bipolar electrode in a constant electric field between the supply electrodes causes an alternating bipolar
current with alternating current frequency, which depends on the rotation speed.

It should be noted that the use of bipolar connection of electrodes in direct current polarization is de-
scribed in the known literature sources.

In this report, we present the results of the use of bipolar connection of lead electrodes at polarization
by alternating current of industrial frequency. In this regard, we note: it was previously shown [20; 43, 21]
that when metals are polarized by alternating current, the anode half-period of the alternating current is
quickly replaced by the cathode half-period. In this regard, oxidation processes can occur in the anode half-
cycle.

But at the same time, changing the direction of the alternating current does not favor the flow of all pos-
sible anode processes. Consequently, in the case of alternating current polarization of lead in the anode half-
period, the reaction first proceeds, which has a more negative potential, i.e. oxidation of lead to the divalent
state:

Pb’—2¢ — Pb*’
Then, in a matter of seconds, the anode half-cycle is replaced by the cathode half-cycle, i.e. the lead
electrode becomes the cathode and hydrogen is released on its surface:
2H'+2¢ — H,
Bivalent lead ions formed in the near-electrode space interact with sulfate anions. Due to the low value
of the solubility product (1, 6-10™) [22; 739] lead (II) sulfate precipitates to the bottom of the electrolyzer:
Pb*" + SO2~ — PbSO,

Bubbles of hydrogen release carry crystals of lead sulfate formed from the electrode surface. The de-
scribed processes are periodically repeated with a change in the direction of the current depending on its fre-
quency, i.e. in our case 50 times per second. It becomes possible to purposefully proceed with the formation
of lead sulfate (II). Moreover, when using bipolar electrodes, the oxidation reaction of lead occurs on those
electrodes that are not directly connected to the current source. In the cathode half-cycle, the reduction of
lead ions to the elemental state does not occur, since this reaction proceeds with a high overvoltage.

We have studied the effect of current density on the mass loss of lead electrodes during alternating cur-
rent polarization in the presence of bipolar electrodes. As shown in Table 1, the mass loss of monopolar and
bipolar electrodes increases with increasing current density to 1200-1400 A/m’, and significantly decreases
in the region of 2000 A/m* which is associated with increased adverse reactions. Terminal monopolar elec-
trodes are conventionally designated 2' and 27, bipolar electrodes located between them — 3', 3% and 3°.

Table 1
Effect of current density on the mass loss of monopolar and bipolar lead electrodes
during alternating current polarization (C(H,SO,) = 150 g/I; T = 0.5 hour)
Magnitude of mass loss 800 1000 Cll;r(;(e)m e 112/0“(;2 1600 2000
Am (2" 0.1272 0.1892 0.2348 0.2512 0.2214 0.2095
Am (3") 0.0813 0.1406 0.1413 0.1411 0.1402 0.1344
Am (3%) 0.0675 0.0928 0.0959 0.0952 0.0822 0.0811
Am (3%) 0.0914 0.1371 0.1368 0.1485 0.1236 0.1208
Am (2°) 0.1244 0.1912 0.2125 0.2487 0.2257 0.2136
Em 0.7509 0.8213 0.8847 0.7931 0.7594

Figure 2 graphically shows the dependence of the mass loss of one monopolar electrode — 2' and the
total decrease in the mass of the electrodes from the current density. We note that the values of the mass loss
of monopolar and bipolar electrodes are quite close to each other, in this regard, these values are not graph-
ically reflected, but are given in detail in Table 2.

As shown in Table 1, the dissolution process of the electrodes is intense at a current density of 1200—
1400 A/m’, the rate of electrochemical dissolution is reduced at 2000 A/m?, as the reverse process.
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Figure 2. Dependence of the mass loss of one monopolar (2') electrode (curve 1)
and the total mass loss of all electrodes (curve 2) on the current density on the electrodes

The study of the effect of the duration of the experiment showed that in the range of 0.5-2 hours the to-
tal mass of lead ions transferred to the solution increases (Fig. 3, curve 2). However, after 2 hours the mass
remains almost constant. Apparently, the resulting lead sulfate begins to accumulate on the surface of the
electrode and prevent the process of dissolution of the metal electrode. Table 2 shows the values of the mass
loss of monopolar and bipolar lead electrodes depending on the duration of electrolysis.

m g
5

[

[*]
[

] T.h
0 1 2 3 4

1 — in electrolysis with monopolar electrodes; 2 — in electrolysis with bipolar electrodes;
i=1200 A/m?; C(H,SO,) = 150 g/l

Figure 3. Dependence of the total mass of lead ions (m, g),
passed into the solution of the duration of the experiment

The results of the experiments show that the mass loss of two monopolar (terminal) electrodes have
similar values. Also, the values of the mass loss of two bipolar electrodes located next to the terminal
monopolar ones are quite close, although their values are slightly lower than the mass loss of the two ex-
treme monopolar electrodes. Nevertheless, in the case of dissolution of each monopolar and each bipolar
electrode, it is noticeable that after 2 hours the mass loss remains practically unchanged. Note that the Table
shows the values of the mass loss of all electrodes, and the Figure shows only the curve of the total mass loss
of all electrodes (monopolar and bipolar) and for comparison shows the curve of the mass loss of only one
monopolar electrode.
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Table 2

Effect of the duration of the experiment on the dissolution of monopolar and bipolar electrodes in sulfuric acid
during industrial alternating current polarization, i = 1200 A/m’>, C(H,SO,) = 150 g/l

Magnitude Electrolysis duration, hour
of mass loss 0.5 1 1.5 2 3 4
Am (2") 0.2348 0.4112 0.8255 0.9748 0.9684 0.9538
Am (3") 0.1413 0.2939 0.5584 0.8283 0.9148. 0.8481
Am (3%) 0.0959 0.1771 0.2011 0.8108 0.8871 0.7811
Am (3%) 0.1368 0.2921 0.5546 0.8384 0. 8916 0.8943
Am (2%) 0.2125 0.3811 0.8369 0.9961 0.9088 0.9783
zm 0.8213 1.5554 2.9765 4.4484 4.5707 4.4556

In order to show the advantages of using bipolar electrodes, experiments with two monopolar electrodes
were conducted separately. A comparison of the results of electrolysis carried out using two electrodes and
electrolysis using five electrodes showed that during electrolysis using two monopolar and three bipolar elec-
trodes, the oxidation of lead in sulfuric acid with the formation of lead sulfate is intensified more than 2.4
times. Table 3 shows the results of the process of dissolution of lead electrodes in bipolar compounds
(5 electrodes in total) and in monopolar (2 electrodes in total) compounds under industrial alternating current
polarization.

Table 3
Comparison of the total mass that passed into the solution in experiments with 5 electrodes and 2 electrodes

Electrolysis duration, hour 0.5 1 1.5 2 3 4
Zm (in the experience with 5 electrodes) 0.8213 1.5554 2.9765 4.4484 4.5707 4.4556
Zm (in the experience with 2 electrodes) 0.43 0.6315 1.2101 1.7997 1.6037 1.825
n 1.91 2.46 2.46 2.47 2.85 2.41

Note. Table «n» shows how many times more dissolved lead electrode using five electrodes compared to the experience with
two lead electrodes.

In our experiments the prospects of bipolar connection of electrodes at polarization by industrial
alternating current with frequency of 50 Hz are shown. The rapid change of the current direction on the
electrodes noted above contributes to the fact that lead oxidation reactions stop at the first stage and the
phenomenon of electrode passivation is practically not observed due to the formation of electrically
conductive oxide compounds directly on the electrode surface.
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Figure 4. X-ray Fluorescence analysis of lead (II) sulfate obtained by using bipolar electrodes
during alternating current polarization
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Figure 5. Diffractogram of lead (II) sulfate obtained by using bipolar electrodes
during alternating current polarization

The composition and purity of the resulting lead (II) sulfate were determined by x-ray fluorescence, el-
emental and x-ray phase analysis methods (Fig. 4 and 5). It is shown that all the reflexes of the x-ray belong
to lead (II) sulfate, i.e. to PbSQ,, the ratio of the elements allow us to judge the production of lead sulfate
PbSO, of high purity.

Conclusions

Thus, this article presents a number of literature data on the electrochemistry of lead and bipolar con-
nection of electrodes. For the first time, the process of dissolution of bipolar lead electrodes under alternating
current polarization with an industrial frequency of 50 Hz was studied. It was found that when using BPE,
the mass of the resulting lead (II) sulfate is approximately 2.4 times greater at the same current strength in
the electrochemical circuit than during electrolysis with only two monopolar electrodes.
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Bbunouasipjibl KOPFachbiH 3JIEKTPOATAPBIH AHHBIMAJIBI TOKIIEH
noJisipuzanusuiay apkbuibl KopracsiH (II) cyasgaTein amy

Anramn pet enpipicrik xuinikreri (50 I'r) aliHpIMaBl TOKIEH MOJSIPU3ALHSIAY APKbUIbI KYKIPT KBIIIKBLIBI
epitinainepinae Ounossipisl  (BIID) KopracklH dNEKTPOATApbIH HalilalaHyMEH JJISKTPOJIU3 IMPOLEci
3eprrenai. ARHBIMANBI TOKTBIH aHOITHI JKapThUlail MEPUOABIHIA KOPFACHIHHBIH €Ki BAJCHTTI Kyiire neilin
0apibIK MOHOIIOJAPIIBI JKOHE OUIIOIISIPIIEI JIEKTPOATap/a TOTHIFATHIHBL KepceTinmi. ComaH KeiliH aHOATHI
JKapThUIail epruoj KaTO/ThI JKapThUlail MEPHOJKA aybICalbl, IEMEK, KOPFACBIH 3JICKTPOJbI KaTOJ KbI3METIH
aTKapajbl XoHEe OHBIH OeTiHIe cyTek OeuiHenmi. Exi BaJgeHTTI KOPFachblH MOHIAPHI 3JIEKTPOJ ayMarbIHIAFbl
KEHICTIKTe Cylb(ar-aHHOHAapbIMeH opekerTeceni ne, KopracelH (II) cymsdarsr tysimeni. Kopracen
UEKTPOATAPHIHBIH MACCACHIHBIH a3al0 MOJILIEPiHe TOK THIFBI3/BIFBIHBIH 9Cepi 3epTTeN . DNeKTPOATaAP/BIH
MacCaIapEIHBIH KHEIHTHIKTEI TYPAC 43210 MOJIIIEp] TOK THIFRBABIFBIH 1200-1400 A/M>-re neifin apTThIpFaHIa
Kebeiterini, am 2000 A/M> ayMarbIHIa — ailTapIIBIKTAll TOMEHICHTIHI KOPCeTiNreH, Gy KOCHIMIIA PeaKius-
JapAblH KbUILAMIBIFBIHBIH apTyblHa OalnaHbicTel. Toxipnbe y3axkThiFbiHbIH 0,5-2 caraT apaiblFblHIA
ANIEKTPOATAP MACCACHIHBIH a3al0 MeJIepi apTansl. bipak 2 caraTtaH KeiliH — OyJI mamMa TYpakThl KaJbllKa
Tyceni. MyssH cebebi, anmexrpoxnrap Oerinae koprackH (II) cynmbdarsl skuHaKTanaxel 1a, epy IpoleciHe
Kemepri kenrtipe Oactaiimel nen Ooipkayra Oosaxel. BIID kompmamran kesne TysimreH kopracwkiH (ID)
CyNb(aTHIHBIH Maccachl €Ki MOHOIIOJISIPIIBI 3IEKTPO KOJJAHBII KYPTi3reH dIeKTPOI30eH CABICTRIPFaHa,
Gipzeii TOK KyIIiH/e, )KYBIK IaMmaMeH 2,4 ece apThIK eKeHi aHbIKTaJI/IbL.

Kinm ce30ep: KOpFachlH, OHIIOIAPIBI MEKTPOJ, MEKTPOIIH3, aHBIMAIbBI TOK, TOTHIFY, aHOATHIK >KapThUIai
HEpUOJ, KYKIPT KbIIIKBUIBI.

A K. baemosa, A.M. Konsipar6aii, ®.M. XKymabaii, A. baemos, b. Jlecka

IHonay4yenne cyabdara ceunua (II) npu mossspuzanuu OMNMOJISIPHBIX
CBHHIOBBIX 3JIeKTPO/10B NlepeMEeHHbIM TOKOM

BriepBrie n3ydeH mpomuecc 31eKTpoin3a ¢ UcHonb3oBaHueM onnossipHsIx (BI1D) cBHHIOBBIX 31€KTPOIOB pH
MOJISIPU3ALMU TIEPEMEHHBIM TOKOM NPOMBIIIIeHHOH yacToThl (50 I') B pacTBOpax cepHoit kucnotsl. Iloka3za-
HO, 4TO B aHOJAHOM TIOJIyIIEPHOJIE TMEPEMEHHOTO TOKA MPOTEKAeT OKUCIEHUE CBHUHIIA JI0 ABYXBAJIEHTHOTO CO-
CTOSIHUSI HA BCEX MOHOIOJISIPHBIX M OMIMOJISIPHBIX 3eKTpoaax. Jlanee aHOMHBIN MONYNEPHO CMEHSETCS Ka-
TOJHBIM MOITYNEPHUOAOM, TOTJ[Aa CBUHLIOBBIN 3/IE€KTPOJ] CTAHOBUTCS KAaTOJOM M Ha €r0 MOBEPXHOCTU BBIAEIIS-
etcs Bonopon. Monsl cBunna (II) B3anmMoaeicTByIoT ¢ cyiabdar-aHHOHAMU B IPUAJIEKTPOJHOM IIPOCTPAHCTBE
¢ obpazoBanueM cynbdara ceunna (II). Ycranosneno, uro cymMmmapHasi yObIIb MaccChl SJIEKTPOJIOB BO3pacTaeT
C YBEJIMYEHUEM IUIOTHOCTH Toka 0 1200-1400 A/Mz, a B o6macta 2000 A/M> — 3aMeTHO YMEHBIIAETCS, YTO
CBSI3aHO C yCHJICHHEM IOOOYHBIX peakuuid. B mHTepBane mpogomkurensHocTH ombita 0,5-2 9 cymMmapHas
yOBUIb MacCHI AJIEKTPOOB yBenmuuBaeTcst. OHaKo Mociie 2-X 4 3Ta BEIUYUHA IIPAKTHYECKH OCTaeTCsl OCTO-
suHoit. [lo-BunumMomy, cyinbgar ceuxua (II) HauMHaeT HakamIMBaTHCS HA AIIEKTPOAAX M HPEMSTCTBOBATH
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MPOIIECCY PACTBOPEHUS. Y CTaHOBIICHO, 4YTO IIpU Hcmoib3oBaHuK BIID macca cynbdara ceunua (I1I) 6onbme
HPUMEpHO B 2,4 pa3a IpH OJMHAKOBOH CHJIE TOKA, YeM IPH NPOBEACHUH 3JIEKTPOJIH3a TOIBKO C ABYMS MOHO-
HOJIIPHBIMHU JICKTPOJAMHU.

Knrouesvie crosa: CBHHCI, 6HHOJI$IpHLIﬁ DJIEKTPOA, DJICKTPOJIN3, HepeMeHHLIﬁ TOK, OKHUCJICHUC, AHOJHBIN TIO-
Jynepuona, CepHas Kucjiora.
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Mass balance calculations of processes of ammonia saltpeter
thermal decomposition and nitric acid absorption of ammonia

The ability of ammonia saltpeter to decompose at elevated temperatures causes a rather serious concern both
its manufacturers and its consumers as for this reason the ammonia saltpeter quality and value meet the mod-
ern market requirements in incomplete measure. The purpose of present research is the material assessment of
effect of the ammonia saltpeter solution concentration on its thermal decomposition degree, and also determi-
nation of conditions of as much as possible complete recycling of the product of its decomposition —
ammonia — using a water solution of nitric acid. Scientific-applied importance of the research lies in the fact
that its results will allow us to solve the questions concerning the quantitative dependence of ammonia saltpe-
ter thermal decomposition degree and ammonia recycling on initial concentration of ammonia saltpeter and
nitric acid solutions. During the experiments the quantitative and qualitative changes, observed in the
ammonia saltpeter and nitric acid solutions, were judged by readout of the pH instrument placed in the ab-
sorption medium. It was established, that the higher the ammonium nitrate concentration and the lower the ni-
tric acid concentration in their initial solutions are, the lower the ammonia saltpeter thermal decomposition
degree is. And vice versa, the lower the ammonium nitrate concentration and the higher the nitric acid
concentration in their initial solutions are, the higher the ammonia saltpeter decomposition degree is. The
experimental study was implemented using a modelling laboratory installation, which can be recommended
to use at the development of an industrial technological line of ammonia recycling.

Keywords: ammonia saltpeter, ammonia, nitric acid, absorption, solution, thermal decomposition, technology,
production

Introduction

It is generally known that ammonia saltpeter is inclined to thermal decomposition [1]. As a result a
certain part of marketable ammonia saltpeter, both at plant conditions and at its storage, transportation and
practical use as a basic nitrogen-containing fertilizer, is irrevocably lost decomposing into nitric acid and
ammonia. Simultaneously its qualitative measures and consumer properties become worse. For this reason
obtaining the reliable information about the scale of nitrogen loss and material damage of the ammonia
saltpeter thermal decomposition is of great importance.

At present judging by the published data including the latest information [2], balance data about the
weights of thermally decomposed part of ammonia saltpeter and products of its decomposition — ammonia
and nitric acid — are absent. In addition there is no sufficiently scientifically and experimentally substantiat-
ed information about recycling the gaseous product of the ammonium nitrate thermal decomposition —
ammonia [3]. In this connection planning and organization of researches connected with working out of mass
balances for the processes of ammonia saltpeter thermal decomposition and nitric acid absorption of ammo-
nia are actual problems. For solving the assigned research tasks the experimental setup has been developed,
which allowed us practically completely to recover the ammonia formed at the thermal decomposition of
ammonium nitrate solutions with various concentrations.

Experimental techniques

The research was implemented under laboratory conditions of chair «Chemical technology of inorganic
substances» of M. Auezov South Kazakhstan State University using model solutions of the ammonia
saltpeter produced at joint-stock company «Kazazot» [4] with concentration of 7.45 mol/l and 11.76 mol/l. All
the solutions contained the same mass of the granulated ammonia saltpeter. Nitric acid water solutions with
concentration of 0.05 mol/l, 0.1 mol/l, 0.2 mol/l, 2.0 mol/l were used as absorbents. In all cases the residual
nitric acid content in a waste absorption solution was determined based on the consumption of a 0.1N sodi-
um hydroxide solution used for its neutralisation. At implementation of the experiments a temperature re-
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gime of the ammonium nitrate thermal decomposition from its solutions was maintained by means of a
thermostat (LOIP LT-200); the working solution used in the thermostat was a water-glycerine mixture. It
made possible to heat an ammonia saltpeter solution in the thermostat to 150 °C.

A main indicator of course of the experiments was pH of an ammonia saltpeter initial solution and a fi-
nal water nitric acid solution. For measurement of pH of the above mentioned solutions we applied an ion
meter [-160 MI. The experimental laboratory setup is represented in Figure.

1 — a thermostat LOIP LT-200; 2 — an ammonia saltpeter solution; 3 — a nitric acid solution;
4 — an ion meter [-160 MI; 5 — a backflow condenser; 6 — a drop catcher; 7 — an adopter; § — electrodes

Figure. The model experimental installation for studying the ammonia saltpeter thermal decomposition
and nitric-acid ammonia absorption processes

An ammonia saltpeter solution of the necessary concentration was poured in flask (2) which was tightly
closed with the cover with drop catcher (6) built-in in it. The drop catcher was connected to backflow water
condenser (5), which output end was joined to adopter (7). The lower end of the adopter was dipped into an
absorption nitric acid solution in absorber (3). A vessel with the ammonia saltpeter solution was immersed in
the thermostatic liquid in thermostat (1). Electrodes (8) of ion meter (4) were placed in the absorber filled
with a nitric acid solution (3). The thermostat maintained the specified temperature regime of boiling the
ammonia saltpeter solution (110 °C for concentration of 7.45 mol/l, 120 °C for concentration of 11.76 mol/l).
At the specified temperatures the ammonium nitrate, contained in the solutions, was partially decomposed
according to the reaction:

NH;NO; — NH; + HNO; N

At the steady boiling conditions the water vapour and gaseous ammonia liberated from the ammonia
saltpeter solution in the flask were fed in the backflow water condenser, where they condensed and became
cool, and then they mixed with the nitric acid solution in the absorber. As a result, the volume of the nitric
acid solution was increasing at its simultaneous neutralisation with the gaseous ammonia giving an ammonia
saltpeter solution under the reaction:

NH3 + HNO3 —>NH4NO3 (2)

In the sequel when a certain part of the water, contained in the solution, has been evaporated, the solu-
tion concentration has increased, and the solution in the thermostat has stopped to boil at the given
temperature we specified the following temperature regime corresponding to the boiling temperature of the
solution with raised concentration. In the process the new concentration and boiling temperature of the
investigated solution were determined each time by means of the calculation taking into account the weight
of the evaporated water which has got to the absorber together with the absorbed ammonia. Transition from
the water solution of ammonia saltpeter to its melt with the final boiling temperature not above 150 °C was
the indication of the termination of the ammonia saltpeter thermal decomposition process.
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Results and Discussion

The data about the initial and final composition and properties of water solutions of ammonia saltpeter
and nitric acid, and also results of the implemented experiments are represented in Table 1 [5].

Table 1
The initial data and the research results
Ammonia saltpeter solution (AS) Nitric acid solution (NA)
N Initial solution Melt Initial solution Waste absorbent q AS thermal
0. A s ecomposition
Ca 0 Ca 0 Cs 0 Cres > 0 C/'urm > 0
pH mol/l t, °C mol/l t, °C pH mol/l t, °C pH moll t, °C el degree, %
1 | 475]11.76] 25 17.6 200 1.30 | 0.05 25 1.69 | 0.020 27 0.008 0.06
2 | 475 |11.76] 25 17.6 200 1.00 | 0.10 25 1.59 | 0.026 27 0.031 0.26
3 480 |11.75] 25 17.6 200 | 0.70 | 0.20 25 1.24 | 0.058 27 0.056 0.40
4 |5.10|745| 25 17.6 200 | 0.21 | 2.00 25 0.68 | 0.210 30 0.415 5.50

Material calculations of the studied process were performed on the basis of the data presented in
Table 1, which are the arithmetical mean of not less than three experiments. The calculations were made for
1000 kg of ammonia saltpeter. Taking into consideration the standard requirements to its quality according to
State Standard 2—2013 [6] this quantity contains 988 kg of pure ammonia saltpeter.

Results of the mass balance calculations are represented in Tables 2, 3.

Table 2
Initial material balance data on a composition of experimental ammonia saltpeter
and nitric acid solutions per 1000 kg of dissolved ammonia saltpeter
No. Initial ammonia saltpeter solution kg No. Initial nitric acid solution kg
1 |NH4NO; 1000 1 HNO;_ (100 %) 6.3
including: 2 H,O0 solvent 494.5
NH4NO; 988
H,0 (1 %) 9.98
Insoluble residue (0.2 %) 2.00
HNO; initial residual 0.0123
2 |H,O solvent 400
Total mass 1400 Total mass 500.8
Table 3
Final balance data on a composition of waste experimental ammonia saltpeter
and nitric acid solutions per 1000 kg of initial dissolved ammonia saltpeter
No. Final ammonia saltpeter solution kg No. Final nitric acid solution kg
1 INH4NO; melt 1006.31 1 |NH4NO; formed 3.936
including: including:
NH4NO; 984.06 NH;absorbed 0.836
H,O 17.14 HNO; (100 %) neutralized 3.100
Insoluble residue 2.00 2 |HNO; (100 %) residual 3.200
HNO; initial residual 0.0123 3 |H,O solvent 494.50
HNO; (100 %) formed 3.1 H,O condensed 392.84
Total mass 1006.31 Total mass 894.48

As follows from the data of Tables 2 and 3, at the conditions of the experiment 3 (Table 1) only
3.936 kg of ammonia saltpeter was decomposed from its general mass of 988 kg. The residual mass of
ammonia saltpeter in the melt formed was 984.06 kg. Thus the ammonia saltpeter thermal decomposition
degree is 0,4 %. As the result of thermal decomposition of the above mass of ammonia saltpeter under
reaction (1) 0.836 kg of gaseous ammonia was formed, which reacts with the nitric acid contained in the ab-
sorption solution in the absorber according to reaction (2) again forming 3.936 kg of ammoniac saltpeter.
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During the boiling the initial ammonia saltpeter solution the condensed water vapour formed in the backflow
condenser in quantity of 392.84 kg also incomes in the absorber simultaneously with the gaseous ammonia.
Thus, after termination of experiment 3 the flask 2 contained 1006.31 kg of the ammonia saltpeter melt
formed of 1400 kg of the initial ammonia saltpeter solution, and the weight of the absorption solution in the
absorber increased from 500.8 kg to 894.48 kg, respectively.

On the basis of the above mentioned data obtained during the studying the ammonia saltpeter decompo-
sition and nitric acid absorption of the decomposition product — ammonia — we calculated the mass
balances of the studied processes on nitrogen (Table 4).

Table 4
Nitrogen content in initial and waste experimental solutions of ammonia saltpeter and nitric acid

No. Nitrogen content kg No. Nitrogen content kg
1 2 3 4 5 6
1 |In the initial ammonia saltpeter solution: 1 |In the final ammonia saltpeter solution:
in NH4;NO;dissolved 345.80 in NH;NO;melt 344.40
in HNOsinitial residual 0.0027
in HNOj initial residual 0.00274 in HNOj; (100 %) formed 0.6888
2 |In initial nitric acid solution: 2 |In final nitric acid solution:
in HNOjs (100 %) 1.40 in NH4NO;formed 1.3776
in HNOj; (100 %)residual 0.711
Total mass 347.20 Total mass 347.20
Conclusions

The obtained results allow us to draw the following conclusions:

1. For the first time in research practice the reliable balance data about thermal decomposition of am-
monium nitrate in its boiling solutions and nitric acid absorption of the decomposition product — ammo-
nia — have been obtained.

2. It was established, that at the specified concentration of the initial ammonia saltpeter solution
(11.76 mol/l) with increase in nitric acid concentration in the sorption solution the ammonia saltpeter
decomposition degree increases approximately in 8 times and makes 0.06 % and 0.40 % at concentration of
the sorption solution of 0.05 mol/l and 0.20 mol/l, respectively. It was also noticed, that the simultaneous
decrease in ammonia saltpeter concentration in the initial solution (to 7.45 mol/l) and increase in nitric acid
concentration in the absorption solution (to 2.0 mol/l) leads to the sharp increase in the ammonia saltpeter
decomposition degree (to 5.57 %). These facts can be logically explained as a consequence of the well-
known Le Chatelier principle.

3. The assembled and successfully tested experimental setup can be really used as a prototype for de-
velopment of industrial technological lines for recycling and utilization of ammonia; that is especially
important with reference to manufacture of ammonia saltpeter of nitric acid and gaseous ammonia. At the
same time, as follows from the analysis of the data obtained, it permits us almost completely to exclude the
losses of the raw materials and products unavoidable on operating enterprises.
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AMMHAK CeJIMTPACHIHbIH TEPMUSIIBIK bIABIPAYBI :KOHE AMMHAKTBIH 230T
KBIIIKBLIIBI A0cOpO1IHACH] YpAICTepiHiH 0aJaHCTHIK MaTepHAIbIK ecenTeyJiepi

AMMHAK CeIUTPachl OHAIPYIIiIepi MEH TYTHIHYIIBUIAPBIH OHBIH TEPMUSUIBIK bIABIPAayFa KaOlIeTTiIIIr, OChIFaH
0ailIaHBICTBl OHBIH CamnajblK JKOHE KYH/BUIBIK KOPCETKIIITEpiHIH 3aMaHayd HapblK TalalnTapblHa COWKec
KeJIMEYiHEH eleylli anaHaaryna. AMMHAK CeJIMTPAChl ePiTiHAICI LIOFBIPIAPBIHBIH OHBIH TEPMHUSUIBIK BIIBIPAY
JIOPSIKECIHE OCEPiH JKOHE BIABIpAY OHIMI — aMMHAKTBIH a30T KBIIIKBUIBIHBIH CYAaFbl epiTiHAiciHIe
MYMKIHIIKTi TOJBIKTal Mafigara acbIpy MIapTTapbIH CaHBIK Oaraay »KYMBICTBIH MaKCaThl OOJIBIT TaObLIa/IbI.
JKYMBICTBIH ~ FBUIBIMH-KOJJAHOATBIK MAHBI3ABUIBIFEl  OHBIH ~HOTIXKENEPIHIH aMMHaK —CEJIMTPACBIHBIH
TEPMUSJIBIK BIABIPAYbl MEH aMMMaKThl Taiifjara achpy AOpPEXKENepiHiH, aMMHAaK CEIMTPAChl JKOHE a30T
KBIIIKBUIBI epITIHAUIepiHiH 0acTanKpl MIOFBIpIapblHA KATBICTHI CAHIBIK TOYEJAUTIKTepre OaillaHbICThI
CypakTapra aKbIHIBUIBIK OepyiHae. AMMHAaK cenuTpacsl MeH abGCopOeHTTIK OacTamkbl epiTiHAUTIK
opranapaa OaiiKaJblHATBIH CaHIBIK JKOHE Camaiblk e3repicrep Typamsl Moanimerrep pH-meTpaig
KOpCETKIIITepl apKbUIbl TaralbIHAaIAbsl. bacTamnkel epiTiHIilepie aMMHaK CeJIUTPAchl epiTiHJICI IIOFBIPHI
HEFYPJIBIM KOFaphbl, ajl a30T KbILIKbUIbI ePiTIH/IICI IOFBIPBI HEFYPJIBIM TOMEH 60Jica, aMMHAK CEIUTPACHIHBIH
TEPMHUSUIBIK BIIBIPAY JIOPEKEC] COFYPIIBIM TOMEH OOJATHIHBI JKOHE KEpIiCiHIIe, aMMHAK CEJIUTPACHl epiTiHmic
LIOFBIPBI HEFYPJIBIM TOMEH, all a30T KBIIIKBUIBI €PITiHAICI LIOFBIPBI HEFYPIIBIM JKOFapbl 60JICa, COJFYPIIBIM
aMMHaK CEIMTPACBIHBIH TEPMMSUIBIK bIAbIpAY AOPEXKECi MKOFapbl OONAThIHBI aHbIKTaIbL. ToxxipuOenik
3epTTey/iep aMMHUAKThl Maiara achIPYAbIH OHIIPICTIK TEXHOJOTMSUIBIK KETICiH JalblHIay/Aa KOJJaHbUTyFa
YCBIHBIA JIBIHATBIH MOJICJIbIIK 3€PTXaHAIIBIK KOH/BIPFbIA OPBIHAAIIBI.

Kinm ce30ep: aMmuax ceiumTpachl, aMMHaK, a30T KbIIIKbUIbI, aOCOPOLUs, €pITiHIl, TEPMHUSUIBIK BIABIPAY,
TEXHOJIOTHsI, OHJIIpIC.

V. bectepekos, A.Jl. Keigsipanuesa, M. A. [leTponaBioBcKui,
M.M. Eckenauposa, K.H. Ypakos, 1. A. [lounTtankuna, A.A. boibicoek

BbanancoBble MaTepuaibHbIE PacyeThl IPOLECCOB TEPMHUYECKOT0 Pa3JI0KEHUS
AMMMAYHOM CeJIMTPbI U A30THOKUCJIOTHOM a0CcopOuMu aMMHaKa

CnocoOHOCTE aMMHAYHOI CENTUTPEI K TEPMUUECKOMY PA3JIOKEHHIO BCE CIle BBI3BIBAET JOCTATOYHO CEPhE3-
HYIO 03a004€HHOCTb KaK y €€ IPOMU3BOJUTENCH, Tak U y MOTpeOUTeINIeH, Tak KaK BCIEACTBHE 3TOTO KauecTBO
W [EHHOCTb aMMHAYHOH CEIUTPHI HEJOCTATOYHO IOJHO OTBEYAIOT COBPEMEHHBIM PHIHOYHBIM TPEOOBAHUSIM.
Iens paboTsl — MaTepuaibHas OIEHKA BIMSHHS KOHLEHTPAUH PacTBOpa aMMHAYHOM CEIUTPHI HAa CTEHECHb
€€ TEPMUUYECKOTO PA3JIOKEHHs, a TAKXKE BBISICHEHHE YCIOBHUII MaKCHMAJbHO IOJHOM yTHIM3aIlUU MPOAYKTa
ee pacrajia — aMMHaKa — BOJHBIM PacTBOPOM a30THOM KHCIOTH. HayuHo-npukiagHas 3Ha4NMOCTb pabOTHI
COCTOMT B TOM, UTO €€ PE3yJbTaThl BHECYT SICHOCTh B BONIPOCHI, KACAIOLIHECS KOJIMUECTBEHHOH 3aBUCHMOCTH
CTENEHH TEPMHUUYECKOTO pa3/oKEHHs aMMHUAuHOM CEeIMTphl M YTWIM3aLUM aMMHaka OT HMCXOJHBIX
KOHICHTPallMi aMMHAa4YHOM CEIHUTPHl M a30THOH KHCIOTHL. O KOJIMYECTBEHHO-KAaUeCTBEHHBIX M3MEHEHHSX,
Ha0JII01aeMBIX B CpellaX UCXOAHBIX PacTBOPOB aMMHUAYHOM CENUTPHI U aGCOpOeHTa, CYIIIIH 110 TOKa3aHHIM
pH-metpa, ycranoBiaeHHOTO B aOCOPOIMOHHON cpene. Y CTaHOBIEHO, YeM BBIIIE KOHIEHTPAIUs aMMHAYHON
CEeJIUTPHl M YeM HIDKE KOHIIGHTpAIUsl a30THOI KHCIIOTHI B MX HCXOIHBIX PAaCTBOpax, TEM HIDKE CTEIEHb
TEPMHUYECKOTO PpAa3JIOKEHHsS aMMHAYHON CENUTPHI, M, HA00OPOT, 4eM HIKE KOHLEHTpPAIMs aMMHA4HON
CEJIMTPBl M YeM BBIIIE€ KOHLEHTPAIMs a30THOM KHUCIOTHI B UX HCXOJHBIX PACTBOpPAax, TEM BBILIE CTENEHb
TEPMHUYECKOTO PA3TI0OKEHUsI aMMHAYHON CEIMTpPBL. ODKCIEPUMEHTANbHBIE HCCIEIOBAHUS BBIMOJIHEHBl HA
MOZENBHON 1a0b0opaTOpHON YCTAHOBKE, KOTOpasi MOXET OBITh PEKOMEHIOBAHA K HCIIOIb30BAHUIO MPHU
pa3paboTKe MPOMBIIUICHHOH TEXHOJIOTUIECKOH JINHUH yTHIM3AIlMY aMMHUaKa.

Kniouesvie crosa: aMmvmuadHast celmTpa, aMMHUaK, a30THas KHCJIO0Ta, a6cop6u1/m, pacTBOp, TCPMUYECCKOEC pas3-
JIOKCHUE, TEXHOJIOT YA, IPOU3BOJACTBO.
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Physico-chemical investigation of stone coals of «Karazhyra» field

Results of physico-chemical research of stone coals from the Karazhyra field presents in this work. The fol-
lowing technical indicators of coals were studied: moisture, ash, yield of volatile component, sulfur content,
elemental composition, heat capacity, morphology and particle size. The results of the technical analysis indi-
cate low ash and moisture. X-ray fluorescence spectral analysis indicates the presence of rare earth metals in
the composition of coal. The surface morphology and particle size of coal samples were characterized by
scanning electron microscopy. Results show that the surface is heterogeneous with areas characterized by a
dense structure and porous texture. On the surface also observed micron-sized clusters. The average fraction
size is 0-300 millimeters. Areas with a porous texture has a corrugated surface with open slit-like and tunnel-
like exits forming a system of pores with a size 2—10 microns. Thermal stability was determined by differen-
tial scanning calorimetry. On the sample surface was spectroscopically identified oxygen-containing and ni-
trogen-containing groups. Coal has a relatively high heat of combustion, a high yield of volatile compounds,
characterized by a relatively low ash value, moisture, low sulfur and nitrogen content. Demonstrated the pos-
sibility of using the Karazhyra field coals in almost all branches of the national economy.

Keywords: stone coals, spectroscopy, X-ray fluorescence analysis, electron microscopy.

Introduction

Stone coals are the largest source of organic raw materials. Its relevance in the near future is significant-
ly increasing due to the depletion of oil, this predetermines the possibility of use it in almost all branches of
the national economy from an elementary household furnace to space vehicles [1-4]. Coal is the most com-
plex organomineral formation, and therefore has variety properties. Deep knowledge is need about the fea-
tures of the chemical structure and reactivity of the organic component of coal and the role of mineral com-
ponents in the processing and mining of coal. The increased interest in the coals of the Karazhyra field be-
cause of their high quality stimulates the search for new innovative methods of its application. Section
«Karazhyray is a coal-mining enterprise of Kazakhstan located in the East Kazakhstan region, on the territo-
ry of the former Semipalatinsk nuclear test site. The area of the deposit is 21.4 km?, which located 9 kilome-
ters from the site «Balapany» [5]. Coal reserves are 1.3 billion tons [6]. D grade coal produces in this deposit,
and the size of the fraction is 0—300 millimeters [7]. The volume of production for 2017 is about 7-9 million
tons. According to the journal «Kazakhstan», the coal of the Karazhyra field is suitable for the production of
rare earth metals [8]. Previously, the coal extraction process of the Karazhyra deposit was carried out and
optimized on the Soxhlet apparatus with organic solvents [9]. According to the results of the extraction prod-
ucts study by IR spectroscopy and chromatography-mass spectrometry (CMS) was shown a preferential
presence of alkanes (38.17 %), aromatic hydrocarbons (7.72 %), naphthenes (6.38 %) and oxygen-containing
hydrocarbons (5.53 %).

Experimental

Materials and methods

Moisture. Moisture is an important component of coal, from both scientifically and practically point of
view. Moisture is ballast and reduces the useful mass of coal when coal is used as energy fuel. Wet coal ig-
nites faster during storage, it freezes at minus temperature throughout transportation, creates certain difficul-
ties on the heat supply route of the combined heat and power (CHP), etc. According to the results of the
analysis, the coals of the Karazhyra deposit are generally characterized by a low analytical moisture content,
on average, it is 14.0 %. Content of moisture in the fuel depends on several factors: coal mining technology,
transportation and storage conditions, natural factors, petrographic composition of coal, coalification degree,
formation depth and ash content.
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Ash content is one of the most important and the most variable indicators of coal quality. In the course
of field operation, additional dilution of coal by rocks of soil, roof or rock interlayers occurs. The average
ash content for the deposit was 19.8 %.

The yield of the volatile components of coal from Karazhyra field is average 47.0 % value and depends
on the number of microcomponents of the initentite group in the composition of coals. Increasing these com-
ponents reduces the yield of volatile components.

Coals of the Karazhyra field are low-sulfur, the average content of sulfur is 0.4 %.

Elemental composition of coals is closely related to their physical and technological properties [10]. De-
termination of sulfur, carbon, hydrogen, nitrogen, oxygen and phosphorus content was carried out on the
Labsys Evo analyzer (Setaram, France).

Results and Discussion

The results of the technical analysis of coal presented in Table 1. According to this table the studied
coal has low ash and humidity.

Table 1

Qualitative characteristics of coal

No. Indicators Index Average

value, %
1 |Moisture \\ 14.0
2 |Ash A 19.8
3 |Yield of the volatile components \% 47.0
4 |Sulfur S 0.4
5 |Carbon C 75.5
6 |Hydrogen H 53
7 [Nitrogen N 1.7
8 |Oxygen O 16.8
9 [Phosphorus P 0.04

The qualitative composition of the carbon samples was determined from group bands in IR spectra,
which obtained by IR Fourier spectrometer Cary 660 FTIR (Agilent technologies, USA). Figure 1 shows the
IR spectra of the investigated coal. The spectra show peaks characteristic of stretching vibrations of amides,
aromatic hydrocarbons, aromatic and aryl alkyl ethers, alcohol hydroxyls (Table 2).
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Figure 1. IR spectra of the coal from the «Karazhyra» field
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Table 2
Characteristics of IR spectra of the investigated coal from the «Karazhyra» field

Nature of Type of groups Frequency, sm™
oscillation ’

VoH Hydroxyl groups 3693 (m), 3619 (m), 3392 (m)

Vcu Methylene groups in the benzene ring 2928 (m)

Ve—c Double carbon bonds of primary amides 1616 (s)

VHC-CH Unsaturated compounds (aromatic hydrocarbons) 913 (m) — 798 (m)

Vcoc Aromatic and aryl alkyl ethers 1282 (w)
V0o -OH- Primary alcohols 1097 (m) — 1033 (m)

VcHa Methylene groups 1450 (m)

Note. s — strong; m — medium; w — weak bands.

The investigation of coal samples of the «Karazhyray field were carried out using an Epsilon X-ray flu-
orescence spectrometer (Panalytical, Netherlands).

The obtained data are presented in Figure 2 and Table 3. The analysis of XFA showed that the percent-
age of silicon (5.024 %), aluminum (2.764 %), calcium (2.232 %) exceeds all other indicators. The lowest
percentages are zinc (0.008 %), manganese (0.0006 %), chrome (0.011 %). Generally, according to the re-
sults revealed 16 elements in the composition of coal.

cps/channel
1AFA  126A 14A 16PA 186 ZABA 2708 2460 Z6AA

B@B

= 5i KA
= Br LA

AL KA
= | P krall CakAa Fe_KA
- skal | Tioke Mo KB

Fb_FAK KA Zn KA I
= | 2n LAlICL KAE EE Cu KA | Fb LAL Br KB
& er. LB JET ke) B Fe KB Mi KB 2Zn KB | Pb LB
AllPE M Mi kAl |Cu KB | Pb hLﬂz Br KA

1.2 24 36 48 68 72 8.4 96 188 1z.8 13.2 1

Figure 2. X-ray pattern of the coal sample from the «Karazhyray field

The morphology and particle size of the coal were determined by scanning electron microscopy (SEM)
using a JSM 6390 LM JEOL microscope. Table 4 presents the results of the study. The sample surface is
non-uniform with areas characterized by a dense structure and with a porous texture. On the surface also ob-
served clusters with micron size. Areas with a porous texture have a corrugated surface with open slit-like
and tunnel-like outcrops forming a pore system with a size of 2—10 um (Fig. 3, 4).
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Table 3

The results of the analysis of the coal sample from the Karazhyra field obtaining by XFA
No. Element Sample 1 Sample 2 Sample 3 Average value, %

1 Mg 0.097 0.099 0.095 0.097

2 Al 2.770 2.769 2.755 2.764

3 Si 5.027 5.033 5.012 5.024

4 P 0.432 0.437 0.439 0.436

5 S 1.074 1.070 1.071 1.071

6 Cl 0.445 0.444 0.444 0.444

7 K 0.424 0.426 0.421 0.423

8 Ca 2.235 2.234 2.229 2.232

9 Ti 0.442 0.443 0.441 0.442

10 \Y 0.021 0.021 0.021 0.021

11 Cr 0.012 0.011 0.011 0.011

12 Mn 0.007 0.006 0.007 0.006

13 Fe 1.469 1.469 1.461 1.466

14 Ni 0.017 0.017 0.017 0.017

15 Cu 0.030 0.030 0.030 0.030

16 Zn 0.008 0.008 0.008 0.008

Figure 3. Scanning electron microscope (SEM) image of a sample of coal from the Karazhyra field —
a site with a dense morphology of a surface with a porous texture

Based on the data of XFA and SEM, it can be concluded that the results of the analyzes diverge: the use
of XFA provides a more accurate and broad list of fixed components in coal composition than SEM. This is
due to the fact that XFA allows to explore the entire structure of coal pulverized in powder. A certain section
of coal and only the surface are investigated with scanning electron microscopy.

Figure 4. Graph of coal analysis of Karazhyra field by scanning electron microscopy (SEM)
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Table 4
Sample analysis result by SEM, %
No. Na Al Si S Fe
Sample 1 2.18 3.39 4.94 49.08 40.42
Sample 2 2.19 3.53 5.09 49.36 39.84
Sample 3 2.06 3.59 5.20 48.91 40.24
Average value 2.14 3.50 5.07 49.12 40.16

Thermal stability of the stone coal samples from the «Karazhyra» field was determined on DSC EVO
131 Setaram by differential scanning calorimetry (DSC) (Research were performed on the basis of the «Insti-
tute of Polymeric Materials and Technologies» in Almaty). Based on the analysis given in Figure 5, the
moisture of the coal evaporates at temperature 126 °C, and then with further heating of the coal to 750 °C its
structure destroyed. In the range 50-75 °C the loss of mass of coal was 67 %.

Heat of combustion is the most important characteristic of thermal properties. The higher heat of com-
bustion for dry ashless state Q, characterizes the natural type of coal, the degree of its coalification and the
material composition. The lowest heat of combustion of the working mass of coal Q;, expresses the amount
of heat that can be practically realized during combustion and directly depends on the ash content and hu-
midity of the coal. On average, the lowest calorific value of coal samples is 4650 kcal’kg, at A, = 19.8 % and
W,=14.0 %.

T-19.0 and 741 15 ("C)
1:13.2 and 4 167 5(s)
& (mg) 12,05

fm (%) 67%
Remaining Mass 11821 mg

TG |s |c (mg)
o
HeatFlow |s | (mWW)

T 126.27 (*C)

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850
Sample Temperature (*C)

1 — coal moisture; 2 — coal ash content

Figure 5. The graph of the interaction of coal from Karazhyra field with heat (with thermal effect)

Conclusion

Thus, the coal of the Karazhyra field belongs to grade D (long-flame), and the fraction size is
0-300 millimeters. Coal has a relatively high heat of combustion, a high yield of volatile compounds, also
characterized by a relatively low ash content, and small content of sulfur and nitrogen. Coefficient of
grindability of coal is equal to 1.06, so indicates that it is hard coal. With the set of physical methods were
identified oxygen and nitrogen containing groups, aromatic compounds, presence of metals. Consequently,
the coals of the Karazhyra field are not only good energy fuels, but also an alternative source of raw materi-
als for the chemical industry, and the opportunity to extract it by the open method makes it suitable for use in
many areas of the national economy.
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«Kapa:kbpipa» KeH OpHbI TaC KOMIpiH (pU3HKA-XUMHSIBIK 3€PTTEY

Maxkanana «Kapaxsipa» KeH OpHBI Tac KOMIpIHIH (H3MKa-XUMHSIIBIK 3epTTEY HOTHIKENEepi KeTipijreH.
KeMmipaiH MBIHa TEXHHKAIBIK KOPCETKIIITEpl 3EPTTENIHII: BUFAIIBUIBIFGI, KYJIUIIN], YIIKBII 3aTTapAbIH
LIBIFBIMBI, KYKIPT MOJIILIEP], 3TIEMEHTTIK KYPaMbl, KbUTy CHIHBIM/IBUIBIFBI, OOJIIICKTEPAIH MOP(HOIOTHICH MEH
enmeMi. KemipaiH TeXHHUKaIBIK capanTaMa HOTIDKENEepl OHBIH KYJIUIITT MEH BUFAIJBUIBIFEI TOMEH EKCHIH
nonenaeni. PeHTreHo(IIyopecueHTTIK CIIeKTPIIK Tanaay KeMip/[iH KypaMbIHa CHPEK Ke3JIeCeTiH MeTajiap
Oap exeHiH kepcerTi. KemipaiH MOpQOJIOTHACH MEH eJIeMi CKaHepJeyIli 3JIEKTPOHIBI MHUKPOCKOIINS
omicimen 3eprreninai. Kemip yiriciniH OeTi OpTEKTi, THIFBI3 JKOHE KEYEeKTI KYPBUIBIMIBI ayAaHIapMeH
CHIIATTaJaThIHbl aHbIKTATAbl. «Kapaxeipay KeH OpHBIHBIH Tac kemipi JI (Y3aK >KajbIHIbI) MapKachlHa
xatansl. Connaii-aK OeTTiK ayJaHia MUKPOH/BI eJeMl kiactepiiep ae Gaiikanpl. PpaKkuusHbIH OpTala
ommemi 0-300 muutumeTpai Kypaiiasl. Keyekti KypbuibiMabl ayaangapaa, 2—10 MKM eJteMIi caHbUIayJIbl
JKylle Ty3eTiH amIbIK CaHbUIAy Topi3fec JKOHe TYHHEN Topi3lec IIBIFYBl 0ap OWBIKTBEI Oerrep Oap.
TepMoaHaINTHKAIBIK HOTIDKEINIEp HETI3IHIE Tac KeMip YIriepl TepMISUIBIK TYPaKThl eKeHi, YIATiHIH OeTiHae
KypaMBIH/Ia OTTET1 JKoHE a30T 0ap TONTapAbIH OOJybl CHEKTPOCKOMISUIBIK TYpAe aHbIKTangsl. Kemip cambic-
TBIPMaJIl TYPJE JKOFapbl JKaHy JKbUIybIHA, JKOFapbl IIBIFBIMIBI YIIKBII 3aTTapFa He JKOHE TOMEH
KYJIUTITIMEH, BUTFAILABLUIBIFBIMEH, KYKIPT IIeH a30TThIH a3 MeJiepae 0oxybiMeH epekiueneneni. Aa = 19,8 %
xoHe Wa=14,0% OonraHna, KeMip CbhIHAMaJapblHBIH Ta3a KaUIOPUSUIBIK MOHI oprama 4650 kkai/kr
Kypaiiapl. «Kapaxpipay KeH OpHBI KOMipiHIH XaJbIK IIapyallbUIbIFbIHBIH OapiiblK cajajapblHAa Haijanany
MYMKIHZIr1 KepceTinai.

Kinm ce30ep: Tac xemip, MOp(OJIOTHS, CIIEKTPOCKONHS, PEHTTEHO(UIYOPECIEHTTIK TaiAay, SJIEKTPOHIBI
MUKPOCKOIL.

P.T. IumxymanoBa, b.b. basxmerosa, H.b. Kacenona, A.H. Knusenko

Pu3nKo-xuMHYECKOe UCCIeJ0BAHNE KAMEHHbIX yrﬂeﬁ
MECTOPOKACHUA «Kapamupa»

B crarbe mpuBeneHbl pe3ynbTaThl (HH3UKO-XUMUYECKOTO HCCIEJOBAaHUS KAMEHHBIX YTJel MeCTOpPOXKICHUS
«Kapaxxsipay. V3ydeHsl crefyomue TEXHUUECKUE MOKa3aTelH yriel: BIaXXHOCTb, 30JIbHOCTh, BBIXOJ JETY-
YMX KOMIIOHEHTOB, COAEPKAHUE CEPBbI, ITEMEHTHBIH COCTaB, TEIIIOEMKOCTb, MOP(OIOrH U pa3Mep YacCTHIL.
Pe3ynpTaThl TEXHUUECKOTO aHAIU3a YU CBUAETEILCTBYIOT O €0 HU3KOM 30IbHOCTU U BIaXHOCTU. PeHtre-
HO(ITIOOPECIEHTHBII CHEKTPAIBHBIA aHAIN3 YKa3blBaeT HA HAINYHE PEIKO3EMENIbHBIX METaUIOB B COCTAaBE
yrist. Mopdororuro u pasmMep 4acTUIl YUt ONPeesUIH METOJOM CKaHUPYIOIIEH JIEKTPOHHOW MHUKPOCKO-
UM, YCTAHOBJIICHO, YTO ITOBEPXHOCTH OOpasla yriss HEOJHOPOJHAs C YJacTKaMH, XapaKTepH3YIOIIMMHUCS
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IUIOTHOW CTPYKTYPOH M MOPUCTOM TEKCTypoil. Yroab MecTopokaeHus «Kapaxpipa» oTHOCHTCA K Mapke [
(mmuuHOIIIaMeHHBIX). Ha moBepxHOCTH HaOMIONAIOTCA TakXkKe KIAacTepbl MHUKPOHHOro pasmepa. CpemHuit
pa3mep ¢pakimu cocrasimsier 0-300 MM. Y4acTKu ¢ IOPHCTOI TEKCTYpOit MMEIOT pUGIICHYIO TOBEPXHOCTH C
OTKPBITBIMH IIENEBUIHBIMI U TYHHEICBHAHBIMH BBIXOAAMH, 0OpasyIOIMMHU CHCTEMY HOp pa3smepoMm 2—10
MKM. Ha ocHOBaHMY TepMOAHAIMTHYECKHUX PE3yJIbTaTOB YCTAHOBJICHA TEPMUYECKask yCTONIMBOCTH 00Opa3LoB
KaMEHHBIX YIJIEH, CIIeKTPOCKOIMYECKH MICHTH(OUINPOBAHBI KUCIOPOA- U a30TCOAEPIKAIIUE TPYIIIBI HA I10-
BEPXHOCTH 00pa3IoB. YToib 001a1aeT CPaBHUTEIHHO BEICOKOH TEIIIOTOH CropaHus, BEICOKUM BBIXOJIOM Jie-
TY4HX COEAMHEHMH, OTIMYIAETCS] OTHOCUTENBHO HU3KOH 30JIbHOCTBIO, BIAKHOCTBIO, HEOONBIINM COJEPKAHH-
eM cepbl M a30Ta. B cpeaHeM HH3LIas TEIUIOTa CropaHusi 00pasloB yrisi cocrasiseT 4650 Kkan/Kr mpu
A,=19,8% u W,=14,0 %. IlokazaHa BO3MOXXHOCTb NpPHUMEHEHUsI yriei mecropoxieHus «Kapaxsipa»
MPaKTUYECKU BO BCEX OTPACISAX HAPOAHOIO XO3SHCTBA.

Kniouesvie cnosa: KaMeHHBIE yrimy, MOpq)OJIOFI/ISI, CIICKTPOCKOIINA, peHTI‘eHO(i)IIIOOpCCL[CHTHLIﬁ aHalinu3,
DJICKTPOHHAasA MUKPOCKOTIINSA.
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About development of a new method of processing
of low-quality phosphate raw materials

Kazakhstan has huge reserves of phosphate raw materials. Nowadays high-grade phosphates are almost ex-
hausted, and the ore is mainly represented by run-of-mine and low-grade phosphorites with small phosphorus
content. Processing of low-grade phosphate raw materials by traditional methods is hindered. Formed large
amounts of solid waste at phosphorus production require searching methods of their recycling or utilization. It
also makes an urgent the search for new alternative ways of processing low-quality phosphate raw materials.
Obtaining phosphorus oxyfluoride from low-grade phosphorites with its further processing into elemental
phosphorus is one of ways of processing such phosphate raw materials, which allows to simplify the process
and improve phosphates quality. According to the task, the process of calcium phosphates interaction with
ammonium fluoride was investigated; thermodynamic analysis of possible reactions was carried out, which
confirmed primary formation of monoammonium phosphate with the following its conversion into phospho-
rus oxyfluoride. The results of mass spectrometric analysis of samples of dicalcium phosphate and tricalcium
phosphate in a mixture with ammonium fluoride confirmed the proposed mechanism of interaction. Based on
the results obtained, possibility is shown and optimal parameters for processing low-grade phosphate raw ma-
terials into phosphorus were determined.

Keywords: low-grade phosphorites, phosphate raw material processing, phosphorus oxyfluoride, ammonium
fluoride, thermodynamic analysis, isobar-isothermal potential.

Introduction

Phosphate raw material base of Kazakhstan is presented by a number of phosphorite deposits. It was
primarily proposed to process large fractions of high-grade phosphate raw materials into yellow phosphorus
and to direct small fractions for enrichment and further processing by acidic methods. Electrothermal (dry-
process) method of phosphorite processing is characterized by physical-chemical process complexity due to
phosphate raw material composition, i.e. its quality. High-grade phosphorites are mainly used for phosphorus
production. The use of low-grade raw materials results in formation of a large amount of sludge, decrease of
phosphorus quality and increasing energy expenses, what causes increasing the production cost. Presently
there are large actual reserves of low-grade phosphate raw materials in Kazakhstan. This raw material pro-
cessing by traditional technological methods is hindered. It is related to the complex mineralogical composi-
tion of these phosphorites, which requires the detailed study of initial ore chemical and mineralogical com-
position, deep investigations of raw material thermal preparation and its processing into a target product.
That actualizes a search of new alternative methods of low-grade phosphate raw material processing [1].
Phosphorus oxyfluoride obtaining from low-grade phosphate raw materials with following processing into
elemental phosphorus is one of ways of low-grade phosphate raw material processing, allowing to simplify a
process and to improve phosphates quality compared to ones produced by dry- and wet-processes. Phospho-
rus oxyfluoride is colorless gaseous substance with condensation temperature 37 °C, it is hydrolyzed in the
moist air or in water [2]. The obtained gas can be processed into phosphates by hydrolysis, and hydrogen
fluoride formed as a result of hydrolysis can be used for phosphorus oxyfluoride production. Results of re-
search of phosphorus oxyfluoride production are presented in this work.

Materials and methods

Dicalcium phosphate, tricalcium phosphate and ammonium fluoride of «chemically pure» grade were
used to carry out mass spectrometric analyses, and Karatau low-grade phosphorites for laboratory experi-
ments. A basic procedure of suggested investigation is free associative instrumental method of an experiment
which is one of most available and valid procedures. Based on theoretical and applied investigations certain
scientifically grounded physical-chemical and technological bases of low-grade phosphate raw material pro-
cessing can be developed.
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An analysis of initial and additional raw materials, target products and materials was performed using
up-to-datechemical and physical-chemical research methods. Gas-vapour phase composition when sample
thermal processing was studied using mass-spectrometer MCX-3A adjusted to high-temperature investiga-
tion performance. The comparative analysis was carried out by means of mathematical treatment of experi-
ment results.

Results and Discussion

In order to define perspectives of new technology development and determine the process thermody-
namic probability, the thermodynamic analysis using Temkin-Shwartsman method has been performed for
some possible reactions when phosphate raw materials processing by a fluoride treatment [3]. Changes of
isobar-isothermal potential in the temperature interval 50-2000 K were calculated for reactions of fluor apa-
tite interaction with ammonium, aluminum, iron, sodium, potassium and hydrogen fluorides forming phos-
phorus oxyfluoride:

CayoF2(PO,)s + 36NH,F = 10CaF, + 6POF; + 36NH; + 18H,0 (1)
CayoF2(PO,)s + 18NH,HF, = 10CaF, + 6POF; + 18NH; + 18H,0 )
CayoF2(PO,)s + 12A1F; = 10CaF, + 6POF; + 6A1,05 3)
CayoF2(PO,)s + 12FeF; = 10CaF, + 6POF; + 6Fe,05 (4)
CayoF2(PO,)s + 36NaF = 10CaF, + 6POF; + 18Na,0 (5)
CayoF2(PO,)s + 36KF = 10CaF, + 6POF; + 18K,0 (6)
CayoF2(PO,)s + 36HF = 10CaF, + 6POF; + 18H,0 (7)

An analysis of performed calculations has shown that (1) and (2) reactions are more probable ones.
AG? has positive value for these reactions at temperature 273 K. When temperature increases, AG? de-

creases and becomes equal to zero at temperatures 532 and 647 K correspondingly, i.e. these reactions be-
come thermodynamically probable at temperatures 532 K and 647 K correspondingly. Reactions of fluor apa-
tite interaction with aluminum, iron, sodium and potassium fluorides become thermodynamically probable at
temperatures higher than 2000 K. Therefore these reactions are practically impossible. For reactions of flour

apatite interaction with hydrogen fluoride AG, has negative value at temperatures lower than 257 K. There-

fore the chemical reaction at temperatures above 257 K is thermodynamically impossible. From calculation
data it is concluded that ammonium fluorides are most effective reagents for fluoride treatment of phosphate
raw materials.

Then the possibility of calcium phosphate interaction with ammonium fluoride was investigated
according to reactions:

Cay(PO,), + 6NH,F = 3CaF, + 2NH,H,PO, + 4NH; (8)
CaHPO, + 2NH,F = CaF, + NH,H,PO, + NH; 9)
Cay(PO,), + 12NH,F = 3CaF, + 2POF; + NH; + H,0 (10)
CaHPO, + SNH,F = CaF, + POF; + 5NH; + 3H,0 (11)

Thermodynamic analysis of these reactions were also conducted by Temkin-Shwartsman method.
Results of thermodynamic calculations have shown that reactions (8) and (9) are more thermodynamically

probable ones. For these reactions AG; values become negative at temperatures 246 K and 155 K corre-

spondingly whereas reactions (10) and (11) become thermodynamically probable at temperatures 515 K and
533 K correspondingly. Monoammonium phosphate formed in the course of (8) and (9) reactions can also
interact with ammonium fluoride according to the reaction (12):

2NH4H2PO4+ 6NH4F = 2POF3 + 8NH3 + 6H20 (12)

Thermodynamic calculations have shown that reaction (12) becomes thermodynamically probable one
at the temperature above 581 K (see Fig.).

Based on performed thermodynamic analysis of possible reactions of calcium phosphates interaction
with ammonium fluoride, one can suppose that most probable interaction mechanism is primary
monoammonium phosphate formation according to reaction equations (8) and (9) with subsequent phospho-
rus oxyfluoride formation according to the reaction equation (12).
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Figure. Dependence of isobar-isothermal potential on the process temperaturefor reactions 8§—12

In order to confirm a conception about mechanism of calcium phosphates interaction with ammonium
fluoride, the mass spectrometric analysis was performed for samples #1 (dicalcium phosphate mixed with
excess of ammonium fluoride) and #2 (tricalcium phosphate mixed with excess of ammonium fluoride). The
temperature interval of investigations is 01350 °C. Mass spectra registration in experimental conditions was
carried out at step temperature rise with several soakings. A temperature mode was maintained with a block
BPT-2.

Sample #1 studying has shown that ion currents with m/e = 16, 17, 19 and 20 match to NH}, NH?, F"

and HF " ions are registered without furnace block heating up. In experimental conditions appearingly there
was sufficient heat radiation of ion source cathode of the mass-spectrometer for ammonium fluoride subli-
mation. The reactor heating up at electric resistance furnace turn-on results in increasing ion current intensi-
ty. Therefore ion currents with m/e = 104, 85 and 69 interpreted as POF;, POE, and PE, appear in the

mass-spectra at temperature above 360 °C. When temperature increasing up to 550 °C ion currents with
m/e= 66, 50 and 47 are registered in the mass-spectra. The noted ions are identified as POF", PF" u PO".

It is established that in experimental conditions the peak intensities and ratios between noted ions are
changed depending on temperature and time and attain maximal intensity in temperature interval 650—

750 °C. It has been discovered that, when ion currents POF; , POE;, POF", PF, , PF"and PO registering in
the mass spectra, on one side, the intensity of ion currents HF" and F" essentially falls, but on the other side,

the intensity of background ions with m/e = 17 and 18 (ions OH™ and H,0O") insignificantly increases. Thais
confirms reactions (10) or (11) proceeding.

Mass-spectrometer investigation of #2 sample has shown that the qualitative composition of vapour-gas
phase corresponds generally to #1 sample. Significant difference is observed in intensity and temperature
intervals of registration of ion currents related to phosphorus oxyfluoride formation in vapour-gas phase. So,
for #2 sample ions fixation in the mass spectra starts at temperature for 200 °C above and these peaks intensi-

ties are of lower order compared to #1 sample. Maximal intensity of ion currents POF;, POF, and PE, in

#2 sample mass spectra is registered in the temperature interval 1000+1150 °C. However, it is evident that
the fall of intensity of ion currents with m/e = 19 and 20 (F" and HF") for #2 sample is insignificant.

The mechanism of calcium phosphates interaction with ammonium fluoride stated on a basis of ther-
modynamic analysis of reactions (8)—(12) is confirmed by primary increasing the intensity of ion currents

matched to NH; and NH} ions at constant background currents OH™ and H,O" and at comparatively low

temperatures, which proves the predominant course of the reaction (8) and (9). Increasing the intensity of ion
currents matched to phosphorus oxyfluoride and it’s fractions at temperature higher the 650 °C speaks for
primary proceeding the reaction (12).

Performed investigations allow to make a conclusion that calcium phosphates interaction with ammoni-
um fluoride proceeds according to total reactions (10) and (11) through two stages forming ammonium
phosphate according to reactions (8) and (9) at the first stage. At the second stage at higher temperatures fur-
ther formed phosphate interaction with ammonium fluoride takes place forming phosphorus oxyfluoride ac-
cording to the reaction (12).

We studied kinetics and the mechanism of calcium phosphates interaction with ammonium fluoride.
Conducted experimental research has shown that phosphorus sublimation degree in the form of phosphorus
oxyfluoride can attain 98 %.
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To determine the probability of phosphorus oxyfluoride processing into phosphorus we performed the
thermodynamic analysis of following reactions of elementary phosphorus formation from phosphorus
oxyfluoride:

4POF; + 5C + 6H,0 = P, + 5CO, + 12HF (13)
4POF; + 10C + 6H,0 = P, + 10CO + 12HF (14)
4POF; + 10CO + 6H,0 = P, + 10CO, + 12HF (15)
4POF; + 4NH; = P, + 4NO + 12HF (16)
28POF; + 20NH; + 12H,0 = 7P, + 20NO, + 84HF (17)
12POF; + 20NH; = 3P, + 10N, + 36HF + 12H,0 (18)

Results of thermodynamic calculations have shown that reactions (14) and (18) are more
thermodynamically probable ones. These reactions can take place at temperatures 817 °C and 637 °C corre-
spondingly.

Thus the offered method of low-grade phosphate raw materials processing consists of thermal treatment
of phosphate raw materials mixed with inorganic reagents with following processing the sublimate into ele-
mental phosphorus. To decrease thermal treatment temperature and to improveproduct quality the phosphate
raw materials is treated with ammonium fluoride excess amount, namely 110-200 % of stoichiometric norm
for reactions (1) and (2). At more than 200 % excess of ammonium fluoride the sublimate amount rises
sharply. In turn it hinds gases transporting and purification. At less than 110 % norm of ammonium fluoride
the sublimation rate of ammonium fluoride is higher than the rate of phosphorus oxyfluoride formation. In
addition to that at this norm the phosphorus oxyfluoride output falls sharply.

Thermal treatment is proposed to carry out at the temperature 300—-600 °C because temperature increas-
ing above 600 °C insignificantly effects on phosphorus oxyfluoride output. Obtained sublimates are purified
from solid impurities and then they are cooled to 100-200 °C and. Thereat phosphorus vapours are con-
densed, and liquefied phosphorus is formed. At the temperature above 200 °C ammonium fluoride is subli-
mated.

Then purified gases is suggested to be heated up to 640—-1000 °C and then to cool them to 300-250 °C
for production phosphorus condensation. When heating lower 640 °C phosphorus reduction rate decreases
acutely, and at the temperature above 1000 °C energy expenses increase. Concerning cooling mode at the
temperature above 400 °C gaseous phosphorus condensation doesn’t practically take place. Ammonium fluo-
ride is precipitated at the temperature lower 250 °C, what can result in production phosphorus pollution.

After phosphorus separation the ammonia is added to the rest gas in the stoichiometric amount for the
reaction of ammonium fluoride formation. Gases are cooled to 100—180 °C and ammonium fluoride is sepa-
rated. It is recycled to the process top. The rest gases are discharged into the atmosphere after sanitary purifi-
cation.

Conclusion

The possibility of low-grade phosphate raw materials processing into elemental phosphorus is proved
on the basis of results of thermodynamic calculations, mass-spectrometer and laboratory investigations. Op-
timal parameters of the process were determined and the technological scheme of offered technology was
developed.

The offered technology of low-grade phosphate raw materials processing gives an opportunity to solve
both ecological and economical problems. On one side, the developed technology allows to process low-
grade raw materials and to eliminate sludge formation, and from the other side, it results in essential energy
consumption decreasing.
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Temen canaubl ¢pochar MIUKI3ATHIH OHAEYAIH KAHA JTICIH I3ipJiey TypaJibl

Kazakcran ¢octar mmkizaTeiHBIH YiakeH KopbiHa He. Kasipri yakeitta Oait ¢docdoputrep ic XysiHme
TayCHUIFaH XoHEe KeH Heri3iHeH KypaMblHzaa ¢ocdop a3 Karapaarbl xKoHE TOMEH COPTTHI (ochopuTTepMeH
ycoiHbUIFaH. TeMeH camanbl ¢ocdaT MMKI3aTBIH JACTYpii omicTepMeH enuey KublH. Dochop enmipici
HOTIDKECIH/Ie Maiiaa GoNaThlH KATThl KaJJbIKTApbIH MOJIIepi Olapibl OHjey, Maijara kapary Typaisl
3epTTeyadi KaxeT ereai. by conpaii-ak TemeH cananbl Gpocdat HIMKI3aThIH KalTa OHACYIIH jKaHa JdCTYpIi
emec oicTepiH i3mectipyai e3exri ereqi. [Ipouecti xeHinneryre xoHe GocdaTTapablH canachlH KaKkcapTyra
MYMKiHZIK OeperiH TemeH camanbsl (ocdar MIMKI3aTIH OHJACY >KOJNIApbIHBIH Oipi omaH Qocdopabiy
okcudTopuIiH any 00JbIn TaObLIAABL, OaH 9pi OHBI KapamaitbiM ¢ocdopra KaiiTa eHaey O60JbIT TaObUIaIbI.
Koiiburran MiHzeTKe colikec Kanbluil (ochaTHIHBIH aMMOHHWI (TOpHIIMEH e3apa OpeKeTTecy MpoIleci
3epTTeNi; MOHOAMMOHHH(GOC(ATTBIH Ty3UIyiHiH OachIMABIFBIH pacTan, OHBI KeHiHHeH (OoCHOpabIH
okcu(TOpHIiHEe alHAIIBIPA OTHIPBIN, BIKTUMANl pEaKkUHsiapFa TEPMOIAMHAMUKAJIBIK Talay KYprisijmi.
AmMoHMH  QropHumiMeH Kocmamarsl JUKanbIuidocdar koHe TpuKamsnuiipochar yirinepinigy wmacc-
CINIEKTPOMETPHSIBIK TAJAYBIHBIH HOTIIKENEpl e3apa opeKeTTeCydiH OOJDKaMIbl MEXaHH3MIH pacTapl.
AJbIHFaH HOTIKEJIEPIH Heri3iHae TeMeH cananbl pocdaTTsl mMKizaTThl Gochopra eHaeyAiH MYMKIHIIr
JKOHE OHTAMIIBI HapaMeTpiIepi aHbIKTa bl

Kinm co30ep: TemeHcypwinTel (ochopurrep, docharTsl mumKizartapasl eHuey, ¢ocdop oxcudropumi,
aMMOHHUH (Topui, TepMOJUHAMUKAIIBIK TaNAay, H300apa-u30TePMHSLIIBIK TOTCHIIMAI.

K.K. Ixanmynnaesa, P.P. flky6ora, I'.M. Ceiitmarzumona, C.T. TrneyoBa

O pa3pa®oTke HOBOI0 MeTO/1a MepepadoTKu
HM3KOKA4eCTBEHHOT0 (ochaTHOIO CHIPbS

Kaszaxcran o6iamgaer orpoMHbIME 3arnacami (ocdatHoro ceipbs. B Hactosiiee Bpems 6oratsie GpochopuTs
HPAaKTHYECKU MCYEPIIaHbl, U PyAa NPEACTaBICHA IJIaBHBIM 00pa3oM PAAOBBIMH M HU3KOCOPTHBIMU (ochopu-
TaMH C HHU3KUM cozaepxkanueM Qocdopa. IlepepaGoTka HHM3KOKaueCTBEHHOTO (OCGATHOrO ChIPHA
TPaJMLMOHHBIMU MeTozlaMH 3atpyzaHeHa. OOpasyiommecs 0ObeMbl TBEPABIX OTXOAOB IPOU3BOJCTBA
¢docdopa TpeOyIOT NMPOBEIECHHUS UCCIEAOBAHHUI 10 WX IepepaboTke WM YTWIM3AOUH. DTO JelaeT TaKKe
aKTyaJIbHBIM IIOMCK HOBBIX HETPAJHUILHOHHBIX CHOCOOOB IEpepaboTKH HU3KOKadeCTBEHHOro (ocdaTHOro
cbIpbsi. OHUM U3 MyTeil nepepaboTKH HU3KOKa4eCTBEHHOrO (ochaTHOrO ChIPbS, MO3BOJISIOLIAM YIIPOCTUTH
mponecc M YIydIINTh KadecTBO (ocdaroB, sSBIAETCS IIONydeHHE M3 Hero okcupropuma docdopa ¢
JanbHEHIIel mepepaboTKol ero Ha 3JeMeHTapHBId ¢ocdop. B cooTBeTcTBHHM € MOCTaBIeHHOW 3axaueit
UCCIIEIOBaH TMpollecC B3auMOAEHCTBUSA ¢ochaToB KamplMsid C  (QTOPUAOM aMMOHHSA; IPOBEICH
TEPMOANHAMUYECKHI aHAJIN3 BO3MOXHBIX PEaKLHUi, KOTOPbIH MOATBEPIMII IPEUMYIIECTBEHHOE 00pa3oBaHue
MOHOaMMOHHH(ochaTa ¢ MOCISAYIOIUM MpeBpallieHneM ero B okcudropun docdopa. Pesynprartel Macc-
CIIEKTPOMETPUYECKOTO aHaIHu3a 00pa3IoB qukansiuiipocdaTa n Tpukamsnuiidocdara B cMecH ¢ GTOPUIOM
aMMOHHS TOATBEPIMIIM IPEANOJIaracMblii MEXaHH3M B3auMojelcTBHs. Ha OCHOBaHHM IOJNYYEHHBIX
pe3yJbTaToOB  [OKa3aHa BO3MOXHOCT M ONpPEACICHBI  ONTHMAJbHBIC HapaMeTpbl  [epepabOTKH
HU3KOKaueCTBEHHOTO (pocdaTHOro chipbs B hochop.

Kniouesvie cnosa: uuskocoptHeie dochopuTsl, mnepepaborka ocdarHoro ceipbsi, okcupropun hocdopa,
(bTopua aMMOHUS, TEPMOAMHAMUYECKUIT aHaIIU3, N300apPHO-U30TEPMUYECKHI OTEHIHAIL.
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Engineering Educators Training in Kazakhstan: Situation and Prospects

The article is a brief overview for the current state of engineering education in Kazakhstan and considers the
prospects for its further development and implementation, which is due to the need for industrial and innova-
tive development of our state. Kazakhstan, being an industrially developing country, needs qualified engi-
neering personnel, therefore the training of such specialists at a sufficiently high level is a definite problem. It
is noted that for its solution it is necessary to modernize existing study programs, train and retrain teaching
staff, widely introduce modern educational approaches and technologies. The article discusses various forms
of retraining of teachers of engineering disciplines, for example, advanced training courses for university fac-
ulty on the basis of additional education departments. Their topics, duration and forms of conducting are very
diverse. Nevertheless, existing problems hinder the development of engineering education in our country; for
their successful solution, representatives of the Chemistry and Physics& Technics Departments participate in
the international project «EngineeriNg educaTors pEdagogical tRaining» (ENTER). This project implements
goals aimed at creating an enabling environment in the educational space based on international cooperation
between representatives of universities and the organization of Portugal, Estonia, Slovakia, Russia and Ka-
zakhstan. So, it is planned to elaborate three educational programs (i-PETs) for engineering educators with a
variable set of modules based on modern technologies (e-learning) and an individual approach. The imple-
mentation of the «kENTER» project is a real prospect of improving the status of engineering education and
raising the level of engineering educators’ training in our country.

Keywords: engineering education, engineering educator, study program, advanced training courses.

Introduction

The economy of Kazakhstan is the largest economy in Central Asia. The country has significant re-
serves of oil, coal, as well as minerals and metals. The country's industrial sector is based on the extraction
and processing of natural resources, as well as on a relatively large machine-constructing sector, specializing
in construction equipment, agricultural equipment and some military products. The extractive industries have
been and remain the engines of the economy of Kazakhstan and the growth of the country. The training of
engineering personnel for the needs of the industrial sector is one of the key factors of state competitiveness
and the basis for its technological and economic independence. This causes a social order for the engineering
personnel training by the system of higher professional education of the country. The main industrial region
of the republic is the Karaganda region which has the largest resources of raw materials of different origins
for metallurgy and the construction industry. This defines the foundation for the development of such indus-
tries as ferrous and nonferrous metallurgy, coal mining, energy, petrochemical and chemical industry, the
food industry, the construction industry. There is sufficient potential in the region for the development of
enterprises of machine-constructing and metal-processing branches of industry [1].
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The industrial orientation of the region determines the demand for specialists of various manufactories,
engineering and teaching personnel. The needs of the region for engineering personnel are consistent with
national priorities for the modernization of education.

However despite the significant scale of measures taken in Kazakhstan in recent years to support inno-
vation there are still key problems related to the quality of training engineering professionals, the introduc-
tion of advanced technologies and best practices. Domestic universities are still divorced from the real needs
of the regions; this is reflected in the discrepancy between the level of graduates and the demand in the local
labour market and in distance from the business sector.

These problems lead to the necessity for modernization of existing educational programs at various lev-
els based on a detailed analysis of the needs of the regions, the requirements for key competencies of Univer-
sity graduates defined by employers as well as an assessment of the expectations of Bachelor and Master
students and graduates, their career prospects. It is necessary to identify and strengthen relevant and promis-
ing areas of training, modernize teaching methods and actively develop distance and online education sys-
tems, introduce modern information and communication technologies, improve the electronic infrastructure
of universities, elaborate new interactive teaching& learning materials, improve forms, teaching methods and
assess trainees’ learning outcomes, skills and competencies, create conditions for the development of compe-
tence and the skills for faculties involved in the organization and implementation of research projects and
programs (engineering and technical personnel, administrative — technical support and support service,
etc.), advanced training of teachers.

So the aim of this paper is an analysis of current situation for engineering teachers training and making
more precise the prospects for its improvement.

Results and Discussion

The education system in the Republic of Kazakhstan on the basis of the principle of educational training
programs continuity includes the following education levels: preschool education and training; primary edu-
cation; main secondary education; secondary education (general secondary education, technical and profes-
sional education); postsecondary education; the higher education; postgraduate education.

Programmes for training of engineering teachers in the Karaganda region include training and profes-
sional development of teachers of technical higher educational institutions (HEIs) and technical specialties
and also teachers of the multidisciplinary higher education institutions teaching engineering disciplines both
on the basis of branches of Institute of professional development of the RK, and at departments of additional
education of higher education institutions.

The most common form of the engineering and pedagogical personnel training organization is training
at specialized departments in technical, state and pedagogical universities. At the same time, various forms
of integration of education, science and production are used: intra-university, when faculties and university
research institutes are combined, and external, consisting in creating cooperation with academic institutions
and industrial enterprises. The task of engineering and pedagogical education is to provide specialists who
are able to organize and carry out fundamental, technological and specialized professional training in the
main sectors of the country economy.

The principle of university study programs construction is based on a combination of training based on
the fundamental knowledge gained at the university, with practical industrial experience. Educational pro-
grams have a modular structure, are based on competence-based, student-centered, subject-activity ap-
proaches; are implemented on the basis of a credit system of education, which allows students choosing indi-
vidual educational tracks. The educational disciplines of related content aggregated for providing meaningful
unity are considered as a module. Each module forms specific competencies. The results of training in edu-
cational programs are based on the recommendations of potential employers. As applied to engineering edu-
cation the training programs should be oriented towards the training of engineering educators who are capa-
ble of educational activities both in vocational educational institutions and in manufacturing. At the same
time the objectives and content of the training are determined by the profile of the industrial potential of the
relevant region. In addition, an engineering educator must be an expert in the sector of the national economy
for which he/she provides training, to know the peculiarities of industrial branch technology and a separate
specialty in it, to have practical professional skills as he/she prepares to conduct both theoretical and practi-
cal training. Thus, the system of engineering and pedagogical education should integrate the pedagogical and
professional components.
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Now the engineering and pedagogical component is available in some Bachelor and Master programs,
in particular in the Master degree program of the Academician Ye.A. Buketov Karaganda State University
(KSU) 6M072100 — Chemical Engineering of Organic Compounds. Master students study disciplines
«Pedagogics of the Higher School», «Psychology of Management», «Concept of Engineering Education for
Chemical Technology», pedagogical internship that allows them to realize pedagogical, research and innova-
tive activity in the field of the higher and professional education.

For the training of engineering educators in the universities of Kazakhstan traditional organizational
forms of training are implemented. At the same time, peculiar meaning is given to lectures to which the most
qualified and experienced teachers are involved (as a rule, professors and associate professors). The lecture
lays the foundation of scientific knowledge, seminars allow trainees to expand and detail this knowledge, to
develop and consolidate the skills of professional activity. Practical exercises are significant ones in develop-
ing students’ skills in applying their knowledge to solve practical problems together with a teacher. The ex-
periment plays a large role in the training of engineers who must have research skills from the first steps of
their professional activities. In laboratory work the integration of theoretical and methodological knowledge
with practical skills of students in a varying degree of proximity to the real professional activity is carrying
out. A special attention is paid to trainees’ joint group work. The maximum degree of approximation to the
future professional activities is achieved during the internship at specific workplaces. Students’ self-study
under teacher’s guidance and students’ self-study itself play an important role in training modern specialists.

Karaganda State University developed the practice of opening branches of departments on the basis of
partner organizations acting by external experts of educational programs and by potential employers as well.
As arule practical classes are held in the branches of the departments, professional internships are organized,
approbation of final qualifying works is conducted. Experienced specialists of enterprises are involved in
conducting classes and leading practices. In addition, practitioners are also involved in the final certification
of students. The university has a program of attracting foreign specialists to deliver lectures, organize ad-
vanced training courses, and provide consulting assistance. Practitioners are involved in the implementation
of the educational process. Students have the right to use virtual mobility windows, recruit credits from Ka-
zakhstan or foreign partner universities in the framework of academic mobility, and use various forms of
formal education in shaping the educational route. In this case all the results of such training are recognized
at the university in accordance with accepted procedures.

The university creates conditions for professional growth as teachers working at KSU, and other educa-
tional institutions, including universities, colleges of Kazakhstan. The University has the department of Ad-
ditional Education, which develops and implements programs for the management of education and modern
learning technologies, including professional engineering education. Teachers of educational institutions
regularly (at least once every five years) undergo advanced training at courses of various lengths (from 4
days to 3 months), academic load, forms of conducting (contact classes, a combination of online and offline
forms, trainings and master-classes, internships in the manufactoring process, courses on open education
platforms, online courses). The programs of advanced training courses for scientific and pedagogical staff of
universities rely on modern achievements in fundamental and psychological and pedagogical sciences, world
and national experience, new educational concepts, systems, technologies, methods and teaching aids, fo-
cused on acquaintance and introduction of innovative approaches in training with emphasis to improve the
content of the educational program, the formation of a high level of research, the implementation of training
using distance learning technologies, development of e-learning materials (multimedia technology, SMART
learning technology, case study technology), the use of video materials in the educational process. For ex-
ample, the result of advanced course «Distance courses «Developing e-learning aids» is learning to clearly
formulate the SMART goal of lectures and practical exercises, building a «chain» of logical interrelated ac-
tions, as a result of which the student reaches the final goal. The process of advanced training is carried out
in the form of a one-time training or several cycles distributed over time — composite modules, allowing
ensuring variability with advanced training.

For young teachers the University organizes the «School of lecturing skills» (free of charge), various
forms of mentoring by more experienced teachers, and arranges courses for foreign lecturers and practitio-
ners. In addition, university teachers have the opportunity to undergo advanced training courses on the basis
of both Kazakhstan and foreign universities organized by JSC «National center for professional development
«Orleu» (for example, under the program «Modern Pedagogical Technologies», advanced training programs
for teachers of pedagogical specialties of universities in Kazakhstan). University teachers regularly take part
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in seminars on the base of Republican organizations; participate in conferences, educational and scientific
events of different levels, in scientific and professional internships, etc.

Despite the measures taken for implementation of engineering educators training in Kazakhstan there
are some lacks and contradictions between new and old educational media. For overcoming that the repre-
sentatives of some Kazakhstani universities and organizations succeed in realization of the international pro-
ject «EngineeriNg educaTors pEdagogical tRaining» (ENTER) which was launched in November, 2018. It is
realized in the framework of Erasmus+ Programme; the project reference is 598506-EPP-1-2018-1-PT-
EPPKA2-CBHE-JP. The consortium includes Universities and organizations from Europe, Russia and Ka-
zakhstan. Instituto Politécnico do Porto (Portugal), Tallinn University of Technology (Estonia), and
Dubnicky Technologicky Institut v Dubnicki nad Vahom (Slovakia) are European partners. Partners imple-
menting the designed project programmes are Agency of Educational Strategies and Initiatives Bologna
Club, Russian Association for Engineering Education, Don State Technical University, Tambov State Tech-
nical University, Tomsk National Research Polytechnic University, Vyatka State University, and Kazan Na-
tional Research Technological University from Russia, Academician Ye.A. Buketov Karaganda State Uni-
versity, Al-Farabi Kazakh National University, and Kazakhstan Association of Engineering Education from
our country.

The purpose of ENTER project is elaborating a novel multicultural and international approach for for-
mal post-graduate professional and pedagogical education for engineering teachers. As it is focused on low
cost and convenience of programmes the e-learning technologies are in the base of them. Whenever feasible,
programmes should be designed with the objective of being internationally recognized and accredited.
ENTER wants to go further than existing offers, offering the possibility of customization and adaptation to
educators and HEIs' needs (e.g. national or regional context) and cover multiple areas of engineering [2].

One of the main objectives of the consortium is to work out multi-level modular system for pedagogical
training of engineering educators based on international network cooperation. So the ENTER project partici-
pants propose a hierarchy of three well-structured educational programmes for engineering educators, so
called iPET programmes which will be designed in the context of the European Qualifications Framework
for Lifelong Learning. These educational programs will have various content and duration. They are:

—1iPET-1 Short-focused (2 ECTS) — «Qualification Development» Certificate;

—1iPET-2 Professional Retraining (e.g. 8 ECTS) — «Higher Education Teacher» Diploma;

—1iPET-3 International recognized (e.g. 20 ECTS) — a full programme leading to international accredi-

tation as «Engineering Educator».

Programmes have modular structure, i.e. modules of iPET-1 are included in iPET-2, and both are in-
cluded in iPET-3. This provides a sustainable improvement path that educators can pass at their own pace. It
will also be possible for the educators to combine modules from different ENTER network members [3].

Before starting elaboration of iPET programmes much preparatory work should be done. As project
programmes are competence-based some questionnaires were developed aimed to analyze the situation about
engineering education in Kazakhstan, to find out concrete expectations of the target audience, i.e. engineers,
engineering educators, representatives of stakeholders, etc. much attention will be paid to establishing key
competences for engineering educators.

Modern educational programs should include new disciplines reflecting innovative production tech-
nologies and giving qualifications that are in demand in the labour market. Educational programs should be-
come practice-oriented. In order to train personnel for the innovation economy, entrepreneurial education
will be implemented in the content of educational programs, which means the inclusion of disciplines (mod-
ules) that form entrepreneurial knowledge and skills. The authorized body in the field of education is intro-
ducing a system of rating educational programs of universities based on a survey of employers on an annual
basis and other data. The main indicators will be employment, graduates' salary and characteristics of educa-
tional programs used by universities.

As modern forecasts show engineering and natural science specialties related to industrial production
take the leading position in Kazakhstan, which should provide the regions with professional engineers, tech-
nical specialists and middle and top managers competent in various fields of interdisciplinary knowledge,
engineering marketing and management. At the same time, high-quality training should be promoted: mod-
ernization of existing educational programs at various levels based on a detailed analysis of regional needs,
employers’ requirements for graduates’ key competencies of from universities by, as well as an assessment
of the expectations of applicants, students and graduates of the prospects for their professional activities and
career expectations. In accordance with the economic and social transformations taking place in the country,
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it is necessary to identify obsolete academic disciplines that lose their relevance, at the same time strengthen-
ing the relevant and promising directions, changing the focus and emphasis of educational programs, incor-
porating practical skills training and getting practical qualifications, entrepreneurial competencies. At the
same time, it is necessary to modernize teaching methods and actively develop distance and online education
systems, introduce modern information and communication technologies, improve the electronic infrastruc-
ture of universities, develop new interactive learning materials that will enhance learning motivation, en-
hance cognitive activity of students, develop abilities to self-study, develop creativity and thinking outside
the box, reveal personality-individual capabilities of each student and determine the conditions for their
manifestation and development, develop universal skills.

In the case that the university’s curricula do not match current realities, it will not be possible to provide
the Kazakhstan's labour market with highly qualified specialists in demand, ensure the competitiveness of
educational programs and their recognition by potential consumers, prepare specialists for working in the
«digital age», «digital communication», «digital decision making methods». Traditional educational pro-
grams and forms of advanced training will not be able to provide contextual learning, within which ap-
proaches to the use of professional context in the educational process, the transition from learning tasks to
quasi-professional and further to professional tasks should be used. In Academician Y.A. Buketov KSU to
solve this problem, the methods of forming educational trajectories are used with the inclusion of elements of
professional activity on the basis of branches of departments in the educational process, as part of applied
research programs, professional internships and practices, assessment of professional competencies of gradu-
ates by representatives of the professional community. The University maintains close contact with employ-
ers, analyses feedback on the work of graduates, attracts employers to accredit educational programs, the
National Chamber of Entrepreneurs of Kazakhstan «Atameken» participates in competitions to assess the
quality of educational programs, creates a register of educational programs based on monitoring the needs of
the region in specialists, annually adjustment of learning outcomes based on recommendations of representa-
tives of the relevant professional sphere. The content of educational programs includes elements of formal
education with the recognition of their results.

Conclusions

So the modern situation with engineering education in our country was presented based on the analysis
of existing study programmes; problems were identified; solutions for them were suggested; one of them is
realization of international project «EngineeriNg educaTors pEdagogical tRaining» via elaborating three
modular programmes of various academic load and duration. These programmes will be based on modern
educational approaches and technologies.
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Ka3zakcrangarpl 0ij1iMm 0Oepy MHKeHepJIepiH JaHbIHAAY: KAFAAUBI 2KIHE 00/1aIAFbI

Maxkanana Kazakcrangars! HHXeHepIlik OiTiM Oepy/iH Ka3ipri jkal-KyHiHe KpICKalla IOy JKacaaibl KoHe
MEMJIEKETIMI3IH WHIYCTPHAIABI-MHHOBAIMSUIBIK JaMy KaKeTTUIriHe OalIaHBICTHI OHBI OfaH opi JaMBITY
MCH EHTi3y IepCIeKTHBAIAphl KapacThIpsuraH. KasakcTaH ©HEPKACINTIK JaMBIIl Kejle JKaTKaH el Oona
OTBIPBIN, OUTIKTI MHXEHEPIK Kaapiapra MYKTaX, COHIBIKTAaH MYHAail MamaHIapjabl JKOFapbl JeHreiine
naspnay Oenrimi Oip macene Gousbin Tabbutazpl. OHBI Inenty yimiH Kasipri Oimim Gepy OarmapramanapbiH
JKaHFBIPTY, TEIAaroTHUKAajbIK KaJpiapAbl OKBITY JKOHE KaWTa OKbITY, 3aMaHayw OimiM Oepy Tacimmepi MeH
TEXHOJIOTHMSUIAPBIH KEHIHEH eHri3y KaxeT. Makanaja HWHXKEHEpNIiK IIOHAEP OKBITYLIbUIAphIH KakTa
JaWbBIHIAyABIH OpTYPJ Typiepi KapacThIpBUIFaH, MBICANbBI, KOCBIMIIA OiliM Oepy (akyIbTeTTepiHiH
0a3acbIHAa YHUBEPCUTETTEPIIH NMPO(ECCOPIIBIK-OKBITYIIBUIAp KYpaMbl YIIiH OUTIKTLTIKTI apTTHIPy KypcTaphl.
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OnapablH TakKbIPbIObI, Y3aKTBIFBI JKOHE OTKi3y Typiepi opTypii. OchlFaH KapamacTaH, Kasipri macesesnep
6131iH eniMi3ae HEKeHepITiK OUTIMHIH JaMybIH TeXEH/i; onap/bl TaOBICTHI MISHIY YIIiH XUMHUS XKoHE (HU3HKa-
TEXHUKAIBIK (aKkyIbTeTiHIH KbI3MeTKepiepi «VHKeHepIliK ic OKbITYIIBUIAPBIH MeAarorHKajblK JaibiHaay»/
«EngineeriNg educaTors pEdagogical tRaining»(ENTER) xansikapanslk sko06acsiHa Katbicansl. by xobana
JKOFaphl OKY OPBIHIAPHI OKUIIEPIHIH XaJIbIKapalblK BIHTBIMAKTACTBHIFBI HeriziHae OinmiM Oepy KeHIcTirinme
KoJainel opra Kypyra xoHe I[lopryramus, Dcronus, CroBakusi, Peceii »one Kaszakcran yibiMaacybiHa
OarbITTaJFaH MakKcaTTapibl Ky3ere acblpaabl. COHBIMEH, WHXKCHEPIIK MaMaH/BIKTApABIH OKBITYILIBLIAPBI
YLIIH OKBITY[BIH 3aMaHayd TEXHOJOTHsuiapbl (e-learning) »oHe d>XeKe ToCl Heri3iHge MOIyNbAepIiH
aybICTIANIbI )KUHAFBI Oap yiu Oinim 6epy Garmapnamacst (i-PET) a3ipney xocnapnanyna. «ENTER» jxo6acsiu
JKY3ere achlpy HHXEHepiik OiniM Oepy KardailblH IKAaKCapTyIOblH JKoHe Oi3/iH eniMi3ge HHKeHep-
HEAarorTap/ibIH JalbIHABIK JICHI€HiH apTTHIPYIbIH HAKThI OONalIaFrbl OOJIbIT TaObLIA/IbI.

Kinm co30ep: mmxeHepiik OimiM, MHXXEHEp-OKBITYIIEI, OimiM Oepy OarmapiaMachl, OUTIKTUIKTI apTTBIpY
KypCTapHl.

JIL.M. Cyrpanuna, E.B. Munaesa, C.I'. Kapctuna, JI.K. CanbkeeBa

IToaroroBka HHIKCHEPOB-II€AArorosB B Ka3zaxcraHne: cocTosiHuE U MEPCINEKTUBDLI

Crathst IpeACTaBIIseT CO00H KPaTKUH 0030p COBPEMEHHOTO COCTOSIHUS HIKEHEpHOTo oOpa3oBanus B Kazax-
CTaHe M pacCMaTPHBAET MEPCIEKTUBBI €r0 AANbHEHIIEro Pa3BUTHS U BHEAPEHUS, YTO 00YCIOBICHO HEOOXO0-
JUMOCTBIO HHIYCTPHAlIbHO-HHHOBAIIMOHHOTO Pa3BUTHs Hallero rocynapcrsa. Kaszaxcras, 6ymydu MpoMBbIII-
JICHHO Pa3BMBAIOLIECHCS CTPAaHOW, HY)KIaeTcs B KBAIM(UIMPOBAHHBIX HHXKEHEPHBIX KaapaX, M03TOMY IOAro-
TOBKA TAKUX CMEIHAINCTOB Ha JOCTATOYHO BHICOKOM YPOBHE SIBIISETCS OMpeeNieHHoi npobnemoil. OTmeue-
HO, YTO IUIs €€ pPeIIeHUss HeoOXOJUMO MOJCPHH3UPOBATH CYLIECTBYIOMNE 00pa3oBaTeNbHEIE IPOTPAMMBL,
OOY4YHUTh U NepeoOyUIHTh MeAAarorndeckre Kaapbl, ITHPOKO BHEAPSATH COBPEMEHHBIE 00pa30BaTeIIbHEIE IO
XOZBI ¥ TEXHOJIOTHH. B cTaThe paccMOTpeHbI pa3audHbEIe (GOPMBI IIEPEIOIrOTOBKY IPEToaBaTeNneil nHxe-
HEpHBIX JAWCIUIUIMH, HalpHUMep, KypChl IOBBIMICHUS KBAIM(QHUKAMHA UL IPOQECcCOPCKO-TPeroaaBa-
TENILCKOTO COCTaBa YHHBEPCHTETOB Ha 0asze (paKkyIbTETOB IOIOJIHHUTEIRHOTO oOpa3zoBaHms. X Temarmka,
HPOIODKUTENBHOCTE M (JOPMBI IPOBEJCHUS BeCbMa pa3HooOpa3Hbl. TeM He MeHee, CyIIecTBYoIIHe npooiie-
MBI CIEPKHBAIOT PA3BUTUE WHKEHEPHOro 0Opa30BaHMS B HAlel CTpaHe; IJIsl X YCIEHIHOTO PElIeHHs CO-
TPYAHMKH XUMHYECKOTO M (PU3MKO-TEXHHYECKOro (haKylIbTETOB YYacTBYIOT B MEXKIYHApOJIHOM HPOEKTE
«EngineeriNg educaTors pEdagogical tRaining» (ENTER) /«Ilemaroruueckasi moAroToBKa mperno/aBareneit
HIKCHEPHOTO fenay/. B maHHOM mpoekTe peayn3yroTcsl LelH, HalpaBiIeHHbIEe Ha CO3JaHue OIaronpHsTHON
cpensl B 00pa3oBaTebHOM IPOCTPAHCTBE, HAa 0a3e MEXIyHApOIHOTO COTPYIHHUYECTBA MPEICTABUTENICH BY-
30B 1 opranusanuii [lopryramum, Dcronnu, Cnosakun, Poccun u Kasaxcrana. Tak, mianupyercs pa3paboTka
Tpex obpasoBartenbHbIX nporpamM (i-PET) mis npernonasarernell MHXEHEPHBIX CIIENUAIBHOCTEH ¢ IepeMeH-
HbIM HabOpOM MOyJiel Ha OCHOBE COBPEMEHHBIX TEXHOJOIWil oOydenus (e-learning) ¥ WHIMBHAYaILHOTO
noaxona. Ocymecteienue npoekta «ENTER» sBnsercs peanbHOM NEpCIEKTUBON YITyUIIEHHS COCTOSHUS
WHXEHEPHOT0 00pa30BaHHs M MOBBILIEHHS YPOBHS MOJrOTOBKY HHKEHEPOB-TIEIaroroB B Hallleil cTpaHe.

Kniouesvie cnosa: vHxeHepHOE 00pa3oBaHMe, HHXKEHEP-TeNaror, oopa3oBaTenpHas IporpaMma, Kypesl Io-
BBIIICHHS KBATH(UKALIIH.
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