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OPI'AHUKAIbIK XUMUA
OPIT'AHUYECKAA XUMUA
ORGANIC CHEMISTRY

UDC 541(64+49):546.723:536.7

D.N. Akbayeva, B.S. Bakirova, G.A. Seilkhanova, G.A. Kadirkulova

Al-Farabi Kazakh National University, Almaty, Kazakhstan
(E-mail: dnakbayeva@inbox.ru)

Synthesis and study of structure
of the iron chloride — polyvinylpyrrolidone complex

The polymer-metal complex on the basis of iron (IIT) chloride and a polyvinylpyrrolidone (PVP) was synthe-
sized. The composition of this complex was established by potentiometric and conductometric methods. Ti-
tration curves were constructed and the optimum molar ratio of the reacting components was found
(k= [Fe*"]/[PVP] = 0.24). The obtained experimental data confirm formation of a polymeric complex of iron
where one metal ion is bonded with four compound monolinks of a polyvinylpyrrolidone. Coordination satu-
ration of metal ion in this complex is realized due to the molecules of solvent or anions of iron salt. On the
basis of the modified Bjerrum’s method constants of stability of a polymeric complex at various values of
ionic strength of solution were calculated on which thermodynamic equilibrium constants of the studied pro-
cesses were found. On the basis of thermodynamic constants of stability, using isotherm equations and iso-
bars of Vant Hoff and Gibbs, changes of Gibbs’ energy (A,G°), enthalpy (A.H’) and entropy (A,S°) were cal-
culated. Complexing reactions of iron ions with polyvinylpyrrolidone are accompanied by exo-effects what
point to the negative values of an enthalpy change during reaction. The negative values of an entropy change
AS at the negative change of an enthalpy AH indicated that the studied reaction is possible at rather low tem-
peratures. It was established that oxygen atoms of polymeric ligands were involved in formation of a coordi-
nation bond with a metal ion. It was established that oxygen atoms of polymeric ligands took part in for-
mation of a coordination bond with a metal ion. Using IR-spectroscopy and scanning electron microscopy a
structure and morphology of the synthesized complex iron (III)chloride-polyvinylpyrrolidone were investi-
gated. Results of electron microscopy indicate on formation of polymeric films of a complex with cellular
nonuniform amorphous structure.

Keywords: polyvinylpyrrolidone, iron, complexing, Bjerrum’s method, constant, stability, composition, ther-
modynamics.

Introduction

Iron (III) complexes are widely used as catalysts of many organic processes, because of the features of
an electronic structure of iron in oxidized (d’) and reduced (d°) states, a possibility of regeneration by oxy-
gen, high complexing ability and good solubility in organic solvents. Owing to interaction metal-ligand ho-
mogeneous catalysts on the basis of iron chloride (FeCl;) have a high activity and selectivity in Michael re-
action [1], allylation of aldehydes with allyltrimethylsilane [2], acetal-ene reaction [3], conversion of epox-
ides to acetonides [4], oxidative coupling reaction of 1,2-diarylethylene derivatives [5], synthesis of
coumarins from phenols and B-ketoesters [6]. In turn, poly(N-vinyl-2-pyrrolidone) (PVP) is nontoxical, wa-
ter-soluble and biologically compatible and therefore ecologically harmless polymeric ligand [7, 8]. It is sta-
ble against thermal degradation in solution and in relation to acids and salts. Due to ability to complexation,
application of PVP as a ligand allows to obtain stable complexes with the transitional metals [9, 10]. In liter-
ature there are not numerous data on use of catalysts on the basis of iron (III) complexes with polymers and
various branched ligands in oxidizing reactions [11-13]. It should be noted that according to literary and pa-
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tent searching not enough attention is paid to studying of a composition and structure of the iron-polymer
complexes used as catalysts.

In this work, results on establishment of regularities and the nature of interaction in aqueous solutions
of iron (III) chloride with PVP, a number of physical and chemical methods as IR-spectroscopy, scanning
electron microscopy, conductometry, potentiometry are presented.

Experimental

Iron (III) chloride hexahydrate (FeCl;-6H,0), polyvinylpyrrolidone (molecular mass 40000,
AppliChem, Germany), distilled water, hydrochloric acid were used without purification. Complexing pro-
cesses of iron (III) ions with PVP were investigated by potentiometric and conductometric methods [14].
Potentiometric measurements were conducted on an ionomer pX-150MI with using silver chloride and glass
electrodes. Conductometric studies were performed on a device ConductivityMeter 13701/93 (PHYWE,
Germany) in thermostated conditions. All experiments have been carried out under temperature control with
an accuracy of pH 2. IR spectra of PVP and the Fe-PVP complex were recorded on the FT IR-4100 type A
JASCO device in the range of 4000450 cm™. SEM images were produced on the device JSM-6490LA of
Jeol. IR-spectra and SEM images were taken in analytical laboratories at the Technical University of Kai-
serslautern (TUK, Germany).

Synthesis of the FeCl;-PVP complex was carried out as follows. The salt FeCl;-6H,0 (2.70 g, 0.01 mol)
and PVP polymer (4.44 g, 0.04 mol) were placed in 50 mL round-bottom flask and dissolved in 10 mL of
distilled water. The obtained solution was mixed on a magnetic stirrer within 20—30 minutes before the com-
plete linking of polymer with Fe (III) ions at ambient temperature. The synthesized complex of orange color
was dried and stored on air at ambient temperature. Yield is 6.23 g (97 %).

Results and Discussion

Interaction between PVP and Fe’* ions has been investigated by potentiometric and conductometric
methods, which allowed establishing the structure, concentration and stability constants of the polymer/metal
complex [15]. The high tendency to complexation, non-toxicity, good solubility in various solvents, includ-
ing high solubility in aqueous mediums, provides to PVP broad application in textile, food, pharmaceutical
industry and in medicine [16]. Curves of potentiometric and conductometric titration of PVP by iron (III)
chloride are presented in Figures 1 and 2.

PHA

o5 jI
N TT I" I’£ T T T 'I‘ |é h |:I" T I-! (IE T T T ; I‘E L
Figure 1. Curve of potentiometric titration Figure 2. Curve of conductometric titration
of PVP (102 M) with iron chloride of PVP(1072M) with iron chloride
solution (10> M) k = [Fe*'J/[PVP] solution (10> M) k = [Fe*'J/[PVP]

Mixing of aqueous solution of polymer with solution of salt, apparently from Figures 1 and 2, is ac-
companied by pH decrease of medium that is explained by formation of protons of hydroxyl groups of the
protonated PVP during complexing. The experimental data confirm formation of a polymer-metal complex
with an optimum molar ratio of the components k = [Fe’ ]/[PVP] = 0.24. It means that one metal ion contacts
with four compound mono-links of a polymeric ligand. Coordinative saturation of metal ion is probably real-
ized at the expense of molecules of solvent or anion of iron salt. To confirm the composition of the formed
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PVP-Fe’* complex the dependence of a specific conductivity on a ratio of initial components of systems was
investigated (Fig. 2). Increase of an electrical conductivity is caused by the allocated H' ions during reaction
between PVP with iron ions. The conducted conductometric studies indicate that a complexing process is
followed by increase in an electrical conductivity of systems. In the course of complexing of a polymeric
ligand PVP there is a decrease of its hydrodynamic sizes (chelate effect), allocation of protons that is con-
firmed by results of an experiment. According to the literary [17] and experimental data, it is possible to as-
sume that in the studied PVP-Fe®* system the complexes of composition [PVP]:[Ee*'] = 4:1 are formed
(Fig. 1, 2).

In the Figure 3 curves of potentiometric titration of PVP solution by an aqueous solution of the hydro-
chloric acid in the absence and presence of a metal ion at 7= 318 K, /=0.1 mol/L are presented. It is neces-
sary to notice that curves of potentiometric titration at other values of temperature (298, 333 K) and ionic
strength of solution (/= 0.50; 1.00) have a similar appearance. Curves of titration in the presence of metal
ions as it is visible from the Figure 3, are in more acidic area, than in their absence that can demonstrate ex-
istence of a complexing process between a polymeric ligand and a metal ion. According to literary data [18,
19], the more shift of titration curves of systems polymer-metal ion of rather pure polymer, is higher stability
of the polymer-metal complexes which are formed.
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1 — a curve of potentiometric titration in absence of a metal ion;
2 — a curve of potentiometric titration in the presence of a metal ion

Figure 3. Curves of potentiometric titration of aqueous solutions PVP—Fe’*
by hydrochloric acid (10 %) at 7= 318 K, /= 0.1 mol/L

The calculated values of Bjerrum’s formation functions of a polymer-metal complex on the basis of
PVP and iron (III) chloride are presented in Table 1. Apparently from Table 1, the complexing ion of metal
and a polymeric ligand among themselves form four coordination bonds that is agreed with results of the ex-
perimental studies. With increasing of the hydrochloric acid the bond O —Me*" is weakened. It is explained
by protonation process of the functional group of polymer as bond O—Me’" is weaker than O —H" one [20].

Table 1
The calculated values of Bjerrum’s formation functions of the PVP- Fe*" complex
(T =333 K, I =0.50 mol/L)

pH [LH'] mol/L [L] mol/L [Ly] mol/L pL n

3.60 0.85x10° 0.76x10"* 3.24x10°7 4.12 3.74
3.37 3.38x10° 2.95x10°* 2.96x10 7 3.53 3.41
3.20 5.91x10° 5.01x10°* 2.99x10 7 3.30 3.45
3.06 8.74x10° 7.24x10°* 2.38x10°7 3.14 2.75
2.90 12.1x10°° 10.2x10°* 2.02x10°* 2.99 2.33
2.70 15.1x10°° 12.6x10°* 1.69x10 > 2.90 1.95
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On the basis of the modified Bjerrum’s method constants of stability of a polymeric complex at various
values of ionic strength of solution were calculated (0.10; 0.50; 1.00 mol/L) on which thermodynamic equi-
librium constants of the studied processes (Table 2) were found. Stability of a complex is defined by the size
of an equilibrium constant of its formation. The last is a measure of the emitted warmth and change of an
entropy during reaction.

Apparently from Table 2, values of stability constants of a polymer-metal complex of an iron (III) ion
with PVP with temperature increase decrease therefore it is possible to assume that a complexing process is
the exothermic one. Consideration of an entropy is very important at formation of [ML4]"" complex from
[M(H,0)e]"". In such cases replacement of each subsequent molecule H,O with a ligand L is at a loss more
and more. In our case replacement of one molecule of water with each subsequent mono-link of PVP reduces
by unit number of possible coordination places for the following mono-links of polymer. Besides, the more
mono-links of molecule PVP in a complex, the probability of replacement of molecules of water with the
subsequent polymeric ligand is less. Both of these factors reduce probability of formation, therefore, and sta-
bility of more high-replaced complexes. Other factors, such as steric repulsion between ligands larger on
volume basis and a coulomb relative repulsion of ligands-anions at their replacement of molecules of water
at a positively charged ion of metal, can also detain coordinating of additional ligands [21].

On the basis of results of conducted studies taking into account literary data it is possible to submit the
following scheme of formation of a complex on the basis of iron(IIl) chloride and PVP (Fig. 4).
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NC oo 4H,0 /
T /
N N
H, CH H, H, H,
C / C C C
N /CH2 H\C CH/ N \CH/ ~
H

UU@

Figure 4. Scheme of formation of the PVP-iron(III) chloride complex

Table 2
Values of stability constants of the polymer-metal PVP-Fe'* complex in an aqueous medium

T,K I 1gB
0 31.00
0.1 21.45
298 0.5 25.95
1.0 32.51
0 23.00
0.1 22.86

1

318 0.5 28.50
1.0 26.10
0 10.10
0.1 14.00
333 0.5 12.40
1.0 13.40

Cepusa «Xumunsi». Ne 3(91)/2018 11



D.N. Akbayeva, B.S. Bakirova et al.

It is known that knowledge of thermodynamic coordinates (changes of Gibbs energy (A.G"), an enthal-
py (AH) and an entropy (A.S”)) of studied processes is necessary for the scientifically based choice of opti-
mum conditions of their carrying out in practice [22]. At the same time many researchers assume that for
systems with participation of macromolecules the fundamental laws of thermodynamics established for the
systems consisting of low-molecular weight compounds [23, 24] are used.

On the basis of thermodynamic constants of stability, using isotherm equations and isobars of Vant
Hoff and Gibbs, changes of energy of Gibbs (A,G"), an enthalpy (A.H’) and an entropy(A,S”) were calculated
and presented in Table 3. As confirmation of a possibility of course of a complexing reaction in these sys-
tems in a forward direction serve the negative sizes of Gibbs’ energy on the sign of the studied processes.
Apparently from Table 3, interactions of iron ions with PVP are followed by exo-effects that point the nega-
tive values of change of an enthalpy during a reaction. Processes of formation of iron complexes with
polyvinylpyrrolidone are characterized by the negative values of an entropy change. The negative values of
change of an entropy AS at the negative change of an enthalpy AH says that the studied reaction is possible at
rather low temperatures.

Table 3
Thermodynamic characteristics of complexing processes of PVP with Fe’* ions

T,K 1B’ —AG’, kJ/mol | ~AH’,kJ/mol |-A,S’, J/molxK
298 31.00 176.849 725.653 1841.620
318 23.00 140.016 174.334 5041.910
333 10.10 64.397 1134.375 3213.150

The nature of the modifying effect of PVP on ions Fe (III) and a possible molecular structure of the
PVP-FeCl; complex were studied by IR-spectroscopy (Fig. 5). The IR spectra of PVP and PVP-FeCl; com-
plex are given in Figure 5. The characteristic peak of C=0 bond in PVP becomes asymmetric after addition
of the FeCl; complex that testifies to the strong coupling between PVP and Fe (III) in the PVP-FeCl; com-
plex. IR spectra and PVP and the PVP-FeCl; complexes contain bands at 3454 and 3396 sm ' characteristic
for PVP. The carbonyl group in PVP is characterized by peak at 1652 cm ™', widened because of double bond
C=N in a lactam ring. This band is shifted to 1617 cm™' in the PVP-FeCl; complex. Differences between the
IR spectra of PVP and the PVP-FeCl; complex suggest strong donor-acceptor interaction between the oxy-
gen atoms of the PVP ligand and the Fe (III) ions [25-27].
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Figure 5. IR spectra of PVP (a) and complex [Fe(PVP),(H,0),]Cl; (b)

The PVP ligand contains iminic bond C=N and demonstrates the polybasic behavior in aqueous solu-
tions because of protonation/deprotonation of an oxygen atom, as shown in the Figure 6. The partially nega-
tive oxygen promotes interaction with the metals ions in solutions showing the strong ability to coordination
with the transitional metals [28].
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Figure 6. Resonance structure of lactam monomeric group of a polyvinylpyrrolidone, where M is an atom of metal

For a surface study of the polymer-metal complexes of iron a method of the scanning electron micros-
copy was used (Fig. 7). The analysis of images confirms formation of polymeric films with cellular non-
uniform amorphous structure.

Figure 7. Images of PVP (a) and PVP-FeCl; (b) complex

Conclusions

An iron-polymer complex [Fe(PVP),(H,0),]Cl; has been obtained from iron (III) chloride and
polyvinylpyrrolidone (PVP). Using potentiometric and conductometric titration as well as IR spectroscopy,
the structure of the polymeric complex was established and stability constants were calculated. Methods of
an IR-spectroscopy and the scanning electron microscopy confirmed coordination of a polymeric ligand of
PVP in a complex; the morphology and features of its surface were studied. It was established that atoms of
oxygen of polymeric ligands shared in formation of a coordination bond with a metal ion. Results of an elec-
tron microscopy indicate amorphous structure of a complex.

Financing source: project 3662/GF4 MES RK project «Development of catalytic processes of oxidation
and hydrogenation for the organic compounds obtaining from yellow phosphorus, alcohols and unsaturated
hydrocarbonsy.
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JI.H. AxbaeBa, b.C. bakiposa, I'.A. Ceiinxanosa, I'.O. Kagupkymnosa

Temip (IIT) xJ10puai — NOTUBUHUINMPPOJIHIOH KellleHIi KOCBLIBICHIH
CHHTe3/ley KIHe KYPaMbIH 3epTTey

Maxkanaga temip (III) xymopuai >koHe MOJHUBUHWIMHPPOIMAOH HETi3iHAETI MOJMMEPMETaNIbl KeIIeHIi
KOCBUIbIC cHHTe3enreH. OHBIH KYpaMbl ITIOTEHIIMOMETPIIIK KoHEe KOHIYKTOMETPIIK 9/[iCTepMEH aHBIKTaJFaH.
Tutprney KHCBIKTapbl TYPFBI3BUIBIN, OPEKETTECYIIi KYpayIIbIIapIbIH OHTAWIBl MOJIBIIK KaThIHACTAPHI
tabpurran (k= [Fe’")/[IIBIT] = 0,24). AnbluFan ToxipubeTik MoliMeTTep TeMipiiH HOMMMepii KeuleHsi
KOCBUIBICEI TY3UITGHJITIH Jonenjeli, OHIArbl HNOJUBHHIJIIMPPONUIOHHBEIE TOPT MOHOOYBIHBI Oip
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KELIEHTY3rlll MeTaUI-MOHbIHA COMKec Keledi. MeTaul-KeLIeHTY3rIUTIH KOOPIMHALMSIBIK KaHBIFYbI
epITKIL MOJIEKyJalappl HeMece TeMip Ty3bl aHHOHBI acepiHeH Oonanbl. EpiTiHAIHIH OpTYpJi HOHIBIK
KYIITEpiHJEe MOJIMMEPI KeIeHi KOCBUIBICTBIH TYPAKThUIBIK KOHCTAaHTaJapbl breppyMHBIH TYpieHIIpiiren
ozici OOHMBIHINA €CenTeiN, COMKeCiHIe 3epTTeNil OTHIPFaH YIEPICTIH TepMOJMHAMHUKAJBIK TeIe-TeHIIK
KOHCTAaHTAJIaphl aHBIKTaJIFaH. TepMOAMHAMUKAIBIK TeIe-TeHJIK KOHCTaHTalaphl HeTi3iHae jkoHe Bant-
TCoddTIH H30TepMa-H306apabik TeHACYIepiH Naiinanany apksuibl [n66¢ sHepruscel (A,G°), sHTATBINS
(AH") wonrpors (A,S°) momzepi ecentenren. Peaxuus GapbiChIHIA SHTATBINMS ©3TepiCiHIH MOHI Tepic
00JTyBl TeMip MOHIAPHIHBIH ITOJHBUHIIIHPPOIAIOHMEH KEIISHTY3UTy YAepiciHiH 3k303()(EeKT TaHBITYBIHAH
JeTl TyCiHAipinai. DHTansnms e3repiciniy AH Tepic MoHIH/E SHTPOMUS ©3repiciHiH AS Tepic MoHTe He OO0IIyBI
3epTTENN OTHIPFAaH PEeaKIUSHBIH TOMEH TeMIlepaTypajap/a eTy MYMKIHAIr XKOFaphl eKeHIITiH Joenaeii.
IMommumepai JMraHj KypaMblHIAarbl OTTEri aTOMbI KEIISHTY3TIIl METAI-MOHBIMEH KOOPAMHAIHSIBIK
OaiiilaHbIC Ty3yre KaThICATBIHJABIFBI aHbIKTANFaH. MK-CIEKTPOCKONMS JKOHE CKAHMPIEYIIl 3JIEKTPOH/BI
MuKpockonus daicrepimMer Temip (I11) xaopuai — MOIMBUHUINUPPONUIOH HETi3iHACTI CHHTE3/ICNITeH KeIIeH]Ii
KOCBUIBICTBIH KYPBUIBICHI MEH MOP(OJIOTUSCHl 3ePTTENreH. DNEKTPOH bl MUKPOCKOIHS HOTHKEJNEP] KeIIeH i
KOCBIIBICTBIH KE€YEeKTi OipTeKTi eMec aMOp(ThI KYPhIIGIMABI KaOBIKIIA TY3€TiH/ITIH KOPCETTI.

Kinm ce30ep: NONMMBHHWINIHPPONUIOH, TeMIp, KEMIEHTY3iIy, beeppyMm omici, KOHCTaHTa, TYpPaKTBHUIBIK,
KYpaMBbl, TepPMOANHAMHUKA.

JI.H. Ax6aeBa, b.C. bakuposa, I".A. Celinxanosa, I'.A. Kagupkynosa

CuHTe3 U ncclieI0BaHNe COCTABA KOMILIEKCa
xJjopup xkeqae3a (I1I) — moMBMHWINMPPOJIUAOH

B cratee Obul CHHTE3MpOBaH MNOJIMMEPMETAJUIMYECKHH KOMIUIEKC Ha OcHOBe xjopuma sxeneza (III) u
MONUBUHUINUPpOIHAoHa. [loTeHIIMOMETpUYECKUM U KOHAYKTOMETPHYECKHM METOJaMHU ObLI yCTaHOBIIEH
ero cocraB. BB MOCTPOCHEI KPUBEIE TUTPOBAHUS M HAMIECHO ONTHMAILHOE MOJBHOE COOTHOIICHUE pearu-
pyromux koMroHenToB (k= [Fe’*]/[TIBII] = 0,24). IlonydeHHble SKCIEPUMEHTATILHbIE JAHHbIC CBHICTEIIBCT-
BYIOT 00 00pa30BaHMU MOJIMMEPHOT0 KOMIUICKCA JKeJle3a, B KOTOPOM Ha YEThIPe COCTaBHBIX MOHO3BEHA IT0-
JMMBUHIINHPPOINAOHA MPUXOINUTCS OAUH HOH MeTalIa-KoMmIriekcoobpasosaresst. KoopauHanyonHast Hackl-
IMIEHHOCTh MeTaJIa-KOMIIIIEKCO00pa3oBaTes B 3TOM KOMILIEKCE OCYIIECTBISIETCS 3@ CUET MOJIEKY] pacTBO-
pUTEINs WM aHHOHA couty xkele3a. Ha ocHoBanun MoauduuupoBanHoro Merona breppyma Obliin paccUnTaHbl
KOHCTaHTBI YCTOMYMBOCTH MOJIMMEPHOTO KOMIIIEKCA MPH PAa3INYHBIX 3HAYEHHAX MOHHOM CHIIBI PacTBOPA, 110
KOTOPBIM OBUTH HaiiIeHbl TEPMOJAMHAMHYECKHE KOHCTAHTHI PAaBHOBECHS HCCIeyeMbIX IporieccoB. Ha ocHo-
BaHMU TEPMOJUHAMUYCCKUX KOHCTAHT YCTOWYMBOCTH, MCIHONB3Ysl YPaBHEHUS M30TEPMBI M M300apbl BanT-
Todda 1 Tu66Gca, GbUTH paccunTaHbl H3MEHeHHs 3Heprun ['mobca (A,G°), suramemun (AH") u sHTpOMHH
(A,S%). Peaxuun KOMIIEKCOOBPA30BAHHS HOHOB Kele3a ¢ MOTMBHHIIITHPPOIHIOHOM COMPOBOMKIAIOTCS K-
303 (exTamu, Ha YTO YKa3bIBAIOT OTPHLATENILHEIEC 3HAUCHUS] H3MCHEHHMS SHTAJIBIINY B Xoae peakuuu. OTpu-
LaTeNIbHbIe 3HAYEHHsT M3MEHEHHs SHTPOIHH AS IPU OTPHUIATEIILHOM H3MEHEHHH SHTAIBINU AH roBOpAT O
TOM, YTO HCCIeAyeMas peaKiis BO3MOXKHA IIPH JOCTATOYHO HU3KHUX TEMIIepaTypax. Y CTaHOBIICHO, YTO aTo-
MBI KUCJIOpO/ia MOJIMMEPHBIX JIMTAHA0B IPUHUMAIOT y4acTHe B 00Pa30BaHUN KOOPAWHAIIMOHHOH CBS3U C HO-
HOM MeTaia-KoMIuiekcooopaszosarens. Meronamu MK-criekTpockonuy U CKaHUPYIOLIEH IEKTPOHHOW MUK-
POCKOIIMU HCCIIEA0BAaHbI CTPOEHHE U MOP(OJIOTHS CHHTE3MPOBAHHOTO KoMIuiekca xiuopun skemesa (III)-
MONUBUHIITHAPPOIUIOH. Pe3ynpTaTsl 31eKTPOHHOM MUKPOCKONUH YKa3bIBAIOT Ha 00pa30BaHME MOTMMEPHBIX
IUIEHOK KOMIUIEKCA ¢ IOPUCTOM HEOJHOPOAHON aMOp(HOI CTPYKTYpOH.

Kniouesvie cnosa: MOIMBUHUIMMPPONUIOH, kKeIe30, KOMITIEKCOOOpa3oBaHue, MeTo breppyma, KOHCTaHTa,
YCTOMYHUBOCTB, COCTaB, TEPMOJUHAMUKA.
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Conformations of Calix[4]arenes. An Investigation Based on CSD Data.
Part III. Calix[4]resorcinarenes

In the first part of this investigation (Part I), cone conformers of calix[4]arenes with methylene and heteroa-
tom bridges from the Cambridge Structural Database (CSD) were investigated, in the second part (Part II) we
focused on structures of partial cone, 1,2-alternate and 1,3-alternate conformers with methylene- and heteroa-
tom-bridged calix[4]arenes represented in this Part II. This, third part (Part III) of the review is a sequel and it
is on conformations and geometry of calix[4]resorcinarenes scafolds, again using the data from the CSD. The
results were compared to data of calix[4]arene structures in our previous work. The effects of substitutions
and inter/intramolecular interactions present in the structure on the symmetry of the resorcinarene base frame
were evaluated with the help of previously introduced stereochemical parameters a, B, and §. Utilization of
new, slightly modified scale of parameters o', f3', §' was tested, too. To sum up, these parameter are useful not
only for describing the geometry of calix[4]arenes, but for calix[4]resorcinarenes, too. The ca-
lix[4]resorcinarenes seem to be more conformationally flexible and the «flat» arrangements are more fa-
voured there. Generally, the substitution is more complex and more irregular in the case of ca-
lix[4]resorcinarenes, and it is relatively difficult to found some common patterns. However, as all these re-
sults were obtained from solid state data, no conclusion concerning conformations and behavior of these mol-
ecules in solution can be stated, similary as in the case of calix[4]arenes.

Keywords: X-ray structures determination, Cambridge Structural Database (CSD), stereochemistry of ca-
lix[4]resorcinarenes, conformations, distorsion parameters, symmetry, substitution patterns, deformation of
base frame.

Calix[4]resorcinarenes are a class of macrocyclic compounds which has recently attracted a lot of atten-
tion because of their possible utilization in various areas of research and industry. Because of their potential,
the chemistry of resorcinarenes has in the last several years developed into a wide and well-explored area;
the principal utilization of these macrocycles being as spacers bearing functional groups in a well-defined
arrangement, allowing their desired cooperation, e.c. [1-4].

The utilization of calix[4]resorcinarenes as molecular platforms possesses a few advantages. First, the
synthesis of these macrocycles can be easily accomplished by a well-known procedure in good yields [5].
The starting materials (resorcinol and aldehydes) are inexpensive and common. Calix[4]resorcinarenes can
be easily modified on the m-and p-positions of their phenyl rings [1, 4, 5] and even on the bridge substituents
[6], which allows their chemical and physical properties to change as required. Finally, there are five possi-
ble conformations of the calix[4]resorcinarene macrocycle [4]; another advantage of using ca-
lix[4]resorcinarenes as molecular platforms.

The conformation and symmetry of the calix[4]resorcinarene molecule is important for its function as a
spacer bearing substituents in a defined arrangement, which allows their interaction, interaction with cations,
anions or neutral molecules [1-4]. The rigidity or flexibility of the calix[4]resorcinarene base skeleton is an
important factor controlling the distances among functional groups on the resorcinarene scaffold. The geom-
etry of the resorcinarene platform can be influenced by the interactions of its hydrophobic cavity or aromatic
rings with cations or neutral molecules by the means of cation-n interactions, m,m-interactions or van der
Waals interactions. The substituents on the upper or lower rim may also participate in shaping of the ca-
lix[4]resorcinarene molecule; another important factor is the rigidity or flexibility of the substituents on the
resorcinarene skeleton. The possible interactions (beside the above mentioned ones) may involve inter- or
intramolecular hydrogen bonding, electrostatic interactions, donor-acceptor interactions (cation complexes or
Lewis acid-base pairing) and sterical hindrance. In conclusion, the final shape of the calix[4]resorcinarene
platform results from the combination of all these effects. Effective control of the stereochemistry of the ca-
lix[4]resorcinarene platform (e.g. fine tuning of the geometry of these molecules) is essential for its utiliza-
tion in functional molecules [1-4].

In the previous two parts, of this work [7, 8], influence of inter/intramolecular interactions and
substitition patterns on the geometry of methylene- and heteroatom-bridged calix[4]arenes has been investi-
gated. To enable comparison between calix[4]arene and calix[4]resorcinarene molecules, the system of ca-
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lix[4]resorcinarene and calix[4]arene conformations has been unified so the conformations of ca-
lix[4]resorcinarenes are reported as cone, partial cone, 1,2-alternate and 1,3-alternate.

Figure 1 depicts the crown, boat, diamond, saddle and chair conformations [1, 4] of the resorcinarene
base frame (m- and bridge substituents omitted for clarity) and, for information, the cone, partial cone,
1,2-alternate and 1,3-alternate conformations of calix[4]arenes. From Figure 1, it is obvious that the cone
conformation of calix[4]resorcinarenes comprises the crown (= cone) and boat (= flattened cone) conform-
ers. The partial cone conformation may arise either from the chair or boat conformers whereas the
1,2-alternate conformation arises from the diamond and chair conformers and /,3-alternate conformation
arises exclusively from the saddle conformers.

calix[4]arenes

\ H‘\

uo~  partial cone
OH HO

OH HO

1,2-alternate
OH HO
1,3- alternate
HO

calix[4]resorcinarenes

crown = cone (Cy,) boat = flattened cone (C,,)

diamond (Cy)

saddle = 1,3-alternate

chair = flattened partial cone
(partial cone or 1,2-alternate)

Figure 1. Possible conformations of calix[4]arenes and calix[4]resorcinarenes
(X ... CH, or heteroatom/heterogroup; upper rim, m- and bridge substituents have been omitted for clarity)

From [1], it is clear that the substituents on the bridge carbon atoms can be arranged in axial or equato-
rial positions with regard to the macrocycle and transitions between these states are possible. The arrange-
ment (axial/equatorial) of the bridge substituents will be therefore discussed in text.

To elucidate the influence of the substitution of the calix[4]resorcinarene and inter- or intramolecular
interactions on the conformation of the calix[4]resorcinarene molecule, we utilized the Cambridge Structural
Database [9] as the largest source of information (more than 500 of calix[4]resorcinarene structures). The
conformation of the calix[4]resorcinarene molecules and inter- or intramolecular interactions present in these
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compounds can be easily determined from the crystal structure data. Nevertheless, this information may not
fully correspond to the conformational behavior of the resorcinarene molecules in solution.

The number of structures (551 cif-files) obtained from CSD [9] including the distribution of ca-
lix[4]resorcinarenes according to their conformation is shown in Table 1 (for unity, the conformations of ca-
lix[4]resorcinarenes are reported as those of calix[4]arenes, e.g. cone, partial cone, 1,2-alternate and
1,3-alternate). Five duplicite cif-files (structures containing several independent molecules which belong to
more than one conformation) are excluded from the total number.

Table 1

The distribution of calix[4]resorcinarenes from [9] according to their conformations
(incomplete cif files are those where atom coordinates are not included)

Conformation Number .of com- % Number of independ- 9 Number qf in- 9
plete cif files ent molecules complete cif files

Cone 416 75.50 498 83.14 38 —
Partial cone 18 3.27 Conformation 3.51 1 —
1,2-Alternate 26 4.72 27 4.51 1 —
1,3-Alternate 45 8.17 53 8.85 0 -
Not determined — — — — 7 -
Total 504 91.47 599 100 47 8.53

In the group of calix[4]resorcinarenes, there is a relatively large percentage of cone-structures (over
82 %) and of symmetrically substituted structures with the exception of partial cone conformers (see Ta-
ble 2). In the large number of symmetrically substituted structures, the resorcinarene group resembles the
group of heteroatom-bridged calix[4]arenes described in previous papers [7, 8]. Duplicite hits not excluded
from Table 2; seven structures with incomplete cif files, where conformations were impossible to determine,
are not included in the total number in Table 2.

Table 2
Distribution of symmetrically substituted structures in calix[4]resorcinarenes
Conformation Type No. of cif files % No. of independent %
molecules

C Symmetrically substituted 351 76.6 383 76.9
one Other 107 23.4 115 23.1
Partial Symmetrically substituted 7 36.8 8 38.1
artiat cone Other 12 63.2 13 61.9
Symmetrically substituted 25 92.6 25 92.6

1,2-Alternate Other 2 7.4 2 7.4
Symmetrically substituted 34 75.6 40 75.5
1,3-Alternate Other 11 24.4 13 24.5

Not determined — 7 — — —
Total Symmetrically substituted 417 76.0 456 76.1
Other 132 24.0 143 23.9

Unlike previously discussed calix[4]arenes [7, 8], there are substituents present on the methylene bridg-
es of calix[4]resorcinarenes; the positions (axial/equatorial with regard to the macrocycle) of these groups
significantly affect the geometry of the resorcinarene scaffold [1]. However, because of the presence of two
hydroxyl groups at the m-positions of the upper rim (and in some cases a third hydroxyl group at the
p-position of the upper rim), several substitution patterns not observed in the group of calix[4]arenes are pos-
sible with calix[4]resorcinarenes (e.g. molecules with C4-symmetrical substitution).

The different types of substitution are as follows: symmetrically substituted structures are those which
contain symmetrically substituted all four p-positions, all four methylene bridges and all eight m-positions
(C4y-symmetrical substitution). Distally substituted structures usually contain symmetrically substituted all
four methylene bridges and either symmetrically substituted all eight m-positions and distally substituted
p-positions or symmetrically substituted all four p-positions and distally substituted both m- hydroxyl groups
on each of two opposite resorcinarene phenyl rings (C,,-symmetrical substitution). Molecules with
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C4-symmetrical substitution contain two groups of m-positions: 4-, 10-, 16-, 22- and 6-, 12-, 18-, 24-; each
group substituted by different substituents. Molecules with other substitution patterns are usually not so nu-
merous and are therefore not thoroughly discussed.

Figure 2. The symmetry of substitution patterns in groups of calix[4]resorcinarenes (A; # Ay, By #B,, C; #C,)

Figure 2 shows the previously discussed types of substitution observed within the group of ca-
lix[4]resorcinarenes. The last two types for C,,-symmetrical substitution are present in a few structures only
and are not common.

The group of calix[4]resorcinarenes is smaller than the group of calix[4]arenes with methylene bridges
but significantly larger than the group of calix[4]arenes with heteroatom bridges (see [7, 8]). There are alto-
gether 551 cif files belonging to this group (23.2 % from the total of 2377 cif-files in [9] belonging to ca-
lix[4]arenes with methylene and heteroatom bridges and calix[4]resorcinarenes); the number of 218 cif files
for calix[4]arenes with heteroatom bridges amounts to 9.2 % and for calix[4]arenes with methylene bridges
(1610 cif files) to 67.7 %. Therefore, about one quarter of all calix[4]arene and calix[4]resorcinarene struc-
tures in [9] belongs to calix[4]resorcinarenes.

In the number of independent molecules, 1805 hits belong to calix[4]arenes with methylene bridges
(67.9 % of all 2657 hits), 253 hits to calix[4]arenes with heteroatom bridges (9.5 %) and 599 hits to ca-
lix[4]resorcinarenes (22.5 %).
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From these numbers, it is obvious that calix[4]arenes with methylene bridges are the group which has
attracted the most interest in research, followed by calix[4]resorcinarenes. Calix[4]arenes with heteroatom
bridges are not so numerous probably because these molecules have emerged relatively recently compared to
the other two groups; moreover, there are difficulties in their selective substitution, their greater conforma-
tional flexibility and stability towards aggressive chemical agents [10].

In the preceding two papers [7, 8]), the previously introduced parameters a,  and & [11, 12] have been
utilized to describe the geometry of the calix[4]arene base frame. Furthermore, the utility of the parameters
o, B and o to describe the influence of inter/intramolecular interactions on the geometry of the calix[4]arene
scaffold in all conformers of methylene- and heteroatom-bridged calix[4]arenes was demonstrated.

250 0 ﬁ

Figure 3. 3D plot of calix[4]resorcinarenes from CSD [9]

Figures 3 and 4 show 3D plots of parameters o, B, 6 of calix[4]resorcinarenes and of ca-
lix[4]resorcinarenes along with methylene- and heteroatom-bridged calix[4]arenes from [9] which were dis-
cussed in our previous works [7, 8]. As in the case of methylene- and heteroatom-bridged calix[4]arenes,

separation into distinct groups for cone, partial cone, 1,2-alternate and 1,3-alternate calix[4]resorcinarenes
can be seen.

..... = [
600 lj B

tial cone

L 1,3-alternate

Figure 4. 3D plot of calix[4]resorcinarenes along with methylene-
and heteroatom-bridged calix[4]arenes from CSD [9]
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Figure 5 shows the distribution of the B, 6 values in the group of calix[4]resorcinarenes from [9]. Fig-
ure 6 shows similar plot for calix[4]resorcinarenes and methylene- and heteroatom-bridged calix[4]arenes
from [9]. As in the groups of methylene- and heteroatom-bridged calix[4]arenes discussed previously [7, 8]),
the four conformations (cone, partial cone, 1,2-alternate and 1,3-alternate) are clearly distinguished in these

plots.
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Figure 5. The distribution of the B,  values in the group of calix[4]resorcinarenes from [9]
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0O — cone; o — partial cone; A — 1,2-alternate; v — 1,3-alternate conformation

Figure 6. The distribution of the B, § values calix[4]resorcinarenes and methylene-
and heteroatom-bridged calix[4]arenes from [9]

The average values of parameters a, B, d and their standard deviations in the respective groups of con-
formers (see Table 3) convey useful information, too. They reflect the rigidity or flexibility of the ca-
lix[4]resorcinarene skeleton as well as the distribution of the parameters a, 3, 8.
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Table 3
The average values of parameters a, f§, 6 and their standard deviations (in)
Conformation | Parameter | Average value AV | Standard deviation SD | SD/AV
o 54.41 4.61 0.08
Cone B 38.92 48.66 1.25
) 4.68 4.88 1.04
o 135.49 3.20 0.02
Partial cone B 184.47 22.45 0.12
) 349.47 7.55 0.02
o 181.41 4.66 0.03
1,2-Alternate B 0.91 3.90 4.29
) 523.23 17.65 0.03
o 221.52 9.13 0.04
1,3-Alternate B 505.53 19.34 0.04
) 7.70 5.67 0.74

From the values of the standard deviations in Table 3, it is obvious that the resorcinarenes tend to be
quite uniform in all parameters and in all conformations with the exception of the cone. This behavior is
caused by a relatively rigid arrangement of the resorcinarene skeleton in /,2-alternate, 1,3-alternate and par-
tial cone structures caused by substitution of the bridges [1]. For the cone conformation, two arrangements of
the calix[4]resorcinarene base frame are possible (C4, or C,, symmetry, see Figure 1 and [1]), which ac-
counts for high value of the standard deviation in the [ parameter. The o parameter in the cone
resorcinarenes has lower average value than in the cone calix[4]arenes with methylene or heteroatom bridge
groups probably because of m- substitution of the resorcinarene phenyl rings and the resulting sterical hin-
drance and therefore more open cavity (for comparison, see [7, 8]).

The main differences in cone, partial cone, 1,2-alternate and 1,3-alternate structures of calix[4]arenes
with methylene or heteroatom bridges and calix[4]resorcinarenes which are summarized in Table 3 and in [7]
can be depicted on following Figures 7-10.

From Figure 7 (a-p plot of all cone calix[4]arene and calix[4]resorcinarene structures from [8]), it can
be seen that calix[4]resorcinarenes have lower average value of the o parameter than the rest of calix[4]arene
structures (see Table 3 in [7]). Both low and high B values are possible in these structures; however, in ca-
lix[4]arenes with methylene or heteroatom bridge atoms the distribution of the B values is almost continuous
whereas in calix[4]resorcinarenes there are fewer structures with high . The reason for this behavior might
be hydrogen bonds between m- hydroxy groups at the resorcinarene upper rim in C4-symmetrical arrange-
ment which are not present in significantly deformed C,,-symmetrical conformation (sterical reasons). The
significantly deformed C,, conformation is therefore not as energetically advantageous for ca-
lix[4]resorcinarenes as the less deformed C,, conformation, which is further confirmed by relatively low av-
erage P value for cone resorcinarenes in Table 3.

The a-6 plot of all partial cone calix[4]arenes and calix[4]resorcinarenes from [7, 9] (Fig. 8) shows that
the methylene and heteroatom-bridged structures are relatively uniform (two diffuse groups can be observed
within the methylene-bridged group). On the other hand, calix[4]resorcinarenes form a very distinct group at
larger o and 6. The reason for this behavior is probably absence of lower rim substituents in ca-
lix[4]resorcinarenes and therefore almost no sterical hindrance at the lower rim compared to calix[4]arene
structures. The conformation of partial cone resorcinarenes is therefore close to the boat conformer depicted
in Figure 1 with very close lower rim carbon atoms of two opposite phenyl rings. The only calix[4]arene
structures close to this resorcinarene group are structures with missing lower rim substituents which further
enhances this hypothesis [8]. Larger average values of a, & for the group of partial cone resorcinarenes are
confirmed by Table 3.

From Figure 9, it can be seen that the majority of I,2-alternate calix[4]arenes and calix[4]resorcin-
arenes from [8, 9] have the value of the a parameter close to 180°. The only notable exception is the group of
methylene-bridged calix[4]arene structures which contains a relatively large number of structures with big-
ger o. Both heteroatom-bridged calix[4]arenes and calix[4]resorcinarenes form relatively distinct groups;
however, as there are not so many I,2-alternate structures compared to other conformations it is very diffi-
cult to draw any conclusions here.
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Figure 7. The a-P plot of the group of cone structures
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The groups of 1,3-alternate calix[4]arenes with methylene and heteroatom bridges are relatively uni-
form (Fig. 10); a small group of methylene-bridged structures can be observed at lower B. On the other hand,
calix[4]resorcinarenes form a very distinct group at high o and B (see Table 3). The reason for this behavior
(missing lower rim substituents) is the same as for the previously discussed partial cone structures; several
methylene- and heteroatom-bridged calix[4]arenes which lack lower rim substituents have similar geometry
as the resorcinarene group and are therefore close to it [8].
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e — CH, bridge; ® — heteroatom bridge; o — calix[4]resorcinarene
Figure 10. The a-f plot of the group of 1,3-alternate structures

The following part of this article will focus on describing the cone, partial cone, 1,2-alternate and 1,3-
alternate conformations of calix[4]resorcinarenes.

Cone calix[4]resorcinarenes

In the group of cone calix[4]resorcinarenes, there is a relatively large number of symmetrically substi-
tuted structures (about 77 %, see Table 4); complexes form 15 % of the entries. This group is the most popu-
lated one in all calix[4]resorcinarenes; more than 82 % of all resorcinarene structures in [9] are cone.

Table 4
Distribution of substitution patterns in the cone calix[4]resorcinarenes from [9]

No. of cif No. of independent
Type files % molecules v
Symmetrically substituted — uncomplexed 298 65.1 314 63.1
Symmetrically substituted — complex 53 11.6 69 13.9
Distally substituted — uncomplexed 29 6.3 33 6.6
Distally substituted — complex 23 5.0 23 4.6
Other — uncomplexed 50 10.9 53 10.6
Other — complex 5 1.1 6 1.2
Total 458 100 498 100

The a-f and a-B plots of the cone group are given in Figure 11, 12. In the a-p plot, the groups of sym-
metrically and distally substituted molecules form two relatively distinct groups; the first one at lower  con-
sisting almost entirely from symmetrically substituted molecules (C4,-symmetrical substitution), the second
one at higher B consisting both of symmetrically and distally substituted molecules (C,,-symmetrical substi-
tution). These two groups belong to the crown and boat conformers (see Fig. 11).
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Figure 11. The a-f plot for the group of cone calix[4]resorcinarenes

Compared to methylene-bridged cone calix[4]arenes [7], resorcinarenes can reach relatively low o or
very high B values. This increased flexibility can be ascribed to missing substituents at the lower rim in
resorcinarenes and therefore significantly diminished sterical hindrance at the lower rim. The parameter o is
usually below 20° in the cone resorcinarene structures and the deformation towards C; symmetry is therefore
usually negligible (see Fig. 12).
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m — symmetrically substituted — uncomplexed; 0 — symmetrically substituted — complex;
V¥ — distally substituted — uncomplexed; V' — distally substituted — complex;
o — other substitution patterns — complexes not distinguished

Figure 12. The a-f plot for the group of cone calix[4]resorcinarenes

The effect of a filled/empty cavity observed within the group of methylene-bridged cone calix[4]arenes
[7] is present even in cone resorcinarene structures (Fig. 13). Clathrates with B > 75° belong to flattened cone
structures in which the clathrate molecule reaches only partly into the cavity. Methylene bridge substituents
can be almost exclusively found in axial positions with regard to the macrocycle in all of these structures.
However, an exception to this rule exists; see clathrate QENCER which has two adjacent bridge substituents
in axial and the other two in equatorial positions (Fig. 14). There are only weak CH-n interactions present
between the two axial aromatic substituents; no significant intermolecular interactions have been found in
this structure.
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m — no molecule inside the cavity; ¢ — metal ion inside the cavity; 0 — solvent molecule inside the cavity;
o — a part of a resorcinarene molecule inside the cavity; A — ligand from a complex inside the cavity

Figure 13. The effect of a filled/empty cavity in cone resorcinarenes

Figure 14. Structure QENCER [9]

In Figure 1, there are two possible base frames from which the conformation of cone ca-
lix[4]resorcinarenes may arise: the crown conformer and the boat (flattened cone) conformer. Regardless of
the base frame substitution, structures close to the crown geometry are significantly more abundant than
those of the flattened cone geometry (see Fig. 11). Structures close to the crown geometry have low [3
(< 80°); structures with the flattened cone geometry have lower a and high (> 80°, see the two distinct
groups in Fig. 11). From Figure 11, it is obvious that the vast majority of the distally substituted structures
adopt the flattened cone geometry whereas the symmetrically substituted structures can be found in both ge-
ometries; mostly in the crown one.

Since there is only a small number of complexes, the complexes will not be discussed in a separate
chapter.

Symmetrically substituted cone calix[4]resorcinarenes

There are three distinct groups of symmetrically substituted calix[4]resorcinarenes in Figure 11. The
first 'cluster' (11-1 with a > 55° and B < 20°; from 98 cif files, and 127 independent molecules, centered at
[59.42; 2.94; 2.48], with standard deviation [1.95; 2.78; 2.52]) and the second one (11-II with a < 55° and
B < 80°; from 184 cif files, 215 independent molecules, centered at [53.12; 26.43; 4.43], with standard devia-
tion [1.39; 20.97; 3.85]) are relatively 'sharp’. The third 'cluster' (11-III with B > 80°; from 37 cif files, 39
independent molecules, centered at [49.32; 128.96; 11.08], with standard deviation [5.05; 26.45; 9.37]) is
diffuse. There are, too, two complexed structures with o ~ 60° and  ~ 35° which do not fit into these groups.
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The bulk of 'cluster' 11-I is formed by molecules which contain one-atom bridges between the adjacent
upper rim m- hydroxyl groups (C, P, (Si) being the most common); there is a relatively large number of these
structures (53) between the symmetrically substituted resorcinarenes. These structures adopt invariably the
symmetrical crown conformation even in cases when there is no molecule inside the cavity; the reason being
the rigidity of the molecule (Fig. 15). Because of the rigidity of the resorcinarene moiety and more closed
cavity caused by the short upper rim bridges, the o parameter tends to be higher in these structures (55-60°).

Figure 15. Structure PUHJUX [9]

'Cluster' 11-II is the most numerous group of cone resorcinarene structures and is formed by symmetri-
cally substituted uncomplexed cone resorcinarenes which contain two or three upper rim unsubstituted hy-
droxyl groups. Symmetrical substitution of these molecules, cyclic array of intramolecular hydrogen bonds at
the upper rim and little or no sterical hindrance at the upper rim should lead to more symmetrical structures
with regard to parameters a, § and f.

Symmetrically substituted molecules with upper rim unsubstituted hydroxyl groups which adopt the
more symmetrical crown conformation are usually clathrates which contain a solvent molecule inside the
resorcinarene cavity; [ and & parameters seem to be affected by the size and shape of this molecule (mole-
cules with C,, axis tend to produce clathrates with C4, symmetry (B, & about 0°), flat aromatic molecules usu-
ally result in deformation of the resorcinarene base frame towards flattened cone conformation as reflected
by increase of B (the cause being intermolecular CH-nt and 7, m-interactions), see Figure 16. As in the group
of cone calix[4]arenes [7], structures with disordered clathrate molecules usually have more symmetrical
resorcinarene scaffolds; the disorder is therefore probably dynamic. The parameter a varies in these mole-
cules but there seems to be no correlation between the size of the clathrate molecule and the value of this
parameter (in the crown clathrates, a is typically 50-55°; structures deformed towards C,, symmetry tend to
have lower a value).

ICODUZ
IKARUH

Figure 16. Structures ICODUZ, IKARUH [9]

Since calix[4]resorcinarenes with two or three hydroxyl groups at the upper rim tend to form various
networks of hydrogen bonds in the solid state in addition to other commonly found intermolecular interac-
tions (m,m-interactions, CH-mt interactions), the role of parameter & which describes the deformation of the
cone base frame towards C, symmetry is less transparent than in cone calix[4] where this type of hydrogen
bonds is completely absent (see [7]). The value of & parameter are therefore not discussed.
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There are also several molecules in this group which contain bulky substituents on the upper rim p-
positions. These molecules tend to adopt the more symmetrical crown conformation even in cases where
there is no solvent molecule inside the cavity. The principal reasons for this behavior seem to be sterical hin-
drance along with the presence of upper rim hydrogen bonds (Fig. 17).

Figure 17. Structure XULJET [9]

Symmetrically substituted calix[4]resorcinarenes with upper rim unsubstituted hydroxyl groups which
contain no solvent molecule inside the cavity tend to adopt the less symmetrical flattened cone conformation
which maximizes favorable m,m-interactions between one pair of the resorcinarene phenyl rings. However,
this conformation also disrupts the energetically favorable arrangement of intramolecular hydrogen bonds
between the upper rim m- hydroxyl groups; the final conformation is therefore either flattened cone with
m,m-interactions or a C,,-deformed crown containing an arrangement of intramolecular hydrogen bonds in
dependence on which effect is prevalent (e.g. structures FILDUA, POBCOY, Fig. 18); the flattened cone
conformation is usually further stabilized by intermolecular hydrogen bonds or other interactions present in
the solid state. The flattened cone structures usually belong to 'cluster' 11-1II whereas the C,,-deformed
crown structures to 'cluster' 11-1II.

Figure 18. Structures FILDUA, POBCOY [9]

The effect of a presence of aromatic solvent in the resorcinarene cavity and the resulting deformation
towards flattened cone geometry thanks to intermolecular CH-nt and 7,m-interactions has already been dis-
cussed (see Fig. 16).

The upper rim hydroxyl groups of the symmetrically substituted molecules can be alkylated or acylated;
the result being 13 structures with upper rim hydroxyl groups substituted with monodentate (not bridge)
groups. The conformation of these molecules is usually flattened cone due to empty resorcinarene cavity
(probably sterical reasons caused by bulky upper rim substituents); these structures all belong to 'cluster' 11-
ITII. However, three structures of this group adopt more open C,,-deformed cone conformation; the causes
being sterical hindrance by very large substituents at the upper rim (structure DASNAN [9]) or a solvent
molecule partially reaching into the cavity (BICREL, BICRIP [9]).

The adjacent m- hydroxyl groups at the upper rim can be connected even by two-atom or longer (3- or
4-atom) bridges. There are tventy symmetrically substituted structures of this type in [9]; fifteen structures
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with two-atom bridges, three structures have three-atom bridges, two structures four-atom bridges. These
structures are usually clathrates with a symmetrical crown conformation; however, because of higher flexi-
bility of the longer bridge several flattened cone molecules have been observed within this group. The ab-
sence of solvent in the cavity seems to be the main reason for the conformation of flattened cone molecules
(Fig. 19), there seems to be no dependence on the number of atoms in the upper rim bridge. In dependence
on the presence or absence of clathrate molecules inside the cavity, these structures belong to 'cluster' 11-11
(because of the longer bridge than in structures belonging to 'cluster' 11-1, the parameter a is usually below
55° in these structures) or to 'cluster' 11-I11.

IFEFUU

Figure 19. Structure IFEFUU and a more symmetrical clathrate IFEGAB [9]

The complexes of the symmetrically substituted resorcinarenes are quite a numerous group (53 cif-files
containing 69 independent molecules). There are several coordination motives within this group.

The first group (20 cif-files) is formed by oligomeric complexes of various metal ions coordinated on
resorcinarene upper rim p-substituents. Since the base frame is formed by resorcinarene containing meth-
ylene-bridged upper rim m- hydroxyl groups and therefore is very rigid, the subsequent coordination on p-
substituent has little effect on the geometry of the resorcinarene. The resorcinarene adopts symmetrical
crown conformation in all these complexes; the o parameter is usually above 55° in these structures with 3, &
close to 0°; these structures belong to 'cluster' 11-1.

Similar structural motif is present in the second group of complexes coordinated at substituent on the
upper rim m-methylenedioxy bridge (two structures EZIQUZ, XEBPEA [9]). Concerning the influence of
the metal coordination on the resorcinarene moiety, these complexes do not differ from the previous group.

Another relatively numerous group is characterized by metal coordination on upper rim phosphorus
bridges (21 cif-files). As in the previous cases, metal coordination has little effect on the rigid resorcinarene
base frame (C4, symmetry in all these structures). Representative example of Ag- complex is given in Fig-
ure 20.

Figure 20. Structure EKUKUQ [9]
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There are also relatively symmetrical polymeric complexes coordinated directly at the upper rim m- and
p-hydroxyl groups and containing a solvent molecule inside the cavity (GALMOW, PAWKII) and mono-
meric complexes coordinated on the m-hydroxyl groups (NEFCOQ, ZUCXEA [9]; Fig. 20, 21). Because of
the sterical hindrance caused by the presence of bulky ligands at the upper rim, the last two structures are
more open and therefore possess low a. These structures have low 3 and belong to 'cluster' 11-I or 11-I1.

Figure 21. Structure ZUCXEA [9]

The only structure coordinated on the methylene bridge substituents is structure JADHIF (Fig. 22).

Figure 22. Structure JADHIF [9]

The only complexes with flattened cone resorcinarene base frame in the symmetrically substituted
group belonging to 'cluster' 11-III are hits CALHED, UCISIJ, UCISOP and MUBSUX [9]. These structures
are distally coordinated at the upper rim p- substituents or m- hydroxyl groups; the coordination in the first
three structures requires bringing of the two opposite phenyl rings to close proximity and therefore the
above-mentioned deformation of the resorcinarene moiety. Empty cavity and sterical reasons are probably
behind the deformation in structure MUBSUX.

Distally substituted cone calix[4]resorcinarenes

The vast majority of distally substituted structures adopt the more deformed flattened cone confor-
mation (Fig. 11). These structures form a diffuse 'cluster' 11-IV (48 cif-files, 51 independent molecules),
centered at [48.59; 127.94; 6.24], with standard deviation [2.74; 23.48; 4.87]. Empty cavity (and the resulting
unhindered m,m-interaction between one pair of opposite resorcinarene phenyl rings) and sterical reasons
(hindrance by bulky upper rim substituents) are behind the flattened cone conformation of the structures
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from 'cluster' 11-IV. Moreover, the substitution at the upper rim m- hydroxyl groups of two opposite
resorcinarene phenyl rings usually negates intramolecular hydrogen bonds (mostly sterical reasons), which
also contributes to the more deformed C,, geometry. A representative example is structure FANBUS
(Fig. 23). Some exceptions with more open structure exist; structure CIMWUQ contains solvent molecule
inside the cavity and has therefore B ~ 55°, structure TAZMAJ [9] contains rigid upper rim distal bridge
which forces the structure more open (f about 80°).

However, there are three structures in the distally C,,-substituted group (NERGIA, TOTCEK and
TUCKUX [9]) with entirely different substitution pattern: methylene-bridged upper rim m- hydroxyl groups
with the distal substitution occurring at the p-positions. The geometry of these molecules is determined by
the rigid base frame (methylene bridges between the adjacent upper rim m- hydroxyl groups, see similar
structures in the symmetrically substituted group) and these structures are therefore close to structures from
'cluster' 11-1 from the symmetrically substituted group.

Figure 23. Structures FANBUS, NERGIA [9] reflecting two typical substitution patterns
within the distally substituted group; the distal substitution in the first case may take place
at either pair of the phenyl rings (either on the closer pair or on the more distant one)

There are a relatively large number of complexes within the distally substituted group (23 structures out
of the total of 52 hits for the distally substituted group which amounts to 44 %). All complexes are derived
from the structures distally substituted at the m-hydroxyl groups of two opposite resorcinarene phenyl rings.
Since the coordination invariably takes place at these substituents and does not therefore affect the
resorcinarene moiety directly, all structures in this group are deformed towards the C,, geometry exactly as
their uncomplexed counterparts. Structures containing solvent molecule within the cavity (ALEPEM,
ALEPIQ [9]) are somewhat more open as are structures distally coordinated by a bulky metal cluster at the
upper rim substituents of the closer phenyl rings (ARUJUS, OMAKOC, OMAKUI [9)); the listed effects are
reflected in lower 3 value for these structures.

Structures with less symmetrical substitution patterns

The groups with other substitution patterns are the least numerous, each containing several structures
only. The a- and a-0 plots for these cone calix[4]resorcinarenes are given in Figure 24 and 25, respectively.

The structures with C,-symmetrical substitution form a relatively uniform group with o < 55° (‘cluster’
24-1, 15 cif-files contain 16 independent molecules, centered at [51.76; 21.98; 5.53] with standard deviation
[1.07; 15.83; 5.07]). There are two structures with f > 80° which do not belong into this group. Structures
from the 'cluster’ 24-1 contain one substituted m-hydroxyl group on each resorcinarene phenyl ring and pos-
sibly even substituted p-positions of these phenyl rings (for the two possible substitution patterns; see
Fig. 26). Since the vast majority of these molecules exist in the crown conformation thanks to presence of a
solvent molecule inside the cavity, this group is very close to the' cluster' 11-II of the symmetrically substi-
tuted crown resorcinarenes.
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Figure 24. The a-B plot for the less symmetrically substituted cone calix[4]resorcinarenes

20
(]
15 +
(]
AA
10 - ° N
o < A
O o o
] ~ .Ig A A
= TN A s, O
oe %AD
0F e oA o
1 1 1 1 1 N 1 1 1 1 1

e — molecules with Cy4-; 0 — C,-; A — C,-symmetrical substitution pattern

Figure 25. The -3 plot for the less symmetrically substituted cone calix[4]resorcinarenes

Figure 26. Structures NOPHEF, TAHXIK [9]
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The group of C,-symmetrically substituted resorcinarenes is a very diverse one, varying widely in sub-
stitution patterns. There are a number of proximally bridged structures in this group, either on the upper rim
or on methylene bridges. The more symmetrical of these structures usually contain a solvent molecule inside
the cavity, the result being crown conformers (‘cluster' 24-11, 6 cif-files with 6 independent molecules, cen-
tered at [54.85; 11.65; 3.21] with standard deviation [5.32; 11.43; 2.52]). The same effect was observed with
methylene-bridged upper rim m-hydroxyl groups (Fig. 27). On the other hand, unoccupied cavity tends to
result in flattened cone conformers (3 cif-files with 5 independent molecules).

Figure 27. Upper rim proximally bridged structure ASAWEW [9] with a rigid resorcinarene base frame

The group of the Ci-symmetrically substituted structures is likewise quite diverse; the majority of mole-
cules contain methylene-bridged upper rim m- hydroxyl groups which accounts for their rigidity and crown
conformation close to the 'cluster' 11-1 of the symmetrically substituted group (the compact group in Figure
24 at o > 58° and B < 20°: the 'cluster' 24-I11, 16-cif files containing 24 independent molecules, centered at
[60.68; 3.77; 5.06]; with standard deviation [1.12; 2.57; 3.25]). There are also several structures with upper
rim two-atom bridges; these molecules have a < 56° and adopt the crown conformation as well. Other struc-
tures from this group are few and not so important to be discussed explicitely.

Partial cone calix[4]resorcinarenes

In the group of partial cone calix[4]resorcinarenes, there is a relatively low percentage (about 37 %) of
symmetrically substituted structures compared to the rest of calix[4]resorcinarenes (see Table 5). Moreover,
this group is the least populated one (19 cif-files containing 21 independent molecules only). On the other
hand, the number of complexes in this group is relatively big (6 structures).

Table 5

Distribution of substitution patterns in the group of partial cone resorcinarenes from [9]

No. of cif No. of independent
Type files % molecules %
Symmetrically substituted — uncomplexed 6 31.6 7 33.3
Symmetrically substituted — complex 1 5.3 1 4.8
Distally substituted — uncomplexed 4 21.1 5 23.8
Distally substituted — complex 5 26.3 5 23.8
Other — uncomplexed 3 15.8 3 14.3
Total 19 100 21 100

There are two possible conformations from which partial cone calix[4]resorcinarenes may arise
(Fig. 1): boat (flattened cone) or chair (flattened partial cone) conformation. The difference between these
two possibilities is straightforward (see Fig. 1). However, only conformers derived from the boat confor-
mation have been observed within this group; substituents on the methylene bridges are in all structures from
this group arranged in axial positions with regard to the macrocycle. Moreover, w,n-interaction is usually
present between one pair of the opposite resorcinarene rings (with the exception of several 'clathrates").
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The a-f and -0 plots for the group of partial cone calix[4]resorcinarenes are depicted in Figures 28
and 29.
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Figure 28. The a-f plot for the group of partial cone calix[4]resorcinarenes
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Figure 29. The B-6 plot for the group of partial cone calix[4]resorcinarenes

The diffuse 'cluster' of symmetrically substituted structures (‘cluster' 28-1) contains 6 cif-files with 8 in-
dependent molecules and is centered at [138.42; 168.92; 352.07] with a standard deviation of [1.70; 9.21;
5.83]. The main group of the distally substituted structures ('cluster' 28-II) consists of 6 cif-files with 6 inde-
pendent molecules which have B < 200° and a < 136°; this cluster is centered at [133.46; 183.95; 351.37]
with a standard deviation of [0.61; 4.18; 5.40].

From Figures 28 and 29, it can be seen that the group of symmetrically substituted molecules ('cluster'
28-I) is relatively uniform in all parameters, the opposite being true with the distally substituted structures.
Because of small number of structures in the symmetrically substituted group, diversity of the structures and
variety of inter- and/or intramolecular interactions present in the solid phase (hydrogen bonds in structures
with upper rim hydroxyl groups, CH-n and n,t-interactions with solvent molecules, metal coordination etc.),
no correlation between the type of substituents and geometry of the resorcinarene moiety has been found.
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Solvent molecules do not enter the 'cavity' in this group and therefore do not disrupt the n,n-interactions be-
tween two opposite resorcinarene rings in this group; this effect results in more closed structures with lower
B. The representative example of this group is structure YABYAC (Fig. 30).

Figure 30. Structure YABYAC [9]

Resorcinarenes within the distally substituted group differ most significantly in parameter . The main
reason behind this behavior is the presence or absence of solvent molecule inside the resorcinarene 'cavity'.
Structures which contain solvent molecule inside the 'cavity' have larger B because of more open structure
caused by disruption of intramolecular &,t-interactions. Another reason for more open 'cavity' is distal bridg-
ing of the upper rim by a rigid substituent. These effects lead to f > 220°. However, in the majority of the
distally substituted structures (‘cluster' 28-II) intramolecular w,m-interactions are not disrupted and the param-
eter 3 is close to the symmetrically substituted group.

Complexes within the distally substituted group are coordinated at upper rim phosphorus-bearing sub-
stituents and display a variety of coordination modes. As a whole, these compounds are of little interest.

The previously-mentioned effect of a filled/empty 'cavity' is depicted in Figure 31. The base confor-
mation of the resorcinarene base frame is boat, 'clathrate' molecules (if any) usually reach only partly into the
'cavity'. As in the groups of partial cone calix[4]arenes [7], 'clathrates' have bigger [ than molecules with
empty 'cavity'. Since there are only a few structures in the group of partial cone resorcinarenes, it is difficult
to draw any conclusions regarding the influence of substitution and inter-/intramolecular interactions on the
geometry of the resorcinarene scaffold.
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o — substituent from resorcinarene molecule inside the 'cavity'

Figure 31. The effect of a filled/empty 'cavity' in partial cone resorcinarenes

1,2-alternate calix[4]resorcinarenes

The relatively scarcely populated group of 1,2-alternate calix[4]resorcinarenes is unique in two re-
spects. First, it contains very large percentage of symmetrically substituted structures (25 out of 27 hits, see
Table 6). Next, there are no complexes within this group.
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Table 6

Distribution of substitution patterns in the group of 1,2-alternate resorcinarenes from [9]

No. of cif| ,, | No. of independent |
Type files & molecules &
Symmetrically substituted — uncomplexed 25 92.6 25 92.6
Other — uncomplexed 2 7.4 2 7.4
Total 27 100 27 100
The a-6 and -0 plot of this group are depicted in Figures 32 and 33.
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Figure 32. The a-0 plot of the group of 1,2-alternate calix[4]resorcinarenes
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Figure 33. The B-6 plot of the group of 1,2-alternate calix[4]resorcinarenes

From Figure 32 and 33, it is clear that the group of /,2-alternate resorcinarenes is stretched in the 9 pa-
rameter. The majority of structures have o < 182° and B < 2° (‘cluster' 32-1, 25 cif-files with 25 independent
molecules, centered at [180.11; 0.15; 524.28] with standard deviation [0.36; 0.52; 17.62]). However, two
structures deviate significantly from this trend.
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Structures of 'cluster' 32-1 exist in the chair (flattened partial cone) conformation. This conformation
has all substituents on the methylene bridges in the axial positions (up-, up-, down-, down- arrangement); this
arrangement minimizes sterical hindrance. Structure PAXREM [9] with unsubstituted methylene bridges
adopts this conformation as well. Moreover, all structures with unsubstituted upper rim hydroxy groups tend
to form hydrogen bonds to solvent molecules or networks of hydrogen bonds between resorcinarene and/or
solvent molecules in the solid state. Other intermolecular interactions (w,n-interactions with aromatic solvent
molecules, CH-7 interactions etc.) are also common within this group.

Other interesting feature common for 'cluster' 32-1 is the presence of aromatic substituents on the meth-
ylene bridges. 13 structures from this group contain this structural motif; in twelve of them there are m,zn-
interactions between the adjacent aromatic substituents and CH-r interactions between these substituents and
one resorcinarene phenyl ring which help further stabilize the conformation (see Fig. 34).

The two structures that significantly deviate from this group (Fig. 32, 33) are structures IFINAM
(Fig. 34) and HEFKOS(10) [9]. These structures adopt the diamond conformation with the position of bridge
substituents of up-, up-, up-, down-. Both these structures contain aliphatic group-substituted methylene
bridges but since there are too few structures in this group, no reliable conclusions can be made.

Figure 34. Structure GIYTAJ depicting the typical arrangement of the majority
of 1,2-alternate calix[4]resorcinarenes; structure IFINAM with a more deformed base frame [9]

The structures from 'cluster' 32-I significantly differ in the & parameter (range 485—555°). Because of
the relatively small number of the structures in this group, their diversity and the range of possible inter- and
intramolecular interactions in the solid state, no distinct dependence on the type and/or size of the substitu-
ents has been observed.

Since 1,2-alternate structures lack cavity, clathrates are not defined. However, there is a large number
of inter/intramolecular interactions in the solid state: m,m-interactions and CH-m interactions resorcinarene-
solvent (usually aromatic one), hydrogen bonds, intramolecular CH-n interactions between two aromatic
bridge substituents and one resorcinarene phenyl rings (and wt,-interactions between the two bridge substitu-
ents). The last type occurs in 12 structures in this group (nearly 50 %). These effects have been discussed
earlier in text. Chair-like stacking of calixarene molecules observed previously in I,2-alternate methylene-
bridged calix[4]arenes is uncommon in this group; the reason being probably polar and bulky m- substituents
on the resorcinarene scaffold.

1,3-alternate calix[4]resorcinarenes

In the group of /,3-alternate calix[4]resorcinarenes, there is a relatively large percentage of symmetri-
cally substituted structures (more than 75 %, see Table 7).

This group contains 45 cif files with 53 independent molecules; it is significantly more numerous than
the groups of 1,2-alternate and partial cone conformers. However, this number still amounts to about 10 %
of the cone group.
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Table 7

Distribution of substitution patterns in the group of 1,3-alternate resorcinarenes from [9]

No. of cif No. of independent
Type files % molecules %
Symmetrically substituted — uncomplexed 33 73.3 39 73.6
Symmetrically substituted — complex 1 2.2 1 1.9
Distally substituted — uncomplexed 3 6.7 4 7.5
Distally substituted — complex 4 8.9 5 9.4
Other — uncomplexed 4 8.9 4 7.5
Total 45 100 53 100

The conformation of the /,3-alternate calix[4]resorcinarenes in the solid state is based exclusively on
the saddle conformation in Figure 1. The position of the bridge substituents is axial; one pair of
resorcinarene phenyl rings is close because of intramolecular mt,n-interaction (the saddle conformation is very
similar to the flattened cone conformation in the partial cone group).

The o-f and a-0 plots for the group of 1,3-alternate calix[4]resorcinarenes are depicted in Figures 35, 36.
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Figure 35. The a-f plot for the group of 1,3-alternate calix[4]resorcinarenes
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Figure 36. The a-0 plot for the group of 1,3-alternate calix[4]resorcinarenes
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In Figure 35, two 'clusters' can be observed: 'cluster' 35-I containing symmetrically substituted struc-
tures with o > 220° and 'cluster' 35-II of distally substituted structures. On the other hand, no distinct
'clusters' can be observed in Figure 36.

'Cluster' 35-1 contains 29 cif-files with 34 independent molecules; is centered at [224.61; 502.09; 7.15]
with a standard deviation of [1.95; 10.44; 5.34]. 'Cluster' 35-1I contains 7 cif-files with 9 independent mole-
cules; is centered at [223.76; 520.51; 9.11] with a standard deviation of [2.98; 10.60; 4.88].

The group of symmetrically substituted /,3-alternate calix[4]resorcinarenes (‘cluster' 35-1) is quite uni-
form in a, B; the structures within the main group adopt the saddle conformation (Fig. 1) with axial bridge
substituents. There are several structures in the group of 1,3-alternate calix[4]resorcinarenes which do not
fall into this group, especially structures ITIMIH, RIQTAM with parameter o ~ 180° (similar value as for
1,3-alternate calix[4]arenes containing methylene bridges). The reason for this behavior is missing bridge
substituents and therefore entirely different conformation close to that of /,3-alternate calix[4]arenes con-
taining methylene bridges (see Fig. 37). Relatively bulky upper rim substituents and the resulting sterical
hindrance in the structure ITIMIH and substituted lower rim in the structure RIQTAM might contribute to
this behavior as well.

Figure 37. Structures ITIMIH, RIQTAM [9]

However, another structure with missing substituents at the methylene bridges (PAXRALI the lonely hit
at [216; 473] in the a-f plot) adopts the same conformation as the rest of the symmetrically substituted
resorcinarenes. The main reason for this behavior might be the presence of nitro groups at the 5, 11, 17, 23-
positions of the resorcinarene rings which stabilize the m,m-interactions between two resorcinarene opposite
phenyl rings (Fig. 38).

Figure 38. Structures ENAZOI, PAXRAI [9]

There is also a small group of symmetrically substituted structures with a ~ 210° which does not fall
within 'cluster’ 35-1. These structures adopt the base saddle conformation but contain bulky upper rim sub-
stituents which disrupt the m,m-interaction between the resorcinarene opposite phenyl rings. The result is
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slightly increased [ value due to a more open structure; somewhat less significant sterical hindrance has been
observed in structure KOGQUS which has high B value as well. The rest of the symmetrically substituted
structures posses no such effects and the m,m-interaction between the resorcinarene opposite phenyl rings is
not disrupted (see structure ENAZOI, Figure 38). However, these structures differ significantly in the 6 pa-
rameter (Fig. 36) which is probably a result of intermolecular interactions in the solid state (similar effects as
in partial cone and 1, 2-alternate groups).

Interestingly, there are also five structures with aromatic substituents at the methylene bridges reported
in this group; the resulting m,m-interaction between these substituents helps stabilize the conformation as ob-
served in the /,2-alternate group.

Since there is only one complex in the symmetrically substituted group, the complexes are not dis-
cussed.

The distally substituted group is likewise uniform in o, B and differs in 8. The geometry of the
resorcinarene base frame corresponds to the saddle conformation in Figure 1 with substituents on the meth-
ylene bridges in axial positions. The rules governing the geometry of the resorcinarene base frame seem to
be the same as in the case of the symmetrically substituted group. There are also several complexes (four cif-
files with five independent molecules) of similar type coordinated at phosphorus-bearing upper rim substitu-
ent within this group; the typical coordination motif is shown on Figure 39.

Figure 39. I1I-17: Structure OMALAP [9]. Phenyl groups on phosphorus atoms have been omitted for clarity

Figure 40 depicts the effect of a filled/empty 'cavity' on the geometry of the /,3-alternate resorcinarene
scaffold. Since the resorcinarene base frame adopts the saddle conformation (Figure 1), it does not possess
the two 'cavities' of the methylene- and heteroatom-bridged calix[4]arenes [7, 8]. Furthermore, this confor-
mation restricts the clathrates in such a way that the 'cavity' is usually only partially filled (see e.g. partial
cone structures). As a result, the parameter 3 is only slightly increased in the I,3-alternate clathrates. It
seems that the only conformation in resorcinarenes suitable for clathrate formation is the crown one (Fig. 1);
the others are ill-suited for this purpose (see clathrates of other conformations).

Since there are not enough structures in this group for discussion, no correlation between the type of the
m- and/or p-substituents, inter- and/or intramolecular interactions present in the structure and the
resorcinarene base frame geometry has been attempted. However, it seems that the vast majority of
1,3-alternate resorcinarenes with substituted methylene bridges tend to adopt a very similar geometry re-
gardless of the base frame substitution; as depicted by uniform parameters o, and only small differences in
the § parameter.

Application of previously introduced the new parameters o, B, d".

The parameters o’, B°, 8" were introduced in our previous work [13]. The a’-f” and a’-0" plots for the
group of calix[4]resorcinarenes are depicted on Figures 41 and 42.
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Figure 40. The effect of a filled/empty 'cavity' on the symmetry of the 1,3-alternate resorcinarene scaffold
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Figure 41. The a’-B" plot for the group of calix[4]resorcinarenes
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Figure 42. The a’-6" plot for the group of calix[4]resorcinarenes
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Since the boat and saddle conformations (Fig. 1) of resorcinarenes are very similar, it is no surprise that
the cone, partial cone and 1,3-alternate groups based on these frames are very close. On the other hand, the
1,2-alternate conformation based on entirely different chair or diamond frame (Fig. 1) forms distinct groups
in the a’-3" plot.

In the a’-B" plot, two groups among the cone conformers featuring crown and boat geometry can be ob-
served just as in the case of the a-f plot (see Fig. 11).

The two 'renegade' hits in the I,3-alternate group are previously discussed structures ITIMIH,
RIQTAM [9] (see Fig. 37; structure IFINAM [9] (Fig. 36) is one of the two 'renegade' hits in the /,2-
alternate group.

The differences and similarities between calix[4]arenes with methylene or heteroatom bridges and ca-
lix[4]resorcinarenes and between conformers within these groups can be further demonstrated by Table 3
and the corresponding tables in [7]. The similarities between the conformers of calix[4]resorcinarenes
(Fig. 1) can be best demonstrated by the a’-6" plot (Fig. 43).
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Figure 43. The a"-6 plot for the group of calix[4]resorcinarenes

To sum up, the parameters a, B, 0 are useful in describing the geometry of the calix[4]resorcinarene
skeleton. These parameters can be not only used to distinguish between the cone, partial cone, 1,2-alternate
and /,3-alternate conformations, their values depend on inter/intramolecular interactions present in the struc-
ture as well. The parameters a, B, 6 can be therefore utilized to demonstrate and evaluate the effects of in-
ter/intramolecular interactions on the geometry of the calix[4]resorcinarene scaffold. However, since the re-
sults were obtained from solid state data, they may not correspond to solution behavior of ca-
lix[4]resorcinarene molecules.

We can to try to compare using new parametres o', ', &' [13] for calix[4]resorcinarene systems, too.
These newly introduced ones are convenient mainly for describing similarities and 'transition states' between
the calix[4]arene conformations (see [13]). However, in the group of calix[4]resorcinarenes where a large
number of similar structures are present (see the boat and saddle conformations in Fig. 1), these parameters
seem to be less useful because the desired effects are blurred and the groups belonging to distinct confor-
mations cannot be observed (see Fig. 42). In the case of calix[4]resorcinarenes, parameters a, B, & based on
the original scale are probably more convenient.

Conclusion

In conclusion, the best way to C4,-symmetrical cone calix[4]resorcinarenes is bridging of the upper rim
m- hydroxy groups by methylene or heteroatom (principally phosphorus)-based groups. The resulting frame
is very rigid, readily forms clathrates and in the case of phosphorus-bridged compounds can be easily coor-
dinated by metal ions. Coordination of adjacent unsubstituted m- hydroxyl groups by four metal ions has
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similar effect. There seems to be no other way to invariably prepare resorcinarenes in the crown confor-
mation.

On the other hand, substitution of all m-hydroxyl groups by monodentate alkyl or acyl groups and distal
substitution of all m-hydroxyl groups of two opposite resorcinarene phenyl rings have always resulted in flaz-
tened cone structures.

Structures with unsubstituted m- hydroxyl groups tend to have more symmetrical structures than struc-
tures with these groups substituted thanks to a stabilizing array of hydrogen bonds; especially in the case of a
filled cavity. Clathrates of these molecules tend to have more symmetrical base frames than molecules with
an empty cavity, as observed before [7, 8]. Clathrates close to C,, geometry usually contain small aliphatic
molecules with C., axis inside the calixarene cavity; flat aromatic clathrate molecules usually result in a
structure deformed towards C,, geometry. Bulky p- substituents combined with unsubstituted m-hydroxyl
groups usually result in a slightly deformed C,, geometry.

More flexible m-bridges containing two or more carbon atoms can result in both Cy4, and C,, structures;
the determining effect being the presence/absence of solvent molecule inside the resorcinarene cavity.

Metal coordination usually takes place on upper rim p- or m-substituents and in most cases does not
significantly affect the resorcinarene conformation. On the other hand, distally coordinated symmetrically
substituted structures with unsubstituted m-hydroxyl groups and complexes of structures distally substituted
at m-hydroxyl groups tend to have C,, geometry.

Inter- and/or intramolecular interactions resulting in increase of 6 parameter cannot be easily described
and were therefore not taken into account.

Since there are not enough molecules in other conformations (partial cone, 1,2- and 1,3-alternate), the-
se structures will not be explicitely discussed.
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S. Knumenrosa, U. Jlykem, I1. Boituiek

Kanuxc[4]apenaepain kongopmanusaiaapel. CSD masimerTepine HerizaeareH
3eprreyJep. II-0eaim. Kanukc[4]pe3opunnapenaep

Byn 3eprreynin [-Gemiminme kamukc[4]apennepain MerwieHnl xoHe KeMOPHMIUKIIH —KYPBUIBIMIBIK
MaJiMeTTep Oa3achlHbIH rerepoaTominl kemipienepiMen (CSD) koHuKkanblk KoH(opMepiepi 3epTTeireH.
[I-6eniminge kanukc[4]apeHnepaid 1,2-anbTepHAHTTB KSHE 1,3-aNTepHaHTTHI KAPThUIAH KYPHUIBIMIbI
KOHYCTBIH METHJICHII J)KoHE rerepoaTombl Keripiuenepre koHin 6eminai. Hlomynsn I11-6enimi Oyran neitin
yKacalFaH 3epTTeyJep/AiH JKaIFachl OOJBIN KeJlell jKoHe OJ1 KapKacThl Kalukc[4]pe3opuuHapeHaepaiH KoH-
(opManusacEl MEH reoMeTpHsIChIH KeMOpHIDKAIH KYpBUIBIMABIK MANIMETTep 0a3achIHBIH KOJIIAaHa OTBIPHIIT
3eprreyre apHamansl. Hormkenep OyraH fedfin Oi3miH 3epTTeyiMizne anblHFaH —Kaiukc[4]apeHmepni
KYPBUIBIMJIAP/IBIH MATIMETTEpIMEH CaJbICTBIPBUIABL Pe30pLuHapeH i Heri3AepIiH KYpbUIBIMBIHIAFbI CHM-
MeTpusi OOWBIHINIA MOJIEKYNIaapaiblK opeKeTTecylep MEH OphIHOacy ocepiepi OyfaH MAeHiH eHTi3iIreH
CTEPEOXUMMSUTBIK ¢, [ xxoHe § mapameTpiepi apKbUIbl Garananasl. COHBIMEH KaTap jKaHa, Coll ©3repTUIreH o,
', §' mapamerpiep wIKagachlH KosgaHy Texcepinami. KopwITbiHABUIAH Kene, Oyl mapamMeTpriepAiH TeK Ka-
nuKc[4]apeHaepaiH reoMeTpHUsCHIH CHIIATTAy YIIiH FaHA eMec, COHBIMEH Koca, Kajaukc|[4]pe3opuuHapeHaep
yUIiH fge maigansl ekeHiH aiita kery kepek. Kamukc[4]pesopuuHapeHaep KoH()OPMAIMSUIIBIK SKarblHAH
UIUIrimTiri xKorapbl 0o0jca KEpeK, COHIBIKTAH OJApFa <OKAa3bIKTBIKTHIK» OpHAJIACY TOH. OJETTe, Ka-
TMKc[4]pe3opuyHapeHiep YIIH OpbIHOAcy anmpekaiiia KypAewdi jkoHe perci3 OoJambl, COHABIKTaH JKaJIIbl
3aHABUIBIK TaOy KWBIHFA Tyceldi. Auaiia ajblHFaH HOTIDKENEp KATThl JeHe KYHiHIH MoJiMeTTepiHeH
QIBIHFAHBIKTAH, Oy MOJEKyJIaJapblH epiTiHAineri Kyii MeH KOH(OPMAaIMsICHl Typallbl KaluKc|[4]apeHnep
CHSIKTBI TYIKBIPBIM XKacayra 60IMaii bl

Kinm ce3dep: peHTrenii KypbuibIMaapAbl aHbIKTay, KeMOpHIKAiH KypbUTBIMABIK MaiMeTTep 0a3ackt (CSD),
Kaynkc[4]pe3opurHapeHaepaiH CTePEOXUMHSICH, KOH(GOopMalusiap, AUCTOPCHUsl TapaMeTpIiepi, CHMMETpPHS,
OpBIHOACy MOJIeIIbIepi, HETi3ri KapKaChIHBIH OY3bLTYHI.

S. Kinumenrosa, U. Jlykem, I1. Boituiex

Kondopmanuu kanukc[4]apenos. UcciienoBanne, ocHoBaHHOe Ha JaHHbIX CSD.
Yacrs II1. Kanukc|[4]pe3opuuHapeHsbl

B nepBoit wacTu 3TOr0 MCCIeR0BaHMS OBLIH U3yYeHB! KOHMYECKHE KOH(POPMEPHI KaIUKC[4]apeHoB ¢ MeTHIIe-
HOBBIMHU U T€TEPOATOMHBIMU MOCTHKaMH 13 KemOpumxckoit ctpykTypHoi 0a3el nanHbIx (CSD), Bo BTOpOit
YacTH MBI COCPEIOTOUMIIUCH HAa CTPYKTYPaxX 4aCTUYHOTO KOHYca, 1,2-aJbTepHAHTHBIX U 1,3-albTepHAHTHBIX
KOH(pOpMepax Kalukc[4]apeHOB ¢ METHIICHOBBIMH U T€TEPOATOMHBIMH MOCTHKaMH. JlaHHAs TPEThs 4acTh 00-
30pa SABJISETCA NMPOJODKEHUEM IIEPBBIX JIBYX, OHA MOCBAIICHA KOHPOPMALUIM U TeOMETPUH KapKacHBIX Ka-
nkc[4]pe3opuuHapeHoB. Pe3ynbTaThl ObUIM COMOCTABJICHBI C JaHHBIMU KalHKC[4]apeHOBBIX CTPYKTYp B Ha-
OIMX HpeIsIAymuX padoTax. DPGEeKTsl 3aMeneHnit 1 MeXMOJIEKYISIPHBIX B3aUMOJACHCTBHH, MPUCYTCTBYIO-
IIMX B CTPYKTYpE IO CHMMETPUH PE30PIUHAPEHOBOI OCHOBBI, OLEHHBAINCH C TIOMOIIBIO paHee BBEJCHHBIX
CTEPEOXUMHYECKHX IapaMeTpoB o, 1 8. Bputo Takke IpoBEepeHO UCIOIH30BaHHE HOBOM, ClleTKa N3MEHEH-
HOH mKaibl mapametpoB o, f3', §'. [logBoas uror, cieayerT OTMETUTB, YTO STH ITapaMeTpHI ITOJIE3HBI HE TOJIBKO
JUIi  OIHCAaHUs TeOMEeTpUH Kalukc[4]apeHoB, HO u mns kamukc[4]pesopuunapenoB. Kamukc[4]pe-
30pLHUHAPEHbl, NO-BUAUMOMY, Oosee KOH(GOPMALMOHHO THOKHE, U Ul HUX HPEANOYTHTENbHEE IIOCKHE
pacronoxenus. Kak npaBuiio, 3amelneHue sBiseTcss 6omee CI0XKHBIM U Oojee HEpPEryJsIpHBIM B ClIydae Ka-
nKc[4]pe30opLHapEeHOB, U HAWTH HEKOTOPbIe 00IIMe 3aKOHOMEPHOCTH OTHOCHUTENBHO cI0kHO. OmHaKo, Mo-
CKOJIBKY BCE€ 3TH Pe3yJbTaThl ObUIM MOJIydEeHB! U3 JaHHBIX O COCTOSHHH TBEPJOTO Tella, HeJIb3s ClIeNaTh BhI-
BOJ O KOH(OpMAamMsx M MOBEACHWH DSTHX MOJICKYJ B pacTBOpE, AHAIOTMYHBIX, KaKk B Cilydae Ka-
nmKc[4]apeHoB.

Kniouesvie cnoea: omnpeneneHne pPEeHTTCHOBCKUX CTPYKTyp, KemOpummxckas CTpykTypHas 6a3a MaHHBIX
(CSD), crepeoxumust kaaukc|[4]pe3oplrHapeHoB, KOH(GOpMaIMH, mapaMeTpbl JUCTOPCHH, CUMMETPUS, MOJIe-
JIM 3aMelleHus, aepopmanus 6a30Boro kapkaca.
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Study of hydrolytic stability of glycolurils under alkaline conditions

This article is devoted to the hydrolytic stability of glycoluryls, which are a promising class of organic com-
pounds characterized by a wide spectrum of psychopharmacological activity. Hydrolysis of glycoluril and a
mixture of N,N-dimethylglycoluryls was carried in alkaline conditions in water at reflux. The hydrolysis of a
mixture of N,N-dimethylglycoluril was carried out for 5 days before the complete decomposition of the mix-
ture of isomers. Quantitative and qualitative analysis of the hydrolyzates was carried out by high-performance
liquid chromatography, thin layer chromatography, and gas chromatography / mass spectrometry. The mix-
ture of N,N-dimethylglycoluril practically did not undergo hydrolysis during the first three days. The rate of
hydrolysis of cis and trans isomers of N,N-dimethylglycoluril is the same. It means that the destruction of
heterocycles occurs through the stages of successive hydrolytic cleavage of the C-N bond in the initial
glycolyls and hydantoins: the glycolurils form anions which rearrange themselves into hydantoins by elimi-
nating the corresponding ureas in alkaline conditions. The final products of hydrolysis of glycoluril and a
mixture of the cis- and trans- isomers of N,N-dimethylglycoluril are hydantoic acids. The hydrolysis of
glycoluril, as well as mixtures of the cis and trans isomers of N,N-dimethylglycoluril considered in the article
can be used to evaluate hydrolytic stability, which in turn will give some information on the mechanisms of
their action in the body.

Keywords: glycoluril, N-alkylglycoluril derivatives, hydantoin, glyoxal, biologically active compounds, hy-
drolysis, hydantoic acid, heterocycle.

Introduction

Glycolurils attract attention by their polyfunctionality, due to which a lot of practically valuable sub-
stances were obtained on the basis of them, namely, bleach activators [1], explosives [2, 3], additives to vari-
ous polymers [4], supramolecular compounds [5, 6] and others [7]. In recent decades, an intensive search for
new biologically active compounds has been carried out among the glycoluril derivatives [8, 9], and some of
them have already been used as medications of neurotropic action, namely, mebicar and albicar.

Investigation of the hydrolytic stability of biologically active compounds gives certain information
about the mechanisms of their action in the body. It is known that glycolurils are sufficiently stable with re-
spect to acid hydrolysis, as it is clearly illustrated by the example of mebicar (tetramethylglycoluril), which
decomposes on boiling in 25 % sulfuric acid for more than 50 hours [10]. At the same time, the hydrolytic
properties of glycolurils under alkaline conditions are much less studied. The aim of this research is to study
ability of glycolurils 1, 2, 3 to hydrolytic decomposition under alkaline conditions to understand the hydro-
lytic stability of glycolurils in more detail.

Experimental

Synthesis of 2,4- and 2,6-dimethylglycoluril (2,4-DMGU and 2,6-DMGU) (2, 3)

Mixture of isomers 2, 3 was synthesized by reaction of glyoxal with methylurea [3]. There were ob-
tained white crystals with mp 250 °C. Yield was 26-42 %. 2: NMR 'H (DMSO-d¢), 8 ppm: 7.57 (s, 2H),
5.10 (s, 2H), 2.60 (s, 6H). NMR “C (DMSO-dg), & ppm: 27.42 (-CH;), 67.39 (-CH<), 159.66 (>C=0).
3: NMR 'H (DMSO-dg), & ppm: 7.397 s (2H, NH), 5.18 d (1H, CH), 5.15 d (1H, CH), 2.78 s (6H, CH3).
PC NMR (DMSO-dg), & ppm: 27.43 (-CHs), 67.39 (-CH<), 75.63 (-CH<), 160.19 (>C=0).

Synthesis of glycoluril

Glycoluril was synthesized by condensation of urea with glyoxal [7]. Melting point is about 300 °C.
NMR 'H (DMSO-dy), 8 ppm: 7.16 (s, 2H), 5.24. (s, 2H). NMR "°C (DMSO-dy), & ppm: 64.6 (-CH<), 160.30
(>C=0).

Hydrolysis of regioisomers of DMGU in alkaline medium

Hydrolysis was carried out in a one-necked flask. There was added 1 g of mixture of 2, 3 with 10 mL of
water. After 2.5 g of sodium hydroxide was charged. The solution was heated up to 100 °C.
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Analytical HPLC
Solutions were analyzed by HPLC on LUNA 5u PFP (2) (150 x 4.6 mm, 5 um particle size). The mo-
bile phase consisted of water with acetonitrile in gradient mode. Summary time was 12 min. Temperature of

column was 40 °C; flow rate was 0.5 mL/min, the detection wavelength of UV detector was 195 nm. Sam-
ples were dissolved in water at the ratio 1:1000.

Results and Discussion

The qualitative and quantitative composition of hydrolysates of glycoluril 1 and DMGU 2, 3 was studied
using TLC and HPLC control and using GC-MS data. In the course of our studies, we showed that the hydroly-
sis of glycoluril 1 and its dimethyl derivatives 2, 3 in aqueous solutions of sodium hydroxide is accompanied by
the formation of the corresponding hydantoins 4, 5 and the corresponding hydantoic acids of 6, 7:

R R R
| 0
A1 A e
H,
o NeOH _HQ_ NaOH H,0_ oo _¢ —c/
-RNHCONH2 i AN
HN oH
R 13 R3 45 67
R=R,=R,=R;=H (1) R=H (4) R=H (6)
R=R,=Me, R,=R;=H (2) R=Me (5) R=H (7)

R=R;=Me, R;=R;=H (3)

We have established that the hydrolysis of glycoluril 1 to hydantoin at 100 °C was quick (10 min.). Hy-
drolysis of hydantoin 4 under alkaline conditions leads to formation of hydantoic acid 6. Similarly, dimethyl
derivatives of glycoluril 2, 3 were used. We studied alkaline hydrolysis of the mixture of the regioisomers 2,
3 in conditions of the HPLC control.

The hydrolysis of the regioisomers 2 and 3 was carried out in alkaline conditions for 5 days. Concentra-
tions of DMGU 2, 3 remained practically unchanged upon boiling during the first two days (Fig. 1). Un-
known peaks 8, 9, 10 were revealed on the chromatograms (Fig. 1-3), indicating destruction of the

regioisomers 1, 3 in 5 days. The rates of hydrolysis of 2 and 3 were equal, because we saw the same trends in
concentration of DMGU over time.
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Figure 2. HPLC of DMGU hydrolysis in 3 days
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Figure 3. HPLC of DMGU hydrolysis in 5 days

A simplified scheme of hydrolysis of glycolurils 1-3 to hydantoins 4, 5 and hydantoic acids 6, 7 under
alkaline conditions based on chromatogram data can be represented as follows:

- R R
o | OH |
H N H L
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H H H H
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(0) OH

4,5 6,7

Glycolurils 1-3 form anion A under alkaline conditions in the initial phase through the elimination of
the corresponding ureas, which are rearranged to hydantoins 4, 5, and that are easily hydrolyzed to hydantoic
acids 6, 7.

Conclusions

Such studies as had been carried out showed that glycoluril 1 and DMGU 2, 3 are expected to undergo
hydrolysis under alkaline conditions than in acid. Destruction of the heterocycles 1-3 occurs through the
stages of consequential hydrolytic cleavage of the C-N bond in the initial glycolurils 1-3 and hydantoins
4, 5. Final products of glycolurils hydrolysis are hydantoic acids 6, 7.
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L'imkonypunaepain ciatinai xaraaiiapaarsl
TUAPOJIMTHKAJIBIK TYPAKTBUIBIFBIH 3epTTEY

Makana ncuxohapMakoJOTHsUIBIK OCJICEHIUTIKTI CUMATTaiThIH OPraHUKAaNbIK KOCBUIBICTAPABIH OoJaars
CBHIHBIOBI TJIMKOJIYPHIIAEPAIH THIPOIUTHKANBIK TYPAaKThUIBIFbIHA apHAFaH. [mukomypun meH N,N-numeru-
TIMKONYPWJIIH THAPOJHU3IH CUITUI cyla KaWHary sKarnmaibiana oTkizmi. N,N-IHMEeTHITIHKOIYPHIIIH
KOCIIaCBIHBIH THAPOJIM3IH 5 KYH OOHBI M30MEpIEepAiH KOCHAChl TONBIK BIABIPAaraHIla IKaIFacTBIPABL.
I'mppormu3aTTapIblH CaHIBIK XKOHE Calajibl TaIIAayblH XXOFAphl THIMAI CYMBIKTBIK XPOMAaTOTPa(dHSCHIHBIH,
KyKa KabaTThl XpOMaTorpadusHbIH HKOHE Ta3[bl-XpoMaTorpadus/Macc-CIieKTPOMETPHUSHBIH KOMeriMeH
otKi3i. N,N-ANMeTHINTHKOIYypHI KOCHACHl aFallKbl YII KYH JETHAPOJIM3re Myijae yisipamansl. N,N-au-
METHITJIMKOIYPUII M30MEPIIEPiHIH yuc- NeH mpaHc-KocTaaapbl THIPOIU3IHIH KbUIAAMIBIKTapbl Oiplei.
Harmxkecinge, rerepounkinaepain 6y3putybl C-N KOCBUIBICTApBIHBIH Ti30€KTi THAPOIUTHKAIBIK BIABIPAYHI Ca-
TBICHI ApKBUIBI OacTanKbl TIMKOIYPHJIEp MEH THIAHTOMHIEPJE KYpeli: ITHKOIypHIIAEp AaHHOHIAPIIBI
TY3€i, oJap CLITLI >kaFaaiiiap/ia THICTI MOYEBHHAIAP/IBIH JIACTaybI KOJIBIMEH THIaHTOMHAEPTe TONTATIAIbL.
I'muxomypun meH N,N-IUMETIITIMKOIYPUII H30MEPIIEPIiHIH yuc- TIeH mpaHc-KOCTIaChIHAH alIbIHATHIH OHIM
THJAHTOMH/I KBIIKBII OO TaObutagsl. Makanana KapajFaH TNIMKONYPHIIIH THAPONU3i, COHBIMEH Karap
N,N-AUMEeTHITIUKOIYPHI HU30MEpJIEPiHiH yuc- KOHE mpaHC-KOCHANAPBIHBIH T'HAPOIMTHKAIBIK TYPaKThI-
JBIFBIH Oaranay YIIiH KOJIaHbUTYbl MYMKIH, 011, ©3 Ke3eriHIe, OJapAblH aF3aja ocep eTy MexaHu3Maepi Typa-
761 6enrini 6ip aknaparTbl 6epe anajbl.

Kinm co30ep: rmukonypui, N-alKWITIHKOMYPUIAIH TYBIHIBUIAPE!, THAAHTOUH, THIAHTOMH KBILIKBUIBL, TeTe-
POLIMKII, TIIMOKCAIb, MOYECBHHA, OMOJIOTHUSUIBIK OCIICEH I KOCBUTBICTAp, THIPOIIU3.

B.P. KymepbaeBa, A.A. bakubaes, /[.A. Kypraues,
M.A. ®omuenkos, A.I'. J)KakceibaeBa, B.C. ManbkoB

HccaenoBanue FH}:{pOJ’IHTH‘ICCKOﬁ yCTOﬁqHBOCTH INIMKOJIYPUJIOB
B IICJJOYHBIX YC/JIOBUAX

CraTbs HOCBAILEHA TUAPOIUTUYECKOH yCTOMYMBOCTU INIMKOJIYPUIIOB, KOTOPBIC SIBISIOTCS HNEPCIEKTUBHBIM
KJIaCCOM OPTaHMYECKUX COEAUHEHHH, XapaKTepU3YIOIIXCS MHPOKUM CHEKTPOM ICHXO0()apMaKoIOTHIecKOn
akTuBHOCTU. ['Maponus rmukomypuna u cMecd N,N-AMMETUINIUKOIYPUIOB IPOBOAMIN B ILEIOUYHBIX YCIO-
BUSIX B BOZIE NpH KuIistaeHuy. ['uapomms cmecr N,N-ANMETHITIIHKOIYpPHIOB ObLI TPOBEAEH B TeUEHHE 5 THEi
JI0 TIOJTHOTO Pa3JIoKEeHUsl cMecH n3oMepoB. KonmuecTBeHHBIN 1 Ka4eCTBEHHBIH aHAIN3 THAPOIU3aTOB MPOBO-
JUAJIM C IOMOIIBIO BEICOKOI((GEKTUBHOMN KUIKOCTHON XpoMarorpaduu, TOHKOCIIOitHON XpoMarorpaduu u ra-
30B0H xpomatorpadun/macc-criekrpomerpun. Cmech N,N-IUMETHITIINKOIYpHIIa IPAKTHYECKH HE MOJBEpra-
Jach TUAPONIH3Y B TEeYeHHE MEPBBIX Tpex AHeid. CKopocTh ruaponusa yuc- u mpauc-uzomepoB N,N-
JUMETHITAMKOIypHIa oquHaKkoBa. ClenaH BBIBOA O TOM, YTO Pa3pylleHHE FeTePOLUKIOB IIPOUCXOIUT Yepes
CTaJUHU IIOCJIECI0BATEILHOIO TUIPOIUTHYECKOro paciuerieHus cBa3d C-N B UCXOIHBIX TIMKOIypHIaX U TH-
JaHTOMHAX: TIIMKOIYPIIIBI 00Pa3yloT aHHOHBI, KOTOPHIC B IIETOYHBIX YCIOBHUSX ITyTE€M SIMMHUHHPOBAHUS CO-
OTBETCTBYIOLIMX MOYEBUH IEPErpyNIUpPOBBIBAIOTCA B TMAAHTOMHBL. KOHEUHBIMM MpOAyKTaMu THIpOIU3a
TIIUKONIypUNIa U CMECH yuc- U mparc-u3oMepoB N,N-THUMETMITIUKOIYpUIa SABISAIOTCS TMIAHTOMHOBBIE KH-
croThl. PaccMOTpeHHBIM B cTaTbe THAPOIM3 TJIMKOIYpHIIA, a TakkKe CMECH yuc- U mpanc-u30MepoB
N,N-IUMETUITIMKOIYpUIa MOTYT ObITh MCTIOIB30BAHBI ISl OLIEHKH THAPOIUTUIECKON YCTOMYHUBOCTH, KOTO-
pasi, B CBOIO 04epe/b, OyJIeT JaBaTh ONpeIeIeHHYI0 HHPOPMALUIO O MEXaHU3MaX UX ACHCTBUS B OpraHu3Me.

Kniouesvie cnosa: TJIMKOJIypuJI, IPOU3BOJAHBIC N-aJIKI/IHFIII/IKOIIypI/IJIa, TUJAHTOWH, TMAaHTOMHOBAA KUCJIOTA,
TeTEepOLUKII, IIIMOKCaJlb, MOYE€BHHA, OHOJIOTUYECKH aKTHBHBIC COCANHCHUS, THAPOJINUS.
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Study of acid catalyzed synthesis and analytical preparative separation
of the spatial isomers of N,N-dimethylglycoluril

Alkylglycolurils are promising class of organic compounds characterized by a wide spectrum of psychophar-
macological activity such as tranquilizing, neuroleptic, antidepressant and psychostimulating. However, there
are conflicting data on the methods of obtaining and identifying isomers of N,N’-dimethylglycoluril in the lit-
erature. Our aim is to study the reaction of glyoxal with N-methylurea in acid-catalyzed conditions in various
media, develop analytical, preparative separation and identify regioisomers. We developed a method for sepa-
rating the trans- and cis- isomers of N,N’-dimethylglycoluril by high-performance liquid chromatography. As
a result of this analysis, it was possible to separate the cis- and trans- isomers of N,N’-dimethylglycoluril with
retention times, namely, for trans it was 6.998 min and for cis- was 9.704 min. We proposed an alternative
method based on preliminary thin-layer chromatography control of the reaction mass to expand the prepara-
tive possibilities for the separation of regioisomers of dimethylglycoluril, and their subsequent separation by
column chromatography. Comparison of the samples of compounds 1a and 1b obtained by preparative high-
performance liquid chromatography and column chromatography showed complete identity of their physico-
chemical. It was also established that the reaction of glyoxal with N-methylurea under strong acid conditions
was completed mainly by formation of the trans-isomer, in some cases reaching 90 % of regiospecificity. In
addition, the combination of physicochemical studies of the cis- and trans- isomers of has made it possible to
reliably and unambiguously characterize these isomers.

Keywords: glycoluril, dimethylglycoluril, urea, heterocycles, cyclization, high-performance liquid chromatog-
raphy, column chromatography, preparative chromatography.

Introduction

N-methylglycolurls are known as neurotropic drugs and used in clinical practice (mebicar, albicar)
[1,2]. At the same time, their structural precursors N,N’-dimethylglycolurils (N,N’-DMGU) do not have
their own specific neurotropic activity but they can act as one of the probable metabolic products of mebicar.
N,N’-DMGU has the cis- and trans- isomer forms and therefore they are of interest to study their physical
and chemical properties. A number of studies [3—6] indicate that the bicyclization reaction of glyoxal with
N-methylurea in aqueous or alcoholic medium in the presence of hydrochloric acid leads to formation of
regioisomers la, 1b with a predominance of trans- isomer la (up to 75 %). But there is no study of this reac-
tion in acid-catalyzed conditions in various media and information about physico-chemical properties of
regioisomers la, 1b isolated by fractional crystallization is far from simple and often contradictory. In the
light of the foregoing, our aim is to study the reaction of glyoxal with N-methylurea in acid-catalyzed condi-
tions in various media, develop analytical, preparative separation and identify regioisomers la, 1b.

Experimental

2,4- and 2,6-dimethylglycoluril

Mixture of isomers la, 1b was synthesized by reaction of glyoxal with methylurea [3]. There were ob-
tained white crystals with mp 250 °C. Yield was 26-42 %. la: NMR 'H (DMSO-dg), & ppm: 7.57 (s, 2H),
5.10 (s, 2H), 2.60 (s, 6H). NMR "“C (DMSO-de), & ppm: 27.42-CH;, 67.39 (-CH<), 159.66 (>C=0).
1b: NMR 'H (DMSO), § ppm: 7.397 s (2H, NH), 5.18 d (1H, CH), 5.15 d (1H, CH), 2.78 s (6H, CH;).
PC NMR spectrum (DMSO), § ppm: 27.43 (-CH;), 67.39 (-CH<), 75.63 (-CH<), 160.19 (>C = O).

Thin layer chromatography

Sorbfil plates on an aluminum substrate PTSX-AF-A were used to identify the dimethylglycoluril iso-
mers by the thin-layer chromatography method. The particle size of the sorbent was 5—17 pm. A benzene:
methylene chloride = 1: 1 elution system with the addition of 10 % methanol was used. Detection of spots
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was carried out with the help of a developer, which is phosphomolybdic acid with subsequent heating of the
plates for 2—3 min.

Preparative HPLC

The preparative separations were performed on Kromasil C18 column (250 x 20 mm, 5-pum particle
size), and the column temperature was set at 25 °C (£ 1 °C). The mobile phase consisted of water — acetoni-
trile (94:6). The flow rate was 5 mL/min in isocratic mode, and the detection wavelength of UV detector was
195 nm. Samples were dissolved in water (1:5).

Analytical HPLC

Substances la and 1b were separated on Target ODS-3 HD (250 x 4.6 mm, 5 pm particle size) and
Zorbax SB-Aq (150 x 4.6 mm, 5 pm particle size). Full selective separation of glycolurils were carried out
using Luna 5Su PFP (2) 100 A (150 x 4.6 mm, Sum particle size). The mobile phase consisted of water and
acetonitrile in gradient mode: 0 min — 5 % of acetonitrile, 1.5 min — 25 % of acetonitrile, 4 min — 25 % of
acetonitrile. Summary time was 4.5 min; temperature of column was 30°C; flow rate was 1.5 mL/min, the
detection wavelength of UV detector was 195 nm. Samples were dissolved in water at the ratio 1:1000.

Column chromatography

Silica gel Silpearl UV 254 (SP) was used as a sorbent to separate the isomers by column chromatog-
raphy. The eluent was mixture of benzene with methylene chloride in ratio 1:1 with the addition of 10 % of
methanol. Through the sorbent-filled chromatographic column, the eluent was allowed to swell until the
sorbent was completely swollen. 1.5 g Of a sample of N,N’-DMGU was dissolved in the eluent. A solution
of N,N’-DMGU was transferred to a chromatography column using a dispenser, then the eluent was added.
Fractions containing isomers were collected with Ry 0.75 and 0.25, spot detection was performed with
phosphomolybdic acid. The solvent was distilled off from the combined fractions, and the residue was dried.

NMR spectroscopy

The samples were analyzed on a Bruker AVANCE 400 III HD (400 MHz) NMR spectrometer. One-
dimensional spectra were recorded on the 'H (frequency 400.17 MHz) and "°C (frequency 100.63 MHz) nu-
clei to confirm structures of the samples studied. Dimethyl sulfoxide DMSO-d4 (mass fraction of deuterium
99.9 %) and D,0 were used as solvents.

Thermogravimetric analysis

Spectra were recorded on a STA 449 F1 (Netzsch) instrument combined with a quadrupole mass spec-
trometer QMS 403 D Aéolos (Netzsch). Measurement conditions were as follows heating rate — 10 °C/min,
working gas flow (Ar) 50 mL/min, shield gas flow (Ar) 20 mL/min. The measurements were carried out in
an aluminum crucible. The baseline correction was carried out before the measurements.

Results and Discussion

The synthesis of compounds 1a and 1b is represented by the following scheme:

i Mol )L )k
0
/ + HN N—Me ", solvent
74 2 i
o]

HN\H/ ~u T

1a

We should separate the mixture of regioisomers la and 1b, and also characterize these compounds. To

solve this problem, we developed a method for separating the trans- and cis- isomers of dimethylglycoluril
under HPLC analysis conditions (Fig. 1).

/

\
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Figure 1. HPLC of la and 1b

Accordingly, the regioisomers of DMGU la and 1b were effectively separated with retention times,
namely, 6.998 min for la and 9.704 min for 1b, as shown in Figure 1, under the investigated HPLC condi-
tions. The obtained results formed the basis for the subsequent development of more convenient preparative
HPLC separation of the isomers (the conditions are listed in Experimental). We proposed an alternative
method based on preliminary TLC control of the reaction mass, and their subsequent separation by column
chromatography to expand the preparative methods for separation of regioisomers of DMGU. Comparison of
la and 1b obtained by preparative HPLC and column chromatography showed complete identity of their
physicochemical properties (TLC, melting point, NMR spectra, TGA analysis).

Recognition of the regioisomers la and 1b was carried out by 'H and *C NMR spectroscopy. Analysis
of the "H NMR spectra showed that the protons of CH-CH groups of la were revealed as a singlet signal in
the 5.10 ppm range, whereas CH-CH groups of 1b are split in the form of AMX in the 5.10-5.19 ppm range
due to their nonequivalence, which indicates the asymmetry of this structure. Chemical shifts of NH protons
in trans- and cis- regioisomers appear as singlets at 7.57 ppm and 7.40 ppm, respectively, and the -CHj;
groups resonate in the region of 2.61 ppm for the trans- isomer 1a and 2.78 ppm for the cis-isomer 1b. In the
BC NMR spectra, we showed the presence of the equivalent CH-CH groups in the region of 67.39 ppm in
the trans- isomer la, C=0 in the 159.66 ppm region, and -CH; in the region of 27.42 ppm. Whereas 2-CH-
CH group of the cis-isomer is not equivalent and resonate in the 60.63 ppm and 75.63 ppm region, C=0 in
the region of 160.19 ppm, -CH; in the region of 27.43 ppm. The unambiguous assignment of signals in 'H
and >C NMR spectra of regioisomers allows them to be reliably recognized in the mixture.

DSC-MS analyzed the individual compounds in the temperature range of 50450 °C for the first time to
study the thermal behavior of trans- and cis-isomers 1a and 1b. The data are presented in Figures 2 and 3.
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It can be seen from the DSC curve in Figure 2 that there is a transition at 278 °C, which indicates the
melting of compound la, whereas the next phase transition at 300 °C indicates the decomposition of the sub-
stance due to the presence of thermal decomposition products CO,, H,O, N, in the mass spectra.
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Figure 3. Thermal analysis of Compound 1b

The data of DSC curve of compound 1b (Fig. 3) show that the phase transition at 291 °C corresponds to
the melting process of the substance, and then the transition at 300 °C indicates the decomposition of the
substance, since there are thermal decomposition products CO,, H,O, N, in the mass spectra.

Since we succeeded in developing reliable methods for the control and identification of isomers 1a and
1b, in the next stage of our work we studied the reactions of N-methylurea with glyoxal under conditions of
strong acid catalysis, which was previously neglected. Thus, in a series of experiments, we showed that the
predominant formation of isomer la under the conditions found agrees with the literature data [3—8], when
this process was carried out in water and alcohols, but not in methanol. But, at the same time, attention is
drawn to the fact that the use of perchloric acid (see Table, synthesis 3, 5) or in a separate case of methanol
(Table, synthesis 2) significantly increases the regiospecificity of the formation of isomer la.

Table
Conditions of N,N’-dimethylglycoluril synthesis
No. Solvent Catalyst la 1b Yield, %
1 CH;0H HCI 64.75 35.25 29
2 CH;0H H,SO,4 91.94 8.05 30
3 CH;0H HCIO,4 89.37 10.62 33
4 CH;COOH H,SO,4 65.12 34.88 42
5 CH;COOH HCIO,4 93.15 6.85 26

Known mechanisms for the formation of glycolurils from urea and glyoxal in the presence of acids im-
ply consideration of sequential and sometimes parallel processes of a-ureidoalkylation and cyclization of
intermediate mono- and diureidocarbinols [4-9] or acid catalysis of cyclization of ureas with 1,2-dicarbonyl
compounds according to Butler [10].
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Figure 4. The probable chemical behavior of 1a and 1b

According to the above scheme (Fig. 4), the predominant formation of one or the other isomer la and
1b depends primarily on the propensity to form intermediate bisureidocarbinols Ila and IIb, the formation of
which is critically important for the possibility of a competitive nucleophilic attack of C=0 of glyoxal groups
on —-NH and —NH, in methylurea. In view of the foregoing, under the conditions of synthesis studied, the
overwhelming regiospecific formation of isomer 1a in syntheses 2, 3 and 5 is most likely determined by two
reasons: the suppression of the nucleophilicity of the secondary NH group due to its probable protonation
under strongly acidic conditions on the one hand and the parallel steric inhibitory effect of CH;-groups on
processes of cyclization of intermediate Illa and IIIb.

Conclusions

The HPLC conditions of analysis allow efficiently separating the regioisomers of DMGU 1la and 2b
with retention times, namely, 6.998 min for 1a and 9.704 min for 1b. To expand the preparative possibilities
for the separation of regioisomers of DMGU, we proposed an alternative method based on preliminary TLC
control of the reaction mass, and their subsequent separation by column chromatography (conditions are giv-
en in the experimental part). Comparison of the samples of compounds la and 1b obtained by preparative
HPLC separation and column chromatography showed complete identity of their physicochemical properties
(TLC, mp, NMR spectra, TGA analysis).

Thus, in this work it was established that the reaction of glyoxal with N-methylurea under strong acid
conditions was completed mainly by the formation of trans-isomer la, in some cases reaching 90 %
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regiospecificity. In addition, the set of physical and chemical studies of regioisomers la and 1b made it pos-
sible to reliably and unambiguously characterize these isomers.
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B.P. Kymep6aeBa, A.A. bakub6aes, /[.A. Kypraues,
A.F. )Kakcri6aeBa, B.C. ManbkoB, O.A. KoTelbHUKOB

N,N-IuMeTHITITHKOJYPHJ KEeHICTIKTIK H30MepJiePiHiH KbIKbLIAbI-KATAJIU3AeY i
CHHTE3i MeH aHAJIMTHKAJIBIK Npenapartbl 06JIiHYyiH 3epTTey

Makana ncuxo(apMaKoIOTHSIIBIK OEICeHIUTIKTIH KeH CIEKTPiH CHIATTAaiTBIH OPTaHMKAIBIK KOCHUIBIC-
TapAbIH THEPCHEeKTUBTI CHIHBIOBI OOJIBIN TAOBUIATHIH AJKWITIMKONypHigepre apHamraH. N,N-auMeTwi-
TJIMKOJTYPHWJI KEHICTIKTIK HM30MEpJIepAiH CHHTE3IH KaTanu3atopnapiabl (KYKipT KbIIIKbUIBL, TY3 KbIILIKBUIbI,
XJIOp KBIIIKBUIBI) MaianaHy MeH opTypiii epiTiHainepae (METaHOI, CiNTi KbIIKBUIBI, KYMBIPCKA KBIIIKBLIbL)
OTKi3/i. PeakumsiblK KOCHAHBIH CaHABIK JKOHE camajibl KYPaMblH JKOFapbl THIMII CYHBIKTBIK XpOMAaToO-
rpaduAchl, KyKakabarTel-xpomaTorpadus kemeriMeH jxysere achipzbl. N,N-IHMETHITTHKOIYPHIIIIH KEKe
KEHICTIKTIK U30MepiIepiH 0oyl IpenapaTuBTi )KOFapbl THIMAI CYHBIKTHIK XpoMaTorpadus skoHe OaraHalbl
xpomarorpadust omicTepi MeH OpBIHAaAbl. berinm anblHFaH Keke H30MepiiepAiH  (QU3HKa-XUMUSIIBIK
KacHeTTepi SIPOJIBIK-MarHUTTI  CIIEKTPOCKONHSHBIH, TEPMOTPaBUMETPHSIBIK TaJAAayIblH KeMeTiMeH
ommenai. N,N-IUMETHINTUKONYPWINIH mpaHc- KOHE yuc-W30MEpIIepiH JKOFapbl THIMII CYHBIKTHIK
XpoMatorpausHbIH SKaFlaiblHAA AHAIMTHKAIBIK aHBIKTAy OMici JabIHIANIbI, YCTAy YaKbITBI: MpAHC-
yuria — 6,998 muH, yuc- yuria — 9,704 mun. N,N’- TUMeTHIITIIMKOIYPUILABIH YiC- )KOHE mpaHCc-n30MepIiepi
oNapablH (U3MKAIBIK-XUMUSUIBIK KACHETTEPiHIH TOJIBIK COWKECTIriH aHbIKTaabl. KaTThl ciiTini skaFaaiaapaa
TIIHOKcanbAiH N-METMIMOYEBHHAMEH DEaKLUsIChl mpaHc-U30MEPIiH, >KekenereH sxarmaitmapaa 90 %-msl
peruocnenuuKanbIKTBl 0acklM Ty3iyl MeH asKTanaTbliHbl Oenrimi. [Juc- xoHE mpaHc-n30MepliepiHiH
(DM3UKANBIK-XUMISUIBIK,  KUBIHTBIFBIH 3€PTT€Yy OCHl HM30MEpIEPIiH (DU3UKAIBIK-XUMUSUIBIK KAacCHETTepiH
CeHIMI xoHe Oip MarbIHANIBI CHIIATTayFa MYMKIHAIK Oepi.

Kinm ces3dep: TIVKOIYpWI, AUMETHITIUKOIYPHI, MOYEBHHA, TETEPOLMKICD, LUKIACHY, XKOFaphl THIMAI
CYHMBIKTHIK XpoMaTorpadus, 6araHaisl Xxpomarorpadus, IpernapaTiuBTi XpoMarorpagus.
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B.P. KymepbaeBa, A.A. bakubaes, /[.A. Kypraues,
A.T". Xakcri0aesa, B.C. Manbkos, O.A. KoTeIbHUKOB

HccnenoBanne KUCJI0THO-KATAJIUZHUPYEMOr0 CHHTE3a U AHAJTUTHYECKOI0
NpenapaTuBHOrO pa3jiejieHus MPOCTPAHCTBEHHBIX H30MEPOB
N,N-AuMeTHITrINKOJIypHIa

CraTbs NOCBSIICHA ATKUITIMKOIYPUIaM, SIBISIOIUMCS NEPCICKTUBHBIM KJIACCOM OPraHU4EeCKUX COCIHHE-
HUH, XapaKTepHU3yIOMNXCs MHUPOKUM CIIEKTPOM Icuxodapmakonorndeckoil akTuBHOcTH. CHHTE3 IIPOCTpaH-
CTBEHHBIX M30MepoB N,N-IHMETHITINKOIYpIIIa IIPOBOIMIN B PA3IIMIHBIX PACTBOPUTEISX (METaHOIN, yKCyC-
Hasl, MypaBbHHasl KHCIOTHI) C UCIIOIB30BAHUEM KaTaIN3aTOPOB (CEPHOI, CONIHOU, XJIOpHOH KucaoT). Komu-
YECTBEHHBI U KaYeCTBEHHBIH COCTAB PEAaKIMOHHOH CMECH MPOBOAMIIM C MOMOIIBIO BBICOKOI(D(PEKTHBHON
JKHJKOCTHOIM Xpomarorpaduu, TOHKOCIOWHO# xpomarorpadun. BeigeneHie HHANBHIYAIBHBIX TPOCTPAHCT-
BEHHBIX n30MepoB N,N-INMETHITINKOIYpHIa HPOBOAWIM C IIOMOIIBIO NPENapaTHBHOH BbICOKOI(D(EKTUB-
HOU >KMJKOCTHOH Xpomartorpaduy M KOJIOHOYHOH xpomarorpaduu. DU3HKO-XHMHYIECKHE CBOWCTBA BEIIE-
JICHHBIX MHIMBHAYaJIbHO U30MEPOB OBUIM M3MEPEHHI C IIOMOIIBIO SIAEPHO-MarHUTHOH CIIEKTPOCKOIHH, Tep-
MOTPaBUMETPUUECKOr0 aHaiIn3a. Pa3paboTan MeTos aHATMTHYECKOTO ONPENENeHUs mpanc- U yuc-n30MepoB
N,N-AnMeTHIrIIIKOIypriIa B YCIOBHAX BBHICOKOA((EKTHBHOI XKUAKOCTHOH XpoMaTrorpaguu ¢ BpeMEHAMH
yAepXKHUBaHUM: mng mpanc- — 6,998 muH, ana yuc- — 9,704 mun. VHauBuayanbHO BBIOENCHBI yuc- U
mpanc-u3omepsbl N,N’-numetunriaukonypuaa. CpaBHeHHe 00pasIoB yuc- U mpanc-u30MepoB, TOTYIEeHHBIX C
MOMOILBIO TIPETIapaTUBHON BBICOKOA(G(PEKTHBHOMN KUAKOCTHOH XpoMarorpaduu ¥ KOJIOHOYHOU XpoMaTorpa-
(bun, OKa3aJI0 MOJIHYIO HISHTUYHOCTD UX (HPU3MKO-XUMHUYECKHX CBOWCTB. Y CTaHOBJICHO, YTO PEaKLHs TIIHOK-
cans ¢ N-MEeTHJIMOUCBHHOH B CHIIBHOKHCIIOTHBIX YCIOBHSIX 3aBEpIIACTCS MPEHMYIIECTBEHHO ¢ 00pa3oBaHH-
eM mpanc-u30Mepa, B OTACNBHEIX ciaydasx pocturas 90 %-uoi pernocnernupuanoctd. COBOKYIHOCTH (HU3H-
KO-XUMUYECKUX HCCIEJOBAaHUI yuc- U mpaHc-I30MEpOB M03BOIMIIA HAJEKHO U OJHO3HAYHO OXapaKTepU30-
BaTh (PU3UKO-XMMHIUYECKUE CBOIICTBA JAaHHBIX H30MEPOB.

Knioueswvie cnosa: TIMKOITYpHII, TUMETHITITUKOIYPHI, MOUSBHHA, TETEPOLIUKIIBI, IIKIH3AIHS, BRICOKOd(dexk-
THBHAs XKMAKOCTHAsl XpoMaTorpadus, KOJOHOYHas XpoMaTorpadus, npenapatuBHas XxpoMarorpadpus.
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Extraction-photometric determination of bismuth in the ointment
«Liniment balsamic» in the quaternary water — dithiopyrylmethane —
trichloroacetic acid — orthophosphoric acid system

The article is devoted to the investigation of the mutual influence of bismuth, dithiopyrylmethane,
trichloroacetic and orthophosphoric acids in a four-stratified system with a single liquid component, wa-
ter.The results of the developed alternative method for determining the microgram amounts of bismuth in
pharmaceutical preparations using this system, which does not contain toxic organic solvents, are presented.
The coloring complex of bismuth with dithioerythritol yellow allowed using photometry at 354 nm and
447 nm as a method of monitoring the concentration of bismuth. The appearance of two maxima on the ab-
sorption spectrum indirectly indicates the formation of Bi-DTM complexes in different tautomeric forms,
namely, thion and thiol. Comparing the obtained data, it is found that the complexation of phosphate in the
media is similar to sulfuric acid, and the formation of the red complex of bismuth with dithioerythritol pre-
vents high value of acidity. The influence of extraneous ions on the determination of bismuth (III) was inves-
tigated. Selection of the ions was due to their presence in various alloys, pharmaceutical preparations, etc. ob-
jects, and containing trace amounts of bismuth. The results of the developed alternative methods are con-
sistent with the stated content of bismuth in ointment A.V. Vishnevsky «Liniment balsamicy.

Keywords: dithiopyrylmethane, bismuth, exfoliating extraction system, extraction-photometric determination,
complexation, the method of «saturation», heavy metal, medicine, medicament.

Introduction

Bismuth is a heavy metal, the compounds of which have a resorptive and local effect, which has al-
lowed the development of a sufficient number of pharmaceutical preparations of different effects. These
drugs are widely used and used in medicine. Bismuth in the human body is easily bound to proteins, so drugs
based on it have antiseptic and astringent properties [1]. Bismuth has a moderate toxicity, but the mechanism
of toxic effects of bismuth salts has been poorly studied.

It is known [2] that dithiopyrylmethane interacts with Au (III), Bi (III), Mo (VI) in a wide range of sul-
furic and hydrochloric acids, forming stable colored compounds suitable for photometric determination. Un-
like yellow complexes of gold and molybdenum, bismuth forms a complex compound of red-cherry color,
stable for a long time. The ratio Bi:DTM = 1:2 was found by the method of equilibrium shift.

The extraction-photometric determination of bismuth with dithiopyrylmethane in the presence of
thiocyanate, iodide, and perchlorate ions is described in [3, 4]. The absorption maxima of bismuth complexes
in the organic phase, with the ratio Bi:DTM = 1:3, are at 490, 520, and 540 nm. The method is used for anal-
ysis of ores and their enrichment products.

Bismuth with dithiopyrylmethane in the presence of perchlorate ions forms a ternary complex, which is
extracted from aqueous solutions with dichloroethane or a mixture with dimethylformamide [5].The ratio of
the components in the extracted compound is as follows Bi:DTM:CIO, = 1:3:3.
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The aim of the study was to modify the above-described extraction-photometric determination of bis-
muth [4] by replacing the traditional extraction system with an organic solvent with a single-component lig-
uid-water system. This system relates to non-traditional extraction systems, since extraction proceeds due to
delamination of the aqueous-organic medium when the salting out agent is introduced. Stratification occurs
due to the chemical acid-base interaction of trichloroacetic acid (TCAA) with dithiopyrylmethane (DTM)
and salting out when orthophosphoric acid is added.

Experimental

Reagents. We used an aqueous solution of bismuth (Cg; = 4.1x10° mol/L) and phosphate solution of
dithiopyrylmethane (DTM) (Cpry = 0.02 mol/L).The optimal ratio of the acids entering the system was cho-
sen by isomolar series for the extraction-photometric determination of bismuth with dithiopyrylmethane,
namely, Vi,po, (C = 10.3 mol/L):Vccicoon (C = 6.4 mol/L) = 1:1. The total volume of acids was 5 mL. As the
real object of the selected ointment at the A.V. Vishnevsky «Liniment balsamic» with the content of bismuth
initis 1.74 %.

Equipment. The absorption spectrum of the complex in the extract was taken with respect to the refer-
ence solution on a spectrophotometer «Spekol-10». To remove the spectra all solutions were prepared in
10 mL volumetric tubes.

Results and discussion

In the system under study, bismuth forms a yellow complex with dithiopyrylmethane. Two maxima at
354 nm and 447 nm are observed on the absorption spectrum, which apparently indicates the occurrence of
dithiopyrylmethane in the complex in various tautomeric forms of thionic and thiol.

Absorption spectra of extracts of bismuth complexes with DTM in orthophosphoric and sulfuric acid
systems have been studied, as well as the dependence of the absorption spectra of the complex extract in the
orthophosphoric acid system. Comparing the data obtained, it was established that complexation in phos-
phoric acids occurred similarly to sulfuric acid. The formation of a red complex of bismuth with
dithiopyrylmethane is prevented by a high value of the acidity of the medium. In our case, with a decrease in
the acidity of the medium, stratification disappears, and therefore a yellow complex is observed in the sys-
tem. Two independent methods of «saturation» and Bent-French determined the Bi:DTM ratio in the com-
pound, it was 1:2, which agreed with the literature data [3].

The choice of optimal conditions was carried out at two wavelengths. Dependences of the optical densi-
ty on the concentration of the reagent (Fig. 1), the acidity of the medium (Fig. 2), and the color development
time were studied. It was established that the bismuth complex with dithiopyrylmethane was stable during
the day.
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Figure 1. Dependence of the absorbance of the extract of bismuth (IIT) complex with DTM
on the concentration of the reagent
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Figure 2. Dependence of the absorbance of the extract of bismuth (IIT) complex with DTM
on the concentration of orthophosphoric acid

The dependence of the absorbance on the bismuth concentration was studied under the selected optimal
conditions, namely, 2.0 mL of 10.3 M H;PO,, 2.5 mL of 6.4 M CCI;COOH, 0.5 mL of 0.02 M phosphoric
solution of DTM, and calibration curves were plotted for two wavelengths (Fig. 3).
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Figure 3. Dependence of the optical density of the extract containing bismuth (IIT) complex
with DTM on the concentration of bismuth reagent

When assessing the reproducibility of the method for determining bismuth with dithiopyrylmethane, it
was established that the relative standard deviation did not exceed 0.04 (Table 1). The apparent molar ab-
sorptivity was also calculated to be &,,, = 1.2 10* (A = 354 nm) and Eapp= 1.1 10* (A = 447 nm).

Table 1
The determination of bismuth in solutions of its salts (A =354 nm, n = 3)
Introduced, m, ug Found (m; + 9), pug S,
8.0 82+09 0.04
16.9 16.9+0.7 0.03
27.9 27.3+0.6 0.01
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The influence of extraneous ions on the determination of bismuth (III) was studied. The choice of ions
was due to their presence in various alloys containing micro-quantities of bismuth: steel, CAM, etc. The cri-
terion of influence was taken by the deviation of the absorbance by 3—5 % from its value, measured in the
determination of bismuth without extraneous ions. Interfere with Cu (II), Cr (VII), Mo (VI), Ti (IV) do not
interfere with Al (III), Cd (II), Fe (III), Mn (II), Ni (II), Pb (II), Si (IV), VO,, Zn (II) in certain quantities
(Table 2). Thus, the procedure for determining bismuth is selective in the presence of Fe (III), but it is neces-
sary to resort to masking Cr (VII), Cu (I1I), Mo (VI), Pb (II), and Ti (IV).

Table 2
The influence of extraneous ions on the determination of bismuth
The name of the ion mg; : Mion

Si (VI) 1:100
Mn (1) 1:270
Ni (I) 1:114

vO* 1:5
Zn (IT) 1:80
Pb (1) 1:1
Cd (1D 1:2
Al (IID) 1:8
Fe (IIT) 1:500

Cu (II), Cr (VII), Mo (VI), Ti IV) | Disturb the definition

Since bismuth is contained not only in alloys, but also in pharmaceutical preparations, the ointment ac-
cording to A.V. Vishnevsky «Liniment balsamic» with the content of bismuth in it is 1.74 %.2.0 mL of
H;PO, (10.3 M), 2.5 mL of CCI;COOH (6.4 M), 0.5 mL of a phosphate solution of dithiopyrylmethane
(0.02 M) and alternating the amount of bismuth, namely, 5.0 pg, 10.0 pg, 13.0 pg, 16.9 pg, 19.9 ng, and
30.6 ug were used to construct the calibration curve.

After sedimentation and phase separation, the absorbance of the extract was measured at A = 354 nm on
a spectrophotometer «Spekol-10». Based on the obtained data, a calibration graph was plotted in coordinates
A-mBi (ug) and processed by OLS. The regression equation had the form: A = 0.032 m. Then a sample of
ointment 0.09640 g was dissolved in 6.4 M CCI;COOH in a 25 mL volumetric flask. 2.0 mL of H;PO,
(10.3 M), 0.5 mL of a phosphate-acid solution of DTM (0.02 M); 2.1-2.3 mL of CCI;COOH (6.4 M) and
aliquots of the dissolved ointment 0.4—0.2 mL were added to the measuring tubes. After settling and separat-
ing the phases, the absorbance was measured and the mass fraction of bismuth in the pharmaceutical prepara-
tion was calculated. The results of the determination are given in Table 3. The value of the relative standard
deviation does not exceed 0.04.

Table 3

Determination of bismuth in the ointment «Liniment Balsamic»

® +3, %
1.74 + 0.02

Content wg;, % Sr
1.74 0.01

Conclusions

Thus, the mutual influence of bismuth, dithiopyrylmethane, trichloroacetic and orthophosphoric acids in
a four-stratified system with a single liquid component, water, was studied. The influence of extraneous ions
on the determination of bismuth (III) was studied. The results of the developed alternative method for deter-
mining the microgram amounts of bismuth in pharmaceutical preparations using this system, which does not
contain toxic organic solvents, are consistent with the claimed bismuth content in the ointment according to
A.V. Vishnevsky «Liniment Balsamicy.
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JI.C. Eropoga, JI.B. Illepb6akoBa, E.A. JleiiTec

«baab3aMIbIK THHUMEHT» KAKNaMalbIHIa BUCMYTThI
Cy — AUTHONMHPUIMETAH — TPUXJIOPCiPKe KbIIIKBLIBI — 0pT0o(ocGop KbIIKbLIbI
JKyHeciHe IKCTPaAKIUSIIbI GOTOMETPJIIK JIiCIIeH AaHBIKTAY

Makanazia BACMYTTbIH Cy — AUTHOIIUPHIMETaH — TPUXJIOPCIPKE KbIIKBLIBI — 0pTO(GOpcOp KBIIKBUIBI XKYiie-
cinzeri ocepi 3eprrenren. dapMmaneBTHKAIbIK NpenapaTTapiaH JKOFapblia alThUIFaH xyitene (KypaMblHaa
YIIBI OPTaHHMKAIIBIK €PITIHIUIEP] XKOK) MAKPOTpaMM MeJIIIeperi BUCMYTTHI aHBIKTayIbIH KOCBIMINA d/ICIHIH
HOTIDKENIepl KeNTipiireH. BHCMyT KelleHiHIH IUTHONMPHIMETAaHMEH capbhl TYCKEe OOSUTybl BHUCMYT
KOHIEHTpanwusceH 354 HM xoHe 447 HM-meri poToMeTpHs 9iciMEeH aHBIKTayFa MYMKIHAIK Gepai. XKyTeuty
CIIEKTpiHAe €Ki MaKCHMyMHBIH Ty3uryi Bi-JITM KOMIUIEKCIHIH OpTYpJi TayTOMEpIiK — THOHIBI XKOHE
THOJABI TYpHAE TY3UIreHIH KepceTedi. AJIBIHFaH HOTIIKENEpPAl CalbICTBIPAa OTBIPBIN, KOMIUIEKC TY3ily
($ochOpIBI-KBIIKBUIIBIK OpTaga KYKIpTTi-KBIIIKBUIABIK OpTaFa YKCac JKYPETiHi aHbIKTAJABI, all BUCMYTTBIH
JUTHONIMPUIMETAaHMEH KbI3bUI TYCTI KOMIUIEKC TY3yiHE OpTa KbILIKbUIIBIFBIHBIH JKOFAapbl 0Oybl Kenepri
kentiperini 6enrimi 6omael. XKymbicta BucMyT (III) noHbH aHbIKTayqa 6acka HOHIAPIBIH SCepi 3epTTENi.
Wonpmapaer Tanmay KesiHIe KypaMbIHAa MHKPOMOJIIEpPAE BHCMYT Ke3IeCeTiH opTypii OaikeiManap,
(hapMareBTHKANBIK, [IperapaTrap XoHe Oacka Ja 3aTTap HeTisre aJblHABL. OHJENTeH JMICTIH HOTIKenepi
A.B. BumineBckuii  OoiibiHIIa  «banmp3amMIblK  JUHAMEHT»  JKaKIMaMaWbIHBIH  KYPaMBIHIAFbl  BHCMYT
MeJIIepiMeH YiecTi.

Kinm cesdep: nuTHONMpPUIMETaH, BUCMYT, KaOATThl SKCTPAaKUMsIIAHFAH JKYHe, SKCTPAKIHIIBI GOTOMETPIIIK
aHBIKTay, KOMIUIEKC TY31Ily, «KaHBIFY» SIiCi, aybIp METaJI1, MEIMIIHA, APLTIK IpenaparTap.

JI.C. Eropoga, JI.B. Illepb6akoBa, E.A. Jleiitec

IKCTPAKIUOHHO-(POTOMETPUYECKOE OTIpe/ie/ieHe BUCMYTAa
B Ma3M «/IMHUMEHT 0ajib3aMU4YeCKuii» ¢ MOMOIIbI0 YeTBEPHOI CHCTEMbI
BO/Ia — IUTHONHUPUIMETAH — TPUXJIOPYKCYCHAsI KHCJIO0TA — OpTO(hochOpHAsi KUCTIOTA

CraThsl TOCBSILEHA HCCIIEN0BAHUIO B3aMHOTO BIHMSHHS MOHOB BUCMYTA, JUTHONUPHIMETaHA, TPUXIOPYK-
cycHOU 1 0pTO(hOCHOPHO KUCIOT B YSTBEPHOH paccaanBaroIIeiics CUCTEME C €IHHCTBEHHBIM JKHIKHUM KOM-
NMOHEeHTOM — BojoH. IlpuBeneHs! pe3ynpTaThl pa3paOOTaHHOW aJbTEPHATHBHOW METOIWKH ONpPEAETECHUs
MHKPOTPaMMOBBIX KOJIHYECTB BUCMYTa B (hapMaIleBTHUECKUX MpenapaTax ¢ MOMOIIBIO YKa3aHHON CHCTEMBI,
HE coJeprKalllell TOKCUUHBIX OpraHn4ecKuX pacrBopureneil. OxpalinBaHue KOMILIEKCA BUCMYTa C IUTHOIH-
PUIMETAaHOM B >KEIThIH 1IBET IO3BOJMIO IPUMEHUTh B KAUECTBE METOJAa KOHTPOJIL KOHIEHTPAlUyd BUCMYTa
¢doromerpuro npu 354 uM u 447 uMm. [losiBeHHe B CHEKTpe MOTJIOIMIEHUS ABYX MakCHMyMOB KOCBEHHO yKa-
3bIBaeT Ha oOpazoBaHHe KoMIUTeKcoB Bi-/ITM B pa3HBIX TayTOMEpHBIX (OopMax: THOHHOH U THOIbHOH. Co-
HOCTABJIAS TIOJyYCHHBIC JAHHbBIC, YCTAHOBHJIM, YTO KOMILIEKcOOoOpa3oBaHue B (PocHOPHOKHCIBIX cpenax
MPOUCXOAUT aHATOTUYHO CEPHOKHUCIBIM, @ 00pPa30BaHHUIO KPACHOTO KOMIUIEKCA BUCMYTa C AUTHOMHPHIMETa-
HOM MEIIAeT BHICOKOE 3HaUE€HHE KUCIOTHOCTH cpefbl. B craThe Mccie0BaHO BIUSIHUE TTOCTOPOHHUX HOHOB
Ha onpezenenue BucmyTa (I1I). Beibop noHoB 00ycnoBnuBajcs UX HAIMYKMEM B Pa3lIMYHBIX CIIJIaBax, (apma-
HEBTHYECKHUX TIpenaparax 1 Apyrux o0beKTax, COAEPIKaIIMX MUKPOKOIHMYECTBA BUCMYTa. Pe3ynbraTsl paspa-
0OTaHHOH aNbTEPHATHBHONH METOAMKH COTJIACYIOTCS C 3asBICHHBIM COZAEpKaHHEM BHCMYyTa B Masd IIO
A.B. BumneBckoMy «JINHUMEHT Gab3aMHIECKHI).
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Chemical-technological analysis of slags from the «Altynshoky» complex

A historical monument on the top of the Altynshoky hill, first described by Academician K.I. Satpayev in
1935, consists of the so-called «Timur’s Stone» and the mound, in the embankment of which there is a melted
rock, and whose purpose has not been clarified yet. The proposed work for the first time presents the results
of a multidisciplinary study of rock samples from the Altynshoky mound, the wreckage of a thermo-technical
structure, and debris of rocks exposed to high temperatures. Using laser atomic emission and X-ray fluores-
cence analysis, geological study of samples and high-temperature processing in laboratory conditions, the
identity of their chemical and mineralogical composition is presented. It is shown that the rock composing the
hill and the rock from which the structure is built are identical and metamorphosed basalt. The fragments of
the red rock and the slag from the center of the structure according to the ratio of the main components,
namely, Fe, Si, Al and others are identical to the composing rock and were obtained from it without adding
any ores or fluxes. The possibility of obtaining samples of red color and black vitreous slag from the main
rock of the hill was confirmed experimentally. The geological study did not reveal the presence of metals in
meltable concentrations. As a result of the research it was established that the construction was not used for
metallurgical processes and apparently intended for other purposes, possibly ritual.

Keywords: laser inducted breakdown spectroscopy, X-ray fluorescence analysis, basalt, metabasalt, slag, his-
torical thermotechnical structure, Timur’s Stone, K.I. Satpayev, Altynshoky, Spireae hypericifolia.

Introduction

The Altynshoky hill (Karaganda oblast, Ulytau region, located north-west of the Ulytau Mountains,
47 km west of the Zhezkazgan-Arkalyk route, 12.5 km west of Sarlyk settlement) was first surveyed in 1935
by the Kazakhstan geologist, future academician of the USSR Academy of Sciences K.I. Satpayev during
exploration surveys in the Central Kazakhstan. At the top of this hill an artificial stone mound with a truncat-
ed top and a depression in the center was found; among the stones there were numerous pieces of melted
slag. At the base of the artificial embankment there was the so-called «Timur’s Stone», which was a frag-
ment of a rock with inscriptions in two languages: three lines in Arabic and eight lines in the Chagatai lan-
guage made by Uighur writing [1]. In the scientific literature the inscription received a symbolic definition of
the «Karsakpay inscription of Tamerlan» (Karsakpay settlement was inhabited in 1930—40s and it was the
production point in the region near the Ulytau Mountains, where K.I. Satpayev worked). The stone was de-
livered in 1936 to the State Hermitage, to Leningrad (St. Petersburg), where it is still in the exposition on the
medieval history of the Central Asia under the inventory code «cat. 195. Stone with the name of Timur.
Golden Horde.1391» [2].

«Timur’s Stone» is an evidence of the real events of 1391 — the campaign of Timur against the Golden
Horde of Tokhtamysh, the part of the route that passed through the semi-desert regions of Betpak-Dala, past
the Ulytau Mountain chain. «Book of Victories»y — «Zafar-name» was written in the first quarter of the XV
century. Sheref-ad-Din Ali Yazdi presented the testimony about one historical episode of this campaign:
«... For a joyful survey of that steppe (the Ulytau district as the comment of the Authors) Timur ascended to
the top of the mountain; the whole plain was all green. He stayed there that day, (then) a high order came
out, so that the soldiers brought stones and a high sign, like a lighthouse was put in that place. Master stone-
cutters inscribed on it the date of that day, so that to leave the reminder on the face of time» [3].

The Altynshoky hill is about 50 m high. Outwardly it is not remarkable for anything and does not differ
from other hills. But it is from its top that a wonderful view of the steppe panorama opens, with an expres-
sive profile of the bluish Ulytau Mountains on the horizon. Apparently, it is no coincidence that Emir Timur
chose precisely this peak for the construction of the installation of his memorable sign — a mound and a
stone with an inscription. K.I. Satpayev, after examining the stone collapse of the embankment and the slag
inside it, indicated that it was possible that the furnace for casting metal, lead was later installed in it.
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Further studies of the monument, as a rule, concerned the decoding or reconstruction of the route of the
march of the Emir Timur against the Khan Tokhtamysh [4]. One of the latest surveys was done by LLP «Ar-
chaeological expertise» in 2010 [5]. Archaeologists noted that «visual inspection <...> showed that, first of
all, we have the destroyed the structure of the furnace before us, where the rock was burnty». And they put the
question of the need to analyze the slag in order to understand the purpose of this structure.

Interdisciplinary study of the memorial sign of the Emir Timur’s «Altynshoky complex», using modern
methods of chemistry, geology and botany is conducted in the domestic practice for the first time. The aim of
the work is a chemical-technological analysis of the slag of the Altynshoky complex to understand its func-
tion. The obtained results can be used for the historical and cultural interpretation of this famous time mon-
ument of the Golden Horde.

Topography and arrangement of the Altynshoky complex

The investigated object is located on the top of the hill called Altynshoky, which enters the mountain
chain, stretching along the NW-SE line. In the southwestern side, the mountain range abruptly breaks to the
valley of the Jeti-Kyzriver and its tributaries. The river is the boundary between the Ulytau mountain system
and the Turgai trough. The height of the mound above sea level is 453.5 m, geographical coordinates are
N48°46,5125°/ E66°27,6445° [5]. The object is considered in the form of a historical complex consisting at
present of an artificial embankment and a stone with an inscription (a modern imitation-copy of the «Timur’s
Stone» made in the second half of the 1990s). The topographical diagram of the object is presented in Fig-
ure 1.

LEGEND

‘ Copy of Timur' s stone

Boundaries of
artificial structure

Lo

%1,

Figure 1. Topographical diagram of the «Altynshoky complex». Prepared by M.A. Antonov

The artificial mound consists of green schist — metamorphosed basalt with, dark green in color. The
mound is oriented along the South-North line, with a slight deviation to the west. The external form of the
mound is oval; the inner form is eight-shaped, with two local depressions. In the profile the embankment has
the form of a truncated cone. The height of the stone embankment is 2.5 m, the dimensions of the base are as
follows: along the S-N line — 30.2 m, along the W-E line — 23.8 m. The dimensions along the upper
partare as follows: along the S-N line — 18.5 m, along the W-E line — 12.0 m. The depth of the inner space
is 1.3 m. The long axis is directed along the cliff edge [6]. The upper part of the embankment is made of
thermally altered (calcinated) green schist. Inside the computation and in its internal depressions there are
fragments of the calcinated green schist affected by temperature with large slag flows of 20x40 cm —
30x40 cm. Small stones (10x15 cm) with traces of melting and thermal alteration are also present on the out-
side of the mound, but in smaller quantity. Intensive roasting expressed by red-orange color indicates a
strong effect of fire on the rock of the hill. Of course, the mound for a while was slightly destroyed under the
influence of natural and anthropogenic factors. However, the complex, as a whole, has survived to our days
in a satisfactory condition.
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At a visual survey of the mound, ten dilapidated artificial holes were previously found in it, which were
located from the outside in the middle of the circle of the mound. Since the embankment of the structure is
partially destroyed, scattered, most of the holes were in the collapse zone. The shape of the cross-section of
the holes in the embankment is close to a rectangular, about 2030 cm x 30—40 cm in size. They are decorat-
ed horizontally with tiles placed under bulk stone; sometimes the fallen side tiles are fixed. Most likely, these
holes belong to the air ducts, along which air was directed to the center of the structure, which was necessary
to intensify the burning of fuel. The high temperature during the burning of the fire is evidenced by a large
number of pieces of rock melted up to the slag inside the central part of the embankment. Unfortunately, it is
not possible to reveal the outline and design of the air ducts. On the basis of these studies, it can be stated
that there are artificially created holes located along the circumference of the middle of the mound, which, in
all probability, belonged to the air ducts.

Thus, it is obvious that in the mound there is a well-thought-out system of air ducts, which was original-
ly designed during its construction. It would be impossible to build a late furnace with canals into the mound
without destroying the mound to the base and carrying the stone with the inscription. Therefore, there is no
need to talk about a furnace of late origin in this building. The mound was conceived and built at the same
time as a thermo-technical structure (a construction designed to work with fire is meant by it) and as a mem-
orable sign of Timur. The channeling system for better draft of air was directed to the central deepening of
the mound, where a powerful fire was ignited, which melted the rock to the state of slag. The structure was
built on top, in a place where the wind was constantly blowing, contributing to the improvement of the natu-
ral draft necessary for an active influx of air to the fire.

Petrographic description of the investigated samples

Six samples of the unaltered rock composing the hill of Altynshoky were selected at its foot. According
to a macroscopic definition, the samples are a schist of green color, consisting of chlorite, epidote, and plagi-
oclase, fine-grained, presumably basalt metamorphosed under the conditions of the green schist facies of re-
gional metamorphism. In the rock, veinlet of quartz 1-2 c¢m thick are observed with an epidote rims and with
fine dissemination of magnetite.

Two samples of rock taken from the top of the hill (the place of the fireplace) are the same green
schists, subject to varying degrees of high temperature effect from calcinations up to melting. One sample is
very fine-grained schists of the reddish-brown color acquired during firing. Another sample is a slag of black
color, a glassy texture, a bubbly structure, that appears to have been formed as a result of the melting of the
rock at high temperature. The remains of charred vegetation are preserved in the slag.

Slag, as it is known, is a product or waste of smelting, which can be formed not only during metallurgi-
cal processes. In this case, the chemical analysis of the slag-like rock makes it possible to establish the possi-
bility of using the structure for metallurgical purposes and to determine the origin of the slag from the rock
composing the Altynshoky hillock or from other sources.

Modeling of metabasaltcalcination conditions

In order to test the possibility of modifying the rock composing the Altynshoky hill, under the influence
of high temperature, the samples were heated in a muffle furnace in an air atmosphere. When heated to
1000 °C for 2 hours, the natural color of the surface of the sample (dark green) was replaced by a dark red,
similar to the color of the surface of the stones at the top of the hill, which fell into the fire zone (Fig. 2).
When calcining to 1000 °C, samples cracked, and some of them formed a glassy flow.

Figure 2. Samples of native (left) and calcined at 1000 °C
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When the temperature is raised to 1100 °C, the samples begin to melt. In order to simulate the historical
conditions, 2-3 pieces of birch coal were added to the sample of roughly crushed rock (5-8 mm) in an
Alundum crucible and heated at 1100—1150 °C for 4-5 hours. At the same time, the rock melted and the for-
mation of black slag visually similar to the historical sample occurred (Fig. 3).

Figure 3. Slag in a crucible and a historical sample

The visual similarity of the samples suggested that the historical samples were obtained under similar
conditions and had the same chemical composition. A comparative qualitative analysis of the samples was
carried out using the LIBS Matrix Continuum Laser-Induced Breakdown Spectroscopy. The quantitative de-
termination of the main elements and the geological identification of the minerals were carried out using the
NittonX X-ray fluorescence analyzer.

Spectrometric study of samples

Recently, archeological studies have begun to use atomic emission spectroscopy with the laser excita-
tion of the spectrum [7]. For archaeologists, minimal damage to the sample during analysis, the possibility of
point measurements and other advantages of the method are important [8]. The considerable heterogeneity of
the samples makes it impossible for them to be quantitatively analyzed by the LIBS method without the
complete destruction. Qualitative and comparative semi-quantitative analysis of samples of primary
metabasalt, historical calcined metabasalt and slag, calcined metabasalt and slag obtained in the laboratory
were carried out using a LIBS spectrometer.

In the spectra of all samples, intense lines of silicon, aluminum, titanium, iron, magnesium, and calci-
um, as well as other elements presented in small amounts, were detected. Fragments of the atomic-emission
spectra of the samples are shown in Figure 4 (a-d).

As it can be seen from the fragments of the spectra, the intensities of the lines of the major elements
(silicon, iron, magnesium and aluminum) are fairly close, taking into account the relatively high error in the
analysis of heterogeneous objects. The intensity of the titanium lines in the historically burned (but not re-
fined) sample is reduced, which is probably due to chemical leaching for nearly 700 years after baking.

Statistical evaluation of the reliability of the conclusions made on the basis of LIBS data was carried out
using the coefficient of variation (1).

_o _ (x—x)
C, == (1), where © 1/z—n .

The basis for the statistical evaluation was the following known regularities [8]: 1) random factors af-
fect the intensities of an individual spectral line more than the intensity ratio of the two lines; 2) concentra-
tion of any element in a single sample is a constant value, so the scatter of intensities of different spectral
lines of one element depends only on random factors. Therefore, comparing the coefficients of variation for
the ratio of the intensities of the lines of one element and the ratio of the intensity of the lines of different
elements, one can judge as the identity of the spectra of the samples.

Table shows the measured values of the radiation intensities at different wave lengths, their ratios in dif-
ferent combinations, and the values of the coefficients of variation determined for them. As it can be seen
from the data in the table, for aluminum lines, the coefficients of variation of the ratio of line intensities lie in
the range of 3.9-23.7 %, silicon — 4.9-11.6 %, iron — 16.6-23.1 %. The coefficients of variation for the
ratios of the intensities of the lines of different elements are: Al/Si— 3.6-24.9 %; Al/Fe—-14.6-21.6; Si/Fe is
8.7-22.2 %.
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Figure 4. Fragments of atomic emission spectra of samples

Since the coefficients of variation for the ratio of the intensities of the lines of one element are close to
the variation coefficients for the ratio of the intensities of the lines of different elements, we can state that the
ratio of the concentrations of iron, aluminum and silicon in all samples is very close, and the origin is the
same.

A comparison of the data of the quantitative X-ray fluorescent analysis of a sample of slag and the av-
erage chemical composition of basalt [9] using X-ray fluorescence analysis is shown in Figure 5. The graphs
are similar in shape, which indicates that the rock composition, represented by slag, is close to the chemical.
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Figure 5.Comparison of the results of chemical analysis of slag samples
and the average chemical composition of basalts

The chemical composition of three samples of rock subjected to different degrees of temperature influ-
ence, one sample of laboratory slag and six samples of rock from the middle of the foot of the hill was stud-
ied. To compare the results of the chemical composition of rock samples, graphs of geochemical spectra of
concentrations of chemical elements characterizing these samples were constructed (Fig. 6). Clark concentra-
tion is the ratio of the element’s content in the rock to the clark element in the earth’s crust.
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Figure 6. Geochemical spectra of clarks of chemical concentrations elements in the rock samples
from the mound of the Altynshoky hill. From top to bottom: metabasalt, calcined metabasalt,
slag sample from the mound, slag received from basalt sample in the laboratory

When comparing the graphs, the identity of the qualitative chemical composition of all samples and the
closeness of their quantitative composition is observed; all the graphs are parallel. The concentration clusters
of such metals as Au, Ag, Pb, Cu, Sn, Zn, Fe, Mn do not exceed 1, which indicates a low concentration of
these elements in the samples of the original rock and effects of temperature exposure. Obviously, the origi-
nal rock cannot be an ore for smelting iron, silver, copper, gold or lead.

Comparing the samples obtained by heat treatment of the native rock from the Altynshoky hill, as well
as the data of the Leningrad Nuclear Power Plant and the X-ray fluorescence analysis of the samples of the
historical calcined and fused rock, it should be noted that there is a coincidence of their chemical composi-
tion, i.e. burned and melted samples are obtained from the original rock of the hills, without the introduction
of other mineral components. To obtain any of the metals that make up the rock of the Altynshoky volcano
in a free state in the conditions of a fireplace is not possible because of their relatively low concentrations.
Thus, the formation of slag occurred not as a result of metallurgical processes.
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Characteristic of probable fuel

In this area of Ulytau as a fuel, a shrubby plant of the Rosaceae family could be used — Spiraea
hypericifolia L. (the Kazakh name is shaykuraitobylgy). This shrub up to 150 c¢cm high, with brown rod-
shaped branches with umbrellas of flowers, grows in mass on ravine and stony slopes in the steppe, forest-
steppe zones, in bushes and on the banks of mountain rivers. Branches and wood of the Spiraea hypericifolia
along with other substances contain essential oils and resins. Spiraea hypericifolia burns well and quickly
and with its smoke, the Kazakh fumigate sabu — a leather or wooden container for making kumys. They use
smoldering stalks of sturgeon to smoke horsemeat, lamb. In the area of the Altyshoky hill, the Spiraea
hypericifolia grows at the foot, in the hollows, on the stony slopes of the hills. Here it is a mass artisanal
formation [10]. Its burnt branches were preserved in the pores of the slag, and it was used as a combustible
material for the fireplace. Spiraea hypericifolia burns quickly, giving a strong heat. Basalt rock, as the exper-
iment has shown, melts to a slag state at a temperature of 1000—1100 °C. Consequently, the fire demanded
more fuel, capable of giving a fire of heat. According to [11], the burning temperature of some types of wood
can exceed 1000 °C. An even higher temperature, up to 1300 °C, can be achieved by burning charcoal with
air purging [12]. With the simultaneous loading of a large number of branches into the fire, there is a tempo-
rary lack of oxygen and the formation of charcoal, which subsequently leads to high-temperature combus-
tion. Apparently, the burning of the fire, lit by the soldiers of Timur, in this regime led to the melting of
metabasalt.

Conclusion

Based on the carried out studies using the methods of natural sciences, the following reconstruction of
the Altynshoky complex is proposed:

» the structure at the top of the hill is a thermo-technical structure in the form of a mound with a notch
in the center and a system of traction air ducts arranged and passing inside the mound;

* the structure was not intended for metallurgical smelting, it probably was built with the purpose of
building a powerful fireplace in it, the fire in which burned for 2-3 days;

* as a result of the high temperature of the fire burning in the excavation of the embankment, the rock
was melted prior to slag formation on its surface;

» the fire of the bonfire affected the rocks in the central part of the mound and the openings of the air
ducts, leaving spots of fires;

* the flame of the fire burning in the central depression of the mound did not affect the stone with the
inscription, which was apparently installed prudently at the base of the mound.

So, as a result of spectral analysis and geological study of slags and rock rocks, we came to the follow-
ing conclusions:

» the historical complex of Altynshoky consists of a thermo-technical structure that has been preserved
in the form of a mound and a stone with an inscription;

* this heat engineering structure is not classified as a metallurgical furnace and it was intended for the
construction of a fire with a high combustion temperature, which resulted in firing and melting of metabasalt
rock;

* Altynshoky complex as a memorable sign of the Emir Timur combines utilitarian and sacral functions
and appears as a ritual object, whose historical and cultural interpretation is waiting for its solution.
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B.H. ®omun, 2.P. Yemanosa, P.M. Kymames, A.B. [lokycaes,
I'. Moty3sa, X.b. Omapos, F0.1O. Kum, M.}O. Ummyparosa

«AJTBHIHIIOKBI» KellleHiHeH aJIbIHFAH KOKIbIH XUMHSIJIBIK-TEXHOJIOTUSIIBIK TAJAaYbl

1935 x. amram per akagemuk K.M. CormaeB cumaTTaraH AJNTHIHIIOKBI INBIHBIHAAFBI TAPUXU E€CKEPTKILI
«TeMipmiH TacblHaH» XKoHE KypaMbIHIa Oeirici3 MakcaTTa epiTUIreH Tay >KBIHBICHI 0ap KOpFaHHAH TypaJbl.
YCBHIHBUIBIIT OTBIPFAH Makajiaja ajFall peT AJTBHIHIIOKbI IIbIHBIHAH aJIbIHFAaH Tay JKbIHBICTapBIHbIH,
JKBUTYTEXHUKAJIBIK KYPBUIBICTBIH KaJJBIKTAPBIHBIH, )KOFaphl TEMIepaTypa dCepiHe YIIbIparaH Tay >KBIHBIC-
Tapbl CHIHBIKTAPHIHBIH MTOHAPANIBIK 3€PTTENTy HOTIKenepi kenTipinai. Jlasepiik aTOMIbI-9MUCCHOHIIBIK JKOHE
PEHTTeH(IIyOPECLCHTTIK Talllay KOMETiMeH, YITriIep[i TeoJOTHsUIBIK 3epTTey JKOHE J1IabopaTOpHsIIBIK
Kargaiia JKkorapel TEMIEpaTypalblk ©HIEY apKbUIbl OJApIblH XUMMSUIBIK JKOHE MHHEPAOTHSIIBIK
KypaMbIHbIH Oipereiiniri ychiHbUIAbL. IIIOKBIHBI JKOHE KYPBUIBICTBI KYpPaWTBIH Tay >KbIHBICTaphl Oipereit
SKCeHIrT KOpCEeTiIin, OHbIH 0a3anbT eKeHi aHbIKTaaabl. KbI3bUT TYCTI Tay JKBIHBICHI JKOHE KYPBUIBICTHIH
opTackiHaH anbliHFaH Kok Fe, Si, Al skoHe Tarbl 6acka HeTi3ri KOMIOHEHTTEPIiHIH apa KaThIHACHI OOMBIHIIA
IIOKBIHBI KYPaHTBIH JKBIHBICIIEH Oipereil >koHe ofaH KaHmail ma Oip KeH Hemece (IIIoc KOCHACHI3 AJIBIHFaH.
Ke3bu1 TYCTI YaArinepai xoHe Kapa TYCTI IIBIHBI TOPI3Aec KOX/bI IIOKBIHBIH HETi3T1 Tay KBIHBICBIHAH ally
ToXipuOe OapbICBIHIA [ONEIICHIl. [ eoNOrHsUIBIK 3epTTeyiiep OalKBITYFa KaXKeT KeJIEMIEri MeTalibIH
JKOKTBIFBIH ~ @HBIKTAABbl.  3epTT€Yy  HOTWIKECIHAE  KYPBUIBICTBIH ~ METANIypPIHSUIBIK  yzepic  YIUiH
naiiianaHplIMaralbl Oenrii 60k, mamMacsl, o1 6acka, MyMKiH, paciMIiK MaKcaTTa KOJIIaHbLIFaH.

Kinm ceo30ep: na3zepnik aTOMABI-OMHUCCHOHIBIK CHEKTPalIbl Tajjay, PEHTTeHO(IyOPECUEHTTIK Tanzay,
6a3zanpT, Meraba3anbT, KOX, TapUXH IKbUIyTEXHUKAIBIK Kypbuibic, Temipain Ttacel, K.U. Cornaes,
AJITHIHIIOKBI, IIAWKypail TOOBUIFBL.

B.H. ®omuHn, 2.P. Ycmanosa, P.M. Kymames, A.B. Tlokycaes,
I'. Morysa, X.b. Omapos, 10.10. Kum, M.IO. Nmmypatosa

XMMHKO-TeXHOJOTHYEeCKHI aHAJIN3 IJIAKOB U3 KOMILIEKCa «AJTHIHIIOKbD)

Hcropuyeckuii MNaMsATHUK Ha BEpIIMHE CONKH AJITHIHIIOKBI, BIEPBbIC ONMUCAHHBIA aKaJEeMHKOM
K.H. CatnaeBsiM B 1935 ., COCTOMT U3 TaKk Ha3bIBAEMOTO «KaMHsS THMypa» M KypraHa, B COCTaBE HACBIIH
KOTOPOTO €CTh OIUIABJICHHAS TI0POJia, U €r0 Ha3HAUCHHE JI0 CHX IOp HE BBIICHEHO. B mpemmaraemoit crarbe
BIICPBBIC MPUBENCHBI PE3YIBTAThl MYJIbTHANCIUILIMHAPHOTO UCCICIOBAHHS 00pa3OB MOPOIBI C CONKH All-
TBHIHIIOKBI, 00JIOMKOB, CJIArafoliX TEIUIOTEXHHYECKOE COOPYKEHHE, U OOJOMKOB HOPOMBI, MOABEPTIINXCS
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JEHCTBUIO BBICOKOH TemmepaTypsl. C IOMOIIBIO J1a3€PHOT0 aTOMHO-3MHCCHOHHOTO U  PEHTIEHO-
(ITyOpEeCLIEHTHOTO aHaJIN3a, IeOJOrHYECKOT0 H3y4eHUs 00pa3LioB U BHICOKOTEMIIEPATYPHOH nX 00paboTKH B
71a60paTOPHBIX YCIOBUAX TMOKa3aHa WAEHTUYHOCTh MX XMMHUYECKOTO U MHHEpallorndeckoro cocrasa. IlToka-
3aHO, YTO 3€JICHOBATas IIOPOIA, CIIAraloiasi CONKY, M IIOPOJa, U3 KOTOPOH CI0XKEHO COOPYXKEHHE, HACHTUIHB
M TpeACTaBISIIOT coboi Oa3ansT. OparMeHTHl HOPOIBI KPACHOTO LBETA M IITAK U3 LEHTPA COOPYXKEHHS MO
COOTHOIICHUIO OCHOBHBIX KOMIOHEeHTOB — Fe, Si, Al ¥ 1p. — UICHTHYHEI clararonielf ConKy Iopoje 1 Ho-
JydeHsl U3 He€, 6e3 no0aBiIeHUs KaKuX-T100 pyxa wiH (arocoB. Bo3MoXXHOCTE moiydeHns: 00pasoB KpacHO-
TO I[BeTa ¥ YEPHOTO CTEKJIOBUIHOTO LIJIAKa U3 OCHOBHON MOPOJBI CONKHU MOATBEPKAEHA SKCIEPUMEHTAIBHO.
I'eonoruueckoe MccnenoBaHUE HE BBISIBUIO NPUCYTCTBHS METAJIOB B MPHUIOAHBIX JUISI BBITUIABKM KOHIIEH-
Tpamusx. B pe3ynbpraTe nccieqoBaHus yCTaHOBIEHO, YTO COOPYXKEHHE HE HCIONb30BaNOCh ISl MPOBEACHUS
METaJUTyprHYECKUX MIPOLECCOB U, BUANMO, MPEIHA3HAYATIOCH A APYTHX LieNel, BO3MOYKHO, PUTYaIbHBIX.

Kniouesvie cnosa: na3epHbIil aTOMHO-OMUCCHOHHBIN CIICKTPAJIbHBIA aHAIN3, PEHTTCHO(IIyOPECIICHTHBINA aHa-
3, 0a3anbT, MerabaszanbT, [UIAK, HCTOPHYECKOE TEIUIOTEXHHYECKOE COOPYKEHHE, KaMeHb Tumypa,
K.U. CarnaeB, ANTHIHIIOKBL, TABOJITa 3BEPOOOCITHCTHAS.
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Method for increasing the accuracy of quantitative determination of iron by LIBS

The problems of improving the chemometric characteristics of spectral methods of analysis are being inten-
sively studied throughout the world. These problems are especially significant in the field of laser atomic
emission spectrometry. In the article, it is proposed to use sample homogenization by fusion with sodium
tetraborate. The example of iron in a mixture of oxides consisting of Fe,03;, PbO, CuO, CdO and ZnO has
shown that fusion provides advantages over pressing, consisting in increasing the intensity of the spectral
lines and increasing the accuracy of the concentration / intensity correlation, as well as an increase in the total
number of spectral lines, which can be calibrated satisfactorily. Using the probabilistic-deterministic planning
of the experiment and using the composite factor, it is shown that fusion substantially weakens the interrela-
tion of the intensity of the spectral line with the instrument settings, which simplifies the choice of the spec-
trum registration regime. The observed regularities are explained by the high homogeneity of the vitreous
samples, the more complete evaporation of the sample in the laser spark and the absence of interference in the
form of a neat atomized sample, an increase in the density (and hence the concentration) of the sample. In the
course of the experiments it was additionally established that for melting specimens, it was necessary to use
the crucibles from alumina with caution. They dissolve rather quickly in the melt of tetraborate. Nickel cruci-
bles can be used only if nickel is not among the elements that are determined in the sample. Based on the re-
sults of the study, there was made a conclusion about the need study of the proposed methodology and its ex-
tension to other elements of the periodic system for further.

Keywords: iron, sodium tetraborate, regression analysis, laser inducted breakdown spectroscopy, borate
glasses, borate pressing, stochastic-determinated design of experiments, chemometrics, Fe,O3;, PbO, CuO,
CdoO, ZnO.

Introduction

Atomic emission spectroscopy (AES) is one of the most powerful modern methods of qualitative,
semiquantitative and quantitative analysis in many fields of research of materials and processes, in which
chemical substances are present. The wavelength of the light emitted (or absorbed) depends only on the na-
ture of the substance, whereas the intensity is proportional to the molar concentration and essentially depends
on the conditions for recording the spectrum and the chemical composition of the sample. Mutual quenching
or amplification of closely spaced spectral lines of different elements, which significantly depends on the
conditions for recording the spectrum, significantly complicates the interpretation of spectral data. A univer-
sal way to overcome the problems of nuclear power plants is not currently developed [1]. For the calibration
of nuclear power plants, mainly classical methods based on the method of least squares are used. When
searching for optimal parameters for recording spectra, experiment planning, neural networks, and the sup-
port vector method are often used. Considerable attention is paid to the use of Taguchi optimization methods.
Classical methods are characterized by a lack of robustness. Methods based on the planning of the experi-
ment require a large number of experiments and are difficult to formalize for automated processing. Neural
networks, the method of support vectors and other iterative methods of resource-intensive computing are not
always sufficiently developed. Thus, chemometrics used in nuclear power plants needs new methods of data
processing [2, 3], including those based on planning experiments.

The well-known method of stochastic-determinated design of experiment (SDDE) [4] was tested by us
earlier to optimize the recording conditions of spectra in tablets with boric acid [5]. Somewhat later, a modi-
fication of the SDDE method was suggested, consisting in using as one of the factors in the composition of
the sample, with a simultaneous variation in the concentrations of all the components being determined [6].
This paper describes the results of an experimental verification of the combination of the experimental plan-
ning technique proposed by us in previous studies using sample preparation by fusing samples with sodium
tetraborate.
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Design of experiments

To fully test the hypothesis of the possibility of using a composite factor in real spectrometric analysis,
the composition of the samples was given by a fifth-order Latin square. As components, Fe,O;, PbO, CuO,
CdO and ZnO were preliminarily calcined in a muffle furnace at 400 °C for 4 hours to remove a large part of
the absorbed water. The ratios of oxides in the composition of the samples are presented in Table 1. Ele-
ments were chosen for reasons of availability and availability of several analytical lines in the studied area.
The violation of the traditional SDDE sequence in some columns is conceived to simplify the software as-
signment of spectral lines to one of the elements and is not an error.

Table 1

Contains of samples

No. Cdo ZnO PbO Fe 04 CuO
1 0.5 1 1.5 2 2.5
2 2.5 1.5 1 1.5 2
3 2 2 0.5 1 1.5
4 1.5 2.5 2.5 0.5 1
5 1 0.5 2 2.5 0.5

In the experiment design, along with the composition of the sample (factor 1), the tunable parameters of
the LNPP Matrix Continuum instrument were also included. The parameters used included the energy of the
laser pump (factor 2), the delay time of the first gate of the Q-switch (factor 3), the delay time of the second
shutter of the Q-factor (factor 4), the exposition time of the exposition start (factor 5), and the total exposi-
tion time of the CCD- matrix (factor 6). The experimental design is shown in Table 2.

Table 2
Plan of experiments
No. Exp CFezO37 % Etamp, J Q-Swy, Us *Q-Swy, Us ADC, us Expos., ms
1 2 14 100 1 1 1
2 2 15 120 5 3 3
3 2 16 140 10 6 5
4 2 17 160 20 9 10
5 2 18 180 30 15 15
6 1.5 14 120 10 9 15
7 1.5 15 140 20 15 1
8 1.5 16 160 30 1 3
9 1.5 17 180 1 3 5
10 1.5 18 100 5 6 10
11 1 14 140 30 3 10
12 1 15 160 1 6 15
13 1 16 180 5 9 1
14 1 17 100 10 15 3
15 1 18 120 20 1 5
16 0.5 14 160 5 15 5
17 0.5 15 180 10 1 10
18 0.5 16 100 20 3 15
19 0.5 17 120 30 6 1
20 0.5 18 140 1 9 3
21 2.5 14 180 20 6 3
22 2.5 15 100 30 9 5
23 2.5 16 120 1 15 10
24 2.5 17 140 5 1 15
25 2.5 18 160 10 3 1

Note. * — according to the instruction manual of the device, is set as Q-Sw1 +A, in the experiment plan and in the mathemati-

cal processing of the results the value A.
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Results and discussions

Samples of mixtures with a total content of 5 % oxides were homogenized with sodium tetraborate by
prolonged abrasion in a mechanical agate mortar. The resulting visually uniform powder was compressed
into tablets and fused into glasses. Tableted and fused samples were analyzed on a spectrometer according to
the experimental design (Table 2). The intensities of the same analytical lines of iron in the spectra of tablets
and glasses were used as results for calculating the optimal mode for recording spectra using the SDDE
method. Table 3 shows the experimental intensities of the three analytical iron lines obtained for tableted and
glass samples.

Table 3
The intensities of the analytical lines of iron in the samples
Tablets Glasses
No. Exp
232.7297 248.616 298.474 232.7297 248.616 298.474

1 26.7834 22.9738 35.2636 22.5508 24.1649 29.8909
2 25.6672 23.3546 36.3168 23.8812 23.2003 32.0006
3 29.4848 26.9781 42.7758 23.3945 21.9805 31.5691
4 28.1594 24.7665 39.6026 23.5652 20.4546 28.4982
5 24.9612 24.7242 37.8711 16.3399 12.6603 18.4098
6 18.8974 17.0764 27.1332 16.7599 19.7137 24.0915
7 19.5362 17.4471 26.2663 15.1686 13.8483 18.8229
8 16.6779 14.3612 24.7496 15.1585 13.8349 18.3919
9 19.6405 17.0172 26.8478 17.3719 16.4674 23.3113
10 30.1505 26.7803 43.8856 20.561 17.8244 26.7536
11 10.287 7.8714 13.979 9.0879 10.7555 15.8764
12 14.225 11.903 19.0932 11.5943 12.0602 16.6575
13 12.0274 11.1728 17.5459 11.0078 10.4301 11.9687
14 16.431 16.6086 26.8057 14.8919 15.0421 19.9856
15 18.1323 16.042 28.3804 15.1284 14.0509 21.8309
16 6.1737 6.4518 9.3534 5.9302 7.99 10.1474
17 6.2951 5.4398 10.0693 6.6341 7.8844 11.0866
18 8.8737 7.5549 13.4482 7.2166 6.7053 12.4972
19 8.6043 7.0251 11.3069 7.9879 8.239 16.8716
20 11.2234 10.0384 16.8286 9.9273 9.6332 15.8732
21 21.416 17.6696 28.1494 21.1121 22.8646 29.761

22 24.2395 24.1665 41.7188 24,5111 25.2611 38.0139
23 32.954 28.7743 49.9492 25.5413 24.4484 33.2969
24 34.7044 32.4408 53.8776 33.0388 32.2286 43.4539
25 37.7254 33.4022 56.6814 22.0021 19.5015 31.7992

Figure 1 shows the intensities of the Fe line (298.474) for tableted (a) and fused samples (). In general,
because of the congestion, the figure is less informative than the digital data in the table, therefore, for the
remaining iron lines, no figures are given.

Both figures and numerical data show that the average intensity of iron lines for fused samples is lower
than for tableted ones. Apparently, the volume of the evaporated sample in the case of glasses is smaller,
which leads to a decrease in intensity. As practice shows with the instrument, a decrease in the intensity of
the lines usually contributes to an increase in the accuracy of the analysis. It should also be noted that the
intensity of the boron and sodium lines (matrix elements) in the case of glass samples is much higher than in
tableted analogs. The derivation of the partial dependencies and the generalized formula using SDDE is illus-
trated by the example of pelletized samples and the analytical iron line at 248.616 nm. Tables 4-9 show
samples of particular dependences of the intensity of the Fe line (248.616) on the factors considered.
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Figure 1. Intensities of lines Fe (298.474) for tablets (a) and glasses (b)

Table 4
Factor 1. Composition of the sample
No. of The resu.lt No. of The resu.lt No. of The resu.It No. of The result No. of The result
. of experi- . of experi- . of experi- . of . of
experience experience experience experience . experience .
ence ence ence experience experience
1 22.9738 6 17.0764 11 7.8714 16 6.4518 21 17.6696
2 23.3546 7 17.4471 12 11.903 17 5.4398 22 24.1665
3 26.9781 8 14.3612 13 11.1728 18 7.5549 23 28.7743
4 24.7665 9 17.0172 14 16.6086 19 7.0251 24 32.4408
5 24.7242 10 26.7803 15 16.042 20 10.0384 25 33.4022
Med. 24.5594 18.5364 12.7196 7.302 27.2907

The formula of the partial dependence, most accurately approximating the data of Table 4,
1=13.59e 7™ CC*%® R =0.9950, t,=172.771.

Table 5
Factor 2. E of a lamp, J
No. of exp. The result No. of exp. The result No. of exp. The result No. of exp. The result No. of exp. The result
of exp. of exp. of exp. of exp. of exp.
1 22.9738 2 23.3546 3 26.9781 4 24.7665 5 24.7242
17.0764 7 17.4471 8 14.3612 9 17.0172 10 26.7803
11 7.8714 12 11.903 13 11.1728 14 16.6086 15 16.042
16 6.4518 17 5.4398 18 7.5549 19 7.0251 20 10.0384
21 17.6696 22 24.1665 23 28.7743 24 32.4408 25 33.4022
Med. 14.4086 16.4622 17.7683 19.5716 22.1974

The partial dependence obtained from this table, 7 =3.402*1.109” . R =0.9952, tz= 179.9879.
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Table 6
Factor 3. Q-SW 1, mcs
No. of exp. The result No. of exp. The result No. of exp. The result No. of exp. The result No. of exp. The result
of exp. of exp. of exp. of exp. of exp.
1 22.9738 2 23.3546 3 26.9781 4 24.7665 5 24.7242
10 26.7803 6 17.0764 7 17.4471 8 14.3612 9 17.0172
14 16.6086 15 16.042 11 7.8714 12 11.903 13 11.1728
18 7.5549 19 7.0251 20 10.0384 16 6.4518 17 5.4398
22 24.1665 23 28.7743 24 32.4408 25 33.4022 21 17.6696
Med. 19.6168 18.4545 18.9552 18.1769 15.2047

According to Table 6, a partial dependence is obtained as a function of 7 =0.02046¢ "' &' QS 1%
R=0.8712, tz=6.2610.

Table 7
Factor 4. Q-SW2 — Q-SW1, us
No. of exp. The result No. of exp. The result No. of exp. The result No. of exp. The result No. of exp. The result
of exp. of exp. of exp. of exp. of exp.
1 22.9738 2 23.3546 3 26.9781 4 24.7665 5 24.7242
9 17.0172 10 26.7803 6 17.0764 7 17.4471 8 14.3612
12 11.903 13 11.1728 14 16.6086 15 16.042 11 7.8714
20 10.0384 16 6.4518 17 5.4398 18 7.5549 19 7.0251
23 28.7743 24 32.4408 25 33.4022 21 17.6696 22 24.1665
Med. 18.1413 20.0401 19.901 16.696 15.6297

The processing of the values grouped in Table 7 allows one to obtain a particular dependence of the in-

tensity of the analytical line on the delay of the second shutter in the form
1 =18.56¢"7@20WD (OS2 — OSW1)*7* | R = 0.9560, tx=19.2396.
Table 8
Factor S. Delay of the beginning of the spectrum recording, s
No. of exp. The result No. of exp. The result No. of exp. The result No. of exp. The result No. of exp. The result
of exp. of exp. of exp. of exp. of exp.
1 22.9738 2 23.3546 3 26.9781 4 24.7665 5 24.7242
8 14.3612 9 17.0172 10 26.7803 6 17.0764 7 17.4471
15 16.042 11 7.8714 12 11.903 13 11.1728 14 16.6086
17 5.4398 18 7.5549 19 7.0251 20 10.0384 16 6.4518
24 32.4408 25 33.4022 21 17.6696 22 24.1665 23 28.7743
Med. 18.2515 17.8401 18.0712 17.4441 18.8012

The delay in the start of the spectrum recording, presumably influencing the intensity of the analytical
line, is described by the formula 7 =18.13¢""'""* 1% R =0.3255, 1z = 0.6306.

Table 9
Factor 6. Exposition time, ms
No. of exp. The result No. of exp. The result No. of exp. The result No. of exp. The result No. of exp. The result
of exp. of exp. of exp. of exp. of exp.
1 22.9738 2 23.3546 3 26.9781 4 24.7665 5 24.7242
7 17.4471 8 14.3612 9 17.0172 10 26.7803 6 17.0764
13 11.1728 14 16.6086 15 16.042 11 7.8714 12 11.903
19 7.0251 20 10.0384 16 6.4518 17 5.4398 18 7.5549
25 33.4022 21 17.6696 22 24.1665 23 28.7743 24 32.4408
Med. 18.4042 16.4065 18.1311 18.7265 18.7399
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Finally, the exposition time of the CCD array of the device is determined by formula
0.2001

T
The final formula determining the dependence of the intensity on the factors under consideration was
obtained using arithmetic averaging:

[ =13.59¢ 1O 13 402 %1.109° +0.02046¢ M Qg1 4

+18.56¢ 0@ 20D (S ) — OSI)" P — 54.2448;

R=10.9816, tr=120.397.
Figure 2 allows us to graphically evaluate the obtained partial dependenciesintensity from the factors
considered.

1=18.15—- , R=0.2328, 1= 0.4263.
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Figure 2. Partial dependence of the intensity of the analytical line Fe (248.616) on the concentration (a),
the energy of the lamp (b), the delays of the first (¢) and second (d) q-switches,
the delay of the exposition beginning (e) and the exposition time (f)
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It is easy to see from the graphs that the concentration of iron and the energy of the lamp exert the
greatest influence on the intensity. The delay in the start of exposition and the total exposition time of the
CCD are insignificant. A similar picture is also observed for the remaining lines of tableted samples.

In the case of vitreous samples, the picture does not change in principle. It can be stated that fusion in-
creases the significance of a particular dependence on concentration, while at the same time negating the in-
fluence of other factors. Thus, it is difficult to optimize the spectrum registration parameters directly from
the SDDE data. There are probably two options for overcoming the difficulties that have arisen: setting up an
experiment with a very small increment of concentration, or mathematically processing the already available
data to reduce the effect of concentration. In the framework of this article, the second option was chosen.
According to the Scheibe-Lomaking equation [7], the dependence of intensity on concentration has a power-

law character: 7 =aC” . Its logarithm gives a function Ln(I)= Ln(a)+ Ln(C)b . If a = 1 (the simplest case)
we obtain the formula Ln(/)/ Ln(C)=2>b, where b can be determined with the help of the SDDE. In fact, the

dependence that determines the intensity of the spectral lines in laser atomic emission spectroscopy has a
more complicated form [2-3] than the Scheibe-Lomaking equation, so the transformation does not complete-
ly eliminate the dependence of intensity on concentration, but allows obtaining significant dependencies on
other factors. Since the partial logarithm turns out to be a negative number, to increase the processing capaci-
ty, both parts were multiplied by —1. For the analytical line Fe(248.616), after the mentioned transformations
of the results and substitution of them in the experimental design, we obtain formulas for the tableted sam-
ples presented in Table 10.

Table 10
The results of mathematical processing to identify significant factors
Factor | Formula | R | tr
Tablets
Conc., % 1=0.5759xe™ "M 5 ¥ 0.9986 618.1563
Energ. lamps, J I'=1/(2.449-0.05844 X E) 0.9941 146.3497
Q-SW1, mcs I=0.1214x "0 5 OSI710474 0.9467 15.8033
Q-SW2-Q-SW1, mcs I =0.6751xe "001XOW20D 5 (OS2 — QSW 1)*05% 0.9962 227.4676
Delay’ mcs I — 0.6565X60.OO3915XT XT70'01115 09281 1 15957
Expos., ms 1=0.6589+5.424x1tx10™* 0.3353 0.6543

The resulting Protodyakonov equation, obtained from these particular functions, makes it possible to
determine parameters optimal for recording the spectrum. The maximum intensity of the Fe line (248.616) is
in the range of concentrations under consideration.

It will be observed at alamp energy of 18 J, the knowledge of Q-SW1 = 100 mcs Q-SW2 = 106 mcs and
an exposition delay of 1-3 us. Similar values are obtained for glassy samples of the same composition. These
parameters were decided to be used for constructing and comparing calibrations for tableted and glassy sam-
ples.

Construction and comparison of calibrations

Calibration was performed in five replicates to evaluate statistical characteristics. The data on the inten-
sities of the Fe (248.616) lines in tableted and glassy samples are given in Table 11.
The coefficient of variation is calculated from the formula

(0)
where G=1/Zﬂ.
n

CV ="
X
The relationship between concentration and intensity was established as a linear function in the MStable
processor Excel. The value of the reliability of the approximation (R?) in all cases was above 99 %.
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Table 11

The intensities of the analytical line Fe (248.616) for the construction of calibrations

C,% Tablets Cy Glasses Cy
0.5 | 14.555 | 14.555 | 13.842 | 14.270 | 14.270 | 0.0183 | 10.956 | 10.956 | 10.956 | 10.956 | 10.956 | 0.0000
1 19.723 | 19.324 | 19.922 | 19.524 | 19.723 | 0.0103 | 15.021 | 15.021 | 15.173 | 15.173 | 15.173 | 0.0049
1.5 | 25.023 | 24.518 | 24.518 | 25.529 | 25.529 | 0.0181 | 19.009 | 19.202 | 19.202 | 19.202 | 19.009 | 0.0049
2 30.537 | 29.328 | 30.235 | 29.328 | 29.933 | 0.0162 | 23.063 | 23.063 | 23.063 | 23.296 | 23.296 | 0.0049
2.5 |33.824 | 34.173 | 35.219 | 35.567 | 33.824 | 0.0212 | 27.321 | 27.321 | 27.321 | 27.597 | 27.597 | 0.0049
R* 10.9937 | 0.9998 | 0.9985 | 0.9960 | 0.9933 | 0.0026 | 0.9999 | 0.9998 | 0.9998 | 0.9999 | 0.9996 | 0.0001

The coefficients of variation for glassy samples are much smaller, and the average accuracy of the ap-
proximation is somewhat higher than for tableted standards.

Conclusion

— The use of SDDE in the classical or modernized version does not allow obtaining a reliable calibra-
tion of the instrument for use in the entire range of settings.

— The upgraded version of the SDDE method allows choosing optimal conditions for recording spectra
for calibrating the instrument.

— The proposed calibration method for tableted and glassy standards allows one to determine iron at an
oxide content of 0.3—2 % in a prepared sample.

— The accuracy of calibration for tableted samples for different lines is 98-99 %, whereas for vitreous
samples it exceeds 99 %.

— The covariation of intensity for the analytical line Fe (248.616) in the glasses is less than in the tab-

lets.
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JIADC keMeriMeH TeMip/i CAHABIK aHBIKTAY/BIH JJIAITIH apTTBIPY dici

CHexTpIik Tangay 9miCTEepiH CHIaTTaMaJIapbIH JKaKcapTy Moceleliepi OYyKi aieMae KapKbIHABI OKBITBUIA B
Ocipece na3epiik aTOMIBIK CAyJEeNeHY CIIEKTPOMETPHUS CAJaChIHAAFBI OCBl Macelelep ©Te MaHbBI3BL
Makanaza YJriHiH TOMOTIEHHM3alMsChIH HAaTPUH TeTpabopaTbIMEH OaiKbBITBHIN OIpiKTIpY apKbUIbI KOJIAHY
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yeoinbuiagel. FeyOz, PbO, CuO, CdO, ZnO TypaThlH OKCHATEPiHIH TeMip KOCIACBIHIAFbl MbICAJIBIHAA
CHNEKTPJIIK KOJAKTAPbIHBIH KAPKBbIHABUIBIFBIH JKOFApJaTaThlH JKOHE KOHIEHTPALMs/KapKbIHIABUIBIKTHIH
IOJIIUIITIH  OCIpeTiH, COHBIMEH KaTap KaHAaFraTTaHAPJBIKTad Ty3eTyAi JKACAaWTBIH IKAIIbl CIEKTPIIK
JKOJIAKTAP/IbIH CaHBIHBIH OCYiH KaMTaMachl3 €TETiH OalKbITYy YpAiCi, mpecTeyre KaparaHia, apThIKIIBLIBIK-
TapbIMeH Oaiikanapl. ToxipuOeHi BIKTHMAaJIbI-ACTCPMUHACITCH JKOCHapiay MeH (GakTopiap KypaMblH
KOJIIaHbIM, GalKBITY CHEKTPIIK >KOJNAKTap KapKbIHIBUIBIFBIHBIH KOHJBIPFBI IapaMeTpIICPiHiH apachlHIaFbl
OalTaHBICTAP/IBI OJICIPETIll, OJ, ©3 Ke3eTiHAe, CIEKTPIEepAi TipKey TOpTIOiH TaHIAyAbl >KEHUIICTTI.
baiikanaTblH 3aHIbUIBIKTAp IIBIHBITOPI3AEC YITiNEpPAIH JKOFapbl FOMOTEHIIUIINH (KOHLEHTpauus), Jla3epIik
YIIKBIHAA YITIHIH TONBIK OyNaHybIH, SIFHM aTOMIajMaraH YJATIHIH [IAlibipaybl TYpiHIETi Keaepriiep
TYBIHIAMaTHIH/IBIFbIH, COHBIMCH KaTap YJITiHIH ThIFbI3JbIFBIHBIH JKOFapiayblH Tycinaipeni. Toxipube
GapbIChIHIA aTyHATaH jKacanFaH OTOAKBIPABI CAKTHIKIICH KOJIAaHYy KepPeKTiri KOChIMINA aHbIKTalabl, cebebi
oJ1ap TeTpabopaT GaNKBIMACHIH TY3€ OTHIPHIII, XKEHI epuii. Erep yiri KypaMmbIH/a aHBIKTAIAThIH 3JIEMEHTTEP
imiHe HUKeNb eHOece, OH/la HUKEIIbJCH JKacalFaH OTOAKbIPIbI KOJJaHyFa 0oianbl. 3epTTey KOPHITHIHIBICHI
OOlibIHIIA YCBIHBUIFAH OIICTEMEHI TONBIFBIMEH 3€pTTEl, IEPHONTHI Kyiiemeri Gacka la sJIeMEHTTEpre
KOJIJaHy MYMKIH/IITIH aHBIKTay KaKeT CKCHIIITiH OaiikaTabl.

Kinm ce30ep: Temip, HaTpuii TeTpaboparhl, KeMiMeli Talmay, JIa3epiiK aTOM-3MHCCHUSIIBIK CIIEKTPaJIIBIK
Tanjay, OoparThl WIBIHBI, OopaTrTapMeH IpecTey, TIKIPUOSHI BIKTHUMAJIBIK-ISTEPMHUHII JKOCMapIiay,
xemomerpuka, Fe,03, PbO, CuO, CdO, ZnO.

B.H. ®omun, C.K. Anga6eprenona, K.T. Pycrem6ekos, A.B. luk, FO.10. Kum, U.E. PoxxkoBoit

MeToa NOBbIIEHUS] TOYHOCTH KOJUYECTBEHHOT0 ONPeieIeHUs Kejie3a
¢ nomouibsio JIADC

IIpoGreMs! yiydmnieHHss XeMOMETPUUSCKUX XapaKTEPUCTHUK CIIEKTPAIBHBIX METOJIOB aHAIN3a HHTCHCHBHO
H3y9aloTcsl BO BceM Mupe. OCOOEHHO 3HAaYMMBI 3TH MPOGIIEMEI B 00JIaCTH JIa36pPHOTO aTOMHO-IMUCCHOHHON
CIIEKTPOMETPHHU. B cTaThe NPeaoKeHo HCIOoNb30BaTh TOMOTCHU3ALMIO NPOOBI ITyTEM CIUIaBJICHHS C TeTpa-
6oparom Hatpus. Ha npumepe xene3a B cMecH OKCHIOB, cocrosiueit u3 Fe,0;, PbO, CuO, CdO u ZnO, mo-
Ka3aHo, YTO CIUIaBJICHHE 00ECIeunBacT MPEUMYIIECTBA Tepe]] IPECCOBAHUEM, 3aKIIFOYAIONIUECs B yBEIHYC-
HMU MHTCHCHBHOCTH CIICKTPAJIbHBIX JIMHUH W TOBBIICHUM TOYHOCTH KOPPEIALMH KOHLEHTPALUS/UHTECH-
CHBHOCTB, a TaKX€ YBEIMYEHHN OOIIET0 YHCIIa CIIEKTPAIBHBIX JIMHUM, 0 KOTOPBIM MOKET OBITH IOCTPOCHA
YIIOBJIETBOPUTENIbHAST KanuOpoBka. C HpPHUMEHEHHEM BEpOSITHOCTHO-JETCPMUHHPOBAHHOTO IUIAHUPOBAHMS
SKCIIEpUMEHTA H UCIIOIb30BaHIEM COCTaBHOTO (pakTopa ITOKa3aHo, YTO CIUIABICHHE CYIIECTBEHHO OCIa0IsIeT
B3aUMOCBSI3b HHTEHCUBHOCTH CHEKTPAIBHOI JIMHUHM C ITapaMeTpaMy HaCTPOMKHU IpHOOpa, YTO YIPOILIAeT BEI-
0op pexuMa perucTpauuu crekrpa. Habmonaemple 3aKOHOMEPHOCTH OOBSACHSIOTCSA BBICOKOI T'OMOTCHHO-
CTBIO CTEKJIOBHAHBIX 00pa31ioB, 6oJiee MOIHBIM HCTIapEHUEM IIPOOBI B JIA3EPHOIT HCKPE U OTCYTCTBUEM ITOMEX
B BHJIC PACNBbUIEHHONW HEATOMU3MPOBAHHOM MPOOBI, BO3PACTAHMEM IUIOTHOCTH (@ 3HAYMT, U KOHLEHTPALHN)
obpasia. B xoae 3KCIEepUMEHTOB JOMOIHUTENBHO YCTAaHOBJICHO, YTO JUIS CIUIABICHHSA 00pasLoB CIEIyeT ¢
OCTOPOJKHOCTBIO TPUMEHATh THIVIM M3 alyH/a, TAK KaK OHU JOBOJBHO OBICTPO PACTBOPSIOTCA B pacIulaBe
Terpabopara. THITIH U3 HUKENS MOXKHO NPUMEHSATH, TOJIBKO €CIIH HUKEIh He BXOAUT B YHCIIO DJIEMEHTOB, KO-
TOpBIe onpeneiorcs B npobde. [1o uToram BBIIOJIHEHHOTO MCCIIEIOBAHUS CAETAaH BEIBOJ O HEOOXOIUMOCTH
JaTbHEHIIIET0 N3ydeHHs MPEUT0KEeHHOI METOIMKY U pacpOCTPaHeHNUS e€ Ha APYTUE HIEMEHTHI IepHoIiude-
CKOM CHCTEMBI.

Knioueswie cnosa: xene3o, Terpabopar HaTpUsl, pErPECCHOHHBII aHAIH3, Ja3ePHBI aTOMHO-IMUCCHOHHBIN
CIIEKTpaJbHBIA aHamu3, OopaTHble CTEKIA, MPECCOBaHME C Ooparamu, BEpPOSITHOCTHO-ISTEPMHHHPOBAHHOE
IUTAaHUPOBaHUE IKCIIEPUMEHTa, XeMOMeTpHKa, Fe,03, PbO, CuO, CdO, ZnO.
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The effect of electromagnetic field on silver iodide sols stability

It is shown that the influence of the ultrahigh-frequency electromagnetic field on purified water leads to a
significant increase in its electrical conductivity and pH. The effect can be interpreted as a change in the
supramolecular organization of water. The kinetics of the formation of nuclei of the crystalline phase in irra-
diated water by the example of silver iodide sols was studied by turbidimetry. It is shown that in the irradiated
water the growth of Agl crystals slows down, which is noticed as a slower decrease in the light transmission
of the sol in time. The effectiveness of electromagnetic influence depends on the frequency and time of irra-
diation so that the maximum effect is achieved at the field frequency of 170 MHz and at the irradiation time
of 3 hours. Destruction of the sols prepared with irradiated water takes place on the 4th day, while in the con-
trol samples it begins after 24 hours. It is assumed that in the irradiated water the growth of crystalline nuclei
slows down due to a change in the surface tension and a decrease in Agl solubility.

Keywords: water, silver iodide, sol, light transmission, stability, electromagnetic field, frequency, irradiation
time.

Introduction

The problem of the disperse systems stability is one of the most important in colloid chemistry. It is of
great importance in many processes occurring in nature and used in the national economy. Ensuring the free-
disperse systems stability is necessary in the production of various products, coatings, binders, medicines,
aerosols, etc. Destruction of stability is required to cause structure formation in materials, to obtain precipita-
tion during phase separation, to purify industrial emissions. The stability of hydrosols is affected by various
factors, namely, heating and cooling, mechanical stirring, the introduction of electrolytes into the system [1].
Another possibility to control the disperse systems stability is the effect of physical fields of various nature
as ultrasonic, permanent magnetic and electric, electromagnetic field, as evidenced by numerous publications
[2-8].

In recent years, the scientific interest in the problems of the interaction of electromagnetic fields with
matter has increased, and the particular interest is the study of the effect of high-frequency and ultrahigh-
frequency electromagnetic fields (HF and UHF EMF) on various environments. This interest is due to the
perspective of using electromagnetic interference in scientific industries to intensify technological and physi-
cal-chemical processes and manage them by directly influencing the working environment. HF and UHF
technological processes have been widely used and distributed in various fields of industry such as chemical,
mechanical engineering, food industry, woodworking industry, pulp and paper industry, medicine, etc. Ex-
amples of such electric and magnetic fields applications are technologies for separating constituents of an
inhomogeneous medium, as well as a variety of applications HF and UHF EMF in the technological process-
es of heating and heat treatment, drying, thawing, etc. [9].

Unlike the methods of influence on the continuous media, the effect of HF and UHF EMF has a number
of advantages. So, firstly, electromagnetic waves extend over sufficiently large distances into the object until
complete attenuation, and we can talk about various electro-hydrodynamic phenomena and control them in
the depths of the dispersion medium. Secondly, under the influence of HF and UHF EMFs in the medium
due to the dissipation of the electromagnetic field energy into heat, distributed heat sources arise. The value
of the density of thermal sources is determined by the type (geometry) of the electromagnetic wave extend-
ing in the dispersion medium and the dielectric properties of the dispersion medium. Thus, for a given wave
geometry for a given medium, with use of changed frequency HF and UHF EMF it is possible to carry out
controlled processes of interaction of EMF with the medium (for example, heating to a given depth) [10, 11].

Smaller applications so far low-intensity fields have been found, although numerous studies in this area
also make it possible to conclude that they are promising for use in various technological processes associat-
ed with the use of disperse systems.

Previous studies [12—16] have shown that as a result of the action of the ultrahigh frequencies electro-
magnetic field (30-300 MHz), the optical and electrical properties of the silver halides, iron and aluminum
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hydroxides sols are changed. It was found that the effectiveness of electromagnetic influence depended on
the frequency, field strength, exposure time and concentration of the dispersed phase of the sol. Each dis-
perse system is sensitive to the action of a field of strictly defined frequencies. It is possible to significantly
change the stability of these disperse systems by varying the field frequency and the exposure time. All pre-
vious experiments were carried out when the field affected directly on the sol [16]. At the same time, in our
studies and studies of other authors, it is asserted that electromagnetic fields primarily affect water, changing
its supramolecular organization [17-19]. Therefore, it was of interest to study the processes of formation of a
dispersed phase particles in a medium with a modified field structure. As an object of study, an Agl sol with
a negative charge of particles was chosen. The purpose of the study is to evaluate the influence of the elec-
tromagnetic field on the kinetics of formation and stability of silver iodide sols, based on the measurement of
their optical properties.

Method

The Agl sols, as a classic example of hydrophobic sols, were prepared by the reaction (1):

AgNO;+ KI= Agl + KNOs (1)

Schematically, the micelle structure of the silver iodide sol obtained with an excess of KI can be repre-
sented as follows (2):

{[Agl]nl - (n-x)K ¥ xK". 2)

AgNOs3 (99 % pure) and KI (99 % pure) were used as a reagents. To prepare the sol 5 mL ofa 0.1 M KI
solution was added to 25 mL of water purified by reverse osmosis. With stirring, a 0.1 M of AgNOs solution
was gradually added in an amount necessary to produce a sol of the desired concentration. The concentration
of the obtained sol was calculated with use of the reaction equation, taking into account the 100 % yield of
Agl (solubility product of Agl is 8.3x107'7).

The light transmission measurements were carried out with use of a CPC-2 colorimetric spectrometer at
a wavelength of 440 nm and a temperature of 22-24 °C. Water was used as a standard solution. The length of
the cuvette was 5 cm.

A high-frequency (HF) signal generator G3—19A, allowing to vary the frequency of the EM field in the
range 30200 MHz, was used to irradiate water. The voltage at the HF electrodes was 20-22 V. The genera-
tor power was 1 W. Irradiation of water was carried out in a 50 mL capacitive cell made of glass (Fig. 1).
The cell consisted of a glass cup with a volume of 50 mL with an internal HF Wood's alloy electrode and an
external electrode made of aluminum foil closely adhering to the outer surface of the cell. HF-electrodes
were connected to the HF-generator with the help of a RF connector RC-75.

1 — glass cup; 2 — internal electrode; 3 — external electrode
Figure 1. HF cell structure

Water with a specific electric conductivity of 1.4 x 10™* S/cm was used. The water was irradiated with a
field of 170 and 180 MHz for 1-3 hours. The choice of frequencies is due to the fact that it was shown earlier
that the maximum change in the properties of water is observed as a result of the action of the field at a fre-
quency of 170 MHz, and the maximum change in the properties of the sol is at 180 MHz [5, 4]. After irradi-
ating the water, the change in its electrical conductivity and pH was recorded (Table 1). In our experiments, a
more noticed change in the water properties corresponded to f= 180 MHz so that the electrical conductivity
changed almost 3 times, and the pH was changed more than one.
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Table 1
Change in the electrical conductivity of water as a result of electromagnetic interference
f, MHz 0 170 180
@-10°, S/cm 1.4+0.2 3.0+0.3 4.1+0.6
pH 6.5+0.1 7.4+0.3 7.6+0.2

Sols with a concentration of 0.1 and 0.2 % were prepared by pouring the reagent solutions either to the
non-irradiated control sample or to irradiated water (f = 170 or 180 MHz). Their light transmission was
measured every 20 minutes. The Table 1 data indicate that as a result of the influence of the electromagnetic
field, the water properties changed, so that the properties of the sols prepared with irradiated water could also
be expected to change.

Results and discussion

Silver iodide sols are formed almost immediately after mixing the reagents, as evidenced by a lower
light transmission of the resulting system compared to the light transmission of water. They are metastable
and over time, auto-coagulation processes occur in them, which can be noticed in a fairly rapid decrease in
light transmission. With increasing sol concentration, the rate of the auto-coagulation process increases (Ta-
ble 2). For further studies, 0.1 and 0.2 % of Agl sol was chosen, because the auto-coagulation proceeds rap-
idly enough in them, which makes it possible to compare the kinetics of this process for irradiated and non-
irradiated systems.

Table 2
Change in light transmission (7, %) of Agl sols of different concentrations with time

t, days T, %
’ C=001% | C=0.02%| C=01% C=02%

0 97+2 9412 8342 7543

1 512 50+£5 Precipitate | Precipitate

2 38+3 39+4

3 34+6 3242

4 24+2 22+1

5 19+£2 18+£2

6 Precipitate | Precipitate

Studies have shown that the sols prepared in irradiated water (170 MHz) initially have a higher light
transmission: 87+1 % (0.1 % sol) and 80+2 % (0.2 % sol). For control samples, these values were 83+£2 %
and 75+3 %, respectively (Table 2). Over time, the light transmission in all disperse systems decreased, but
in the samples prepared in irradiated water it decreased to a much lesser extent. This is especially true for
0.2 % sols so as at the end of the experiment, the difference in light transmission of the sol was 9+2 %
(Fig. 2, 3).

The values of light transmission and its time variation for 0.2 % of Agl sols prepared in irradiated water
with a field of 180 MHz are given in Table 3. In this case, the field effect proved to be ineffective. Thus, the
Agl sols prepared in irradiated water with a field of 170 MHz were more susceptible to field action than those
prepared on water irradiated at a 180 MHz field. Thus, it can be affirmed that the influence of an electromag-
netic field on water dispersions is selective. The determining parameter is a frequency of an applied field.

Table 3
Change in time of light transmission of 0.2 % Agl sols prepared in irradiated water with a field of 180 MHz

t, min T, % . .T’ %.
’ control sample Agl sol in irradiated water
0 58 59
30 46 47
60 39 41
90 34 35
120 27 28
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t, min
30 T T »
0 20 40 60 80 100
—e— control sample —a— control sample
o~ Agl sol in irradiated water (C=0.1%) o Agl sol in irradiated water (C=0.2%)
/=170 MHz, t;, = 1 h, L =440 nm, C = 0.1 % /=170 MHz, #,, = 1 h, A =440 nm, C=0.2 %

Figure 2. Change in time of light transmission of Agl sols Figure 3. Change in time of light transmission of Agl sols
prepared in irradiated and non-irradiated water prepared in irradiated and non-irradiated water

The dependence of the effectiveness of the electromagnetic effect on its duration was studied. The in-
crease in time of irradiation of water, which was then used to prepare the sols, increased their stability to
3 hours (Fig. 4, 5).

2T, % AT %

L

80 20

70 +

70

60 o 60

50 4 50
t, min t, min
40 T T T T T » 40 T T T T T »
0 20 40 60 80 100 0 20 40 60 80 100
—s— control sample —e— control sample
--oe- Agl sol in irradiated water (t=2 h) --o- Agl sol in irradiated water (t=3h)
f=170 MHz, t;, =2 h, A =440 nm f=170 MHz, t;, =3 h, A =440 nm
Figure 4. Change in time of light transmission of 0.1 % Figure 5. Change in time of light transmission of 0.1 %

Agl sols prepared in irradiated and non-irradiated water Agl sols prepared in irradiated and non-irradiated water

Table 4 shows the initial light transmission values of 0.1 % of Agl sols prepared in non-irradiated and
irradiated (f = 170 MHz) for 1-3 hours with water. The initial value of light transmittance (T;,, %) increased
with increasing time of electromagnetic influence on water. Table 4 also gives the final light transmission
values (T, %) after the end of the experiment (100 min). The transmission of light by irradiated systems dur-
ing this time was reduced, as well as by non-irradiated systems, but had higher values. At the end of the ex-
periment, it was higher by 3, 7 and 14 %, depending on the time of field influence.
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Table 4

The initial and final (after 100 min) light transmission values of 0.1 % of Agl sols
prepared in non-irradiated and irradiated (f = 170 MHz) water title

Irradiation time
Control sample h oh 3
T, % 8342 87+2 89+1 91+2
Ty, % 48+1 5142 5542 62+1
AT, % - 3 7 14

If a solution of AgNOs is added to the KI solution in small portions, then, when the Agl solubility prod-
uct is reached, the crystals of the new phase begin to form. Since KI is taken in excess, the particles are
charged negatively due to the selective adsorption of iodide ions. However, as AgNO; is added, the negative
charge of the particles will decrease down to zero (the neutralizating mechanism of coagulation). With fur-
ther addition of the electrolyte, the surface is recharged so as the particles acquire a positive charge due to
adsorption of potential-determining ions of silver. Thus, the light transmission curve of a given system as a
function of the AgNOs concentration should be characterized by a sufficiently deep minimum, which was
confirmed in practice (Fig. 6).

1%

5

CAg‘NOa * ].02, g/mol

.
Ll

50

00 02 04 06 08

—e— control sample
-0 Agl sol in irradiated water (170 MHz)

Figure 6. Change in the light transmission of 0.01 M KI solution with the addition of a 0.01 M AgNO; solution

A similar experiment was carried out with a KI solution prepared in irradiated water: 0.01M AgNO; so-
lution was added to 0.1 M KI solution in 0.1 mL of each one and the light transmission was recorded. The
shape of the obtained curves is the same, but all points of the curve for the irradiated system are located
higher. Moreover, on the descending part of the curve (negatively charged particles), the AT value is 6-8 %,
and on the ascending one (positively charged particles) is 2-3 %, which indicates that the field effect has a
greater effect on sols with a negative particle charge. Because the minimum of the light transmittance curves
(Figure 6) corresponds to the same AgNO; concentration, it can be assumed that the charges of colloidal par-
ticles in irradiated and non-irradiated water coincide, and the higher light transmission of the sols in irradiat-
ed water is due to the smaller particle size of their particles.

About an increase in the stability of 0.1 % Agl sols prepared in water irradiated with an electromagnetic
field of 170 MHz for 3 hours we can know by the fact that the destruction of the sol and the formation of the
precipitate occurred on the 4th day, while in the control sample the precipitate formed after a day. With a
shorter exposure time, the precipitates in the irradiated systems formed on the third day.

The observed phenomena may be caused by the formation of smaller colloid particles in sols prepared
in irradiated water. The size of the formed crystals of the dispersed phase is determined by the ratio between
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the rate of nucleation of the solid phase and the rate of their growth. The condition for the formation of nu-
clei of the solid phase is expressed by the equation (3) [20]:
2oV,

r=———m———,
RTIn(C,/C,)

where » — is the radius of the particles; 0 — is the surface tension at the solid-liquid interface; V,, — is the
molar volume of the dispersed phase; R — is the gas constant; 7— is the temperature; C; — is the concen-
tration of supersaturated solution; C, — is the concentration of saturated solution.

Analysis of this equation allows us to state that the reduction of surface tension at the solid-solution in-
terface and the increase in the degree of supersaturation y = C,/C, facilitates the production of smaller crys-
tals. It can be assumed that the electromagnetic action causes a decrease in the surface tension due to a
change in the energy of interaction between solvent and solid phase as a result of reorganization of the
supramolecular structure of water. In addition, an increase in the degree of supersaturation of the solution
can be observed due to a decrease in the solubility of Agl in the reorganized solvent as a result of a decrease
in the energy and degree of hydration of the silver ions and iodine ions.

The rate of precipitation of the dispersed phase particles in the gravitational field is proportional to the
square of their radius, therefore, even a small change in particle size leads to a significant slowing of sedi-
mentation and to an increase in the stability of the disperse system. In irradiated sols, the increase in light
scattering (decrease in light transmission) with time is slower than in non-irradiated ones, which indicates a
slowing of the rate of crystalline solid-phase nuclei growth.

3)

Conclusions

The research has shown that during the exchange reactions accompanied by the formation of a slightly
soluble compound (Agl) in an aqueous medium at an electromagnetic field, a slowdown in the growth of
crystalline nucleus is observed. This leads to an increase in the stability of the silver iodide sols, as evidenced
by higher light transmission values compared to the light transmission values of the control samples. Sedi-
mentation occurred on the 4th day, while in the control samples it happened after a day. The influence of the
electromagnetic field is selective and the effect is noticed only as a result of the action of a field of a certain
frequency on the water. With increasing irradiation time, the efficiency of electromagnetic influence increas-
es.
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HN.E. Crace

DJIeKTPMATHUTTIK OPICTIH KyMic iloau/i 30JIiHIH TYPAKTBUIBIFBIHA dCepi

Aca >KOFaphl JKHITIKTET] 3JeKTPMarHATTIK OPICTIH Ta3apThUIFaH CyFa oCepiHEH OHBIH AJIEKTPOTKI3TIMITITT MEH
pH kepcerkimi MoHIHIH jKOFapiiaybl OaliKaiaraH, O MOJEKYJAJIBIK AEHTeHIEeH >KOFaphl Cy/BIH e3repiciMeH
tycingipineni. TypOuaumerpus omiciMeH CoyJeJeHIeH CyAa KyMic MOIHUII MbICAJbIHAA KPUCTAIIBIK (a3a
TY31HAUIEPiHIH Ty311y KuHeTukachl 3eprrenai. Coynenenret cyna Agl KpucTangapbIHbIH 6Cyi 0asyTaiThIHbI
GaiikanraH. DIEKTPMArHUTTIK ocep €Ty THIMAUIINT COyJeNeHyIiH JKUIIri MeH yakbIThIHA Toyesai Oosasl,
COHJIa CAyJeNieHYy YakbIThl 3 car, an xuiniri 170 MI'u GonaTeiH epic acepi THIMAIPEK eKeHi aHBIKTAJbI.
Coyrneneny ocepiHe YIIbIparaH CyMeH NalbIHIaIFaH 30JIbAIH BIABIpays! 4-1Ii KyHi, an Oakpulay yJirinepinue
24 car keitin xyperiHi Oenrimi Oonmel. CoylielleHTeH CyAa KpHUCTIABIK TY3IHIUIEPIiH ©Cyl apaibIK
KepHEYiH e3repyiHeH xoHe Agl Ty3bIHBIH epirilTiriHiH a3aloblHaH 00JIybI MYMKIH JIeTI TYCIHIIPLII.

Kinm cesoep: cy, xymic Honuai 3011, >KapbIKOTKI3Y, TYPAKTIIBIK, JICKTPMarHUTTIK OPIC, KUK, COyIeIeHY
YaKBITHL.

HN.E. Cracse

BausiHue 31eKTPOMArHUTHOTO MOJISA
HAa YCTOMYHUBOCTD 30J1ei iloauaa cepedpa

IToxazaHo, 4TO BO3/IEHCTBUE AIEKTPOMATHUTHOTO TIOJISI YIBTPABBICOKUX YacTOT HA OYHINEHHYIO BOAY IIPHUBO-
JUT K 3HAYUTEIHHOMY YBEIHYEHHIO €€ HJICKTPOIPOBOIHOCTH M pH, 94TO MHTEpPIPETHPOBAHO KaK M3MEHEHHE
HaJIMOJICKYJSIPHOH OpTraHM3aluy BOJBL. METOIOM TypOHIMMETpUH U3ydeHa KHHETHKa 0O0pa30BaHUS 3apo-
JBIIeH KpUcTayuTdeckol (as3bl B 00JIydeHHOH Boje Ha IpuMepe Hoxuna cepebpa. JlokazaHo, 4Tto B 00Iy-
YEHHOH BoJie 3aMeAseTcss pocT KpucTamioB Agl, urto mposBisieTcst B 6ojiee MEATIEHHOM CHUKEHUH CBETO-
HPOITyCKaHHs 3011 BO BpeMeHH. D(P(PEKTUBHOCTH EKTPOMATHUTHOTO BO3JEHCTBUS 3aBUCUT OT YacTOTHI U
BpEeMEHH O0JIyueHHUs] — MaKCHMAJbHBIH 3G QEKT gocTUraercs npu BoszaeiicTBuu nosns dactotoit 170 MI'y u
BpeMeHH 00myueHusi, paBHOM 3 4. PaspymieHne 307ei, IPUrOTOBIEHHBIX C MOMOINBIO OOIY4YE€HHON BOJBI,
MIPOUCXOJMT Ha 4-¢ CyTKH, B TO BpeMsI Kak B KOHTPOJIBHBIX 00pa3nax — depe3 24 4. OTMedeHo, 4To B 00Iry-
YEHHOH BOJIE 3aMEUIICTCSl POCT KPUCTAJUTMYECKUX 3apO/bIIIeH BCIISICTBUE N3MEHCHNUS IIOTPAaHUIHOTO HATS-
JKEHUS ¥ CHIDKEHHUS pacTBopuMocTH Agl.

Knioueswie crosa: Boxa, 30116 fomuna cepedpa, CBETONPOIyCKaHHE, YCTOWINBOCTD, SJIEKTPOMAarHUTHOE TI0JIE,
4acToTa, BpeMs O0IydeHus.
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Comparative analysis of thermal decomposition kinetics of carbon dioxide extract
from Scabiosa ochroleuca and Scabiosa isetensis at different heating rates

It was presented the analysis of various calculation methods of kinetic parameters of thermal decomposition
of CO,-extracts samples that were distilled from Scabiosa ochroleuca and Scabiosa isetensis according to the
data of dynamic thermogravimetry. The studies were carried out in air at different heating rates (from 5 to
25 deg/min). Experimental data of TG/DTG/HF methods were processed in accordance with the following
kinetic models, namely, Friedman and Flynn-Ozawa-Wall to obtain the kinetic parameters. The use of the
above mentioned models makes it possible to determine graphically the effective values of activation energy
and pre-exponential factor at different heating rates of the sample and conversion degree. Non-parametric ki-
netic method was applied (NPK) for objective estimation of complex processes proceeding in parallel with
thermal destruction. Non-parametric kinetic method (NPK) is a special approach for processing of kinetic da-
ta. Method is a new viewpoint to kinetic analysis, which is based upon rounding of results of single-stage
process kinetics. Therefore, simultaneous use of data of TG/DTG/HF methods for kinetic analysis provide us
with complete picture of thermal decomposition of carbonic extracts samples obtained from Scabiosa
ochroleuca (cream scabious) and Scabiosa isetensis (lomelosia isetensis). In the result section of this study it
is proved that the values of kinetic parameters determined by the use of different methods that correspond
well with each other.

Keywords: COy-extract, Scabiosa ochroleuca, Scabiosa isetensis, thermal analysis, thermal destruction, kinet-
ic parameters, isoconversion method, nonparametric kinetics.

Introduction

Technological process of extracts obtaining with carbon dioxide use is considered to be environmental-
ly-friendly method and it allows us to obtain lipophilic extracts by means of organic solvents such as extrac-
tion petrol, hexane, petroleum-ether and other. From the chemical point of view carbon dioxide is considered
as a substance inert to extracted components of raw material [1]. Therefore, extraction by means of carbon
dioxide can be considered as the base of creation and implementation of non-waste, environmentally-friendly
producing technologies [2, 3]. For standardization of biologically active substances (BAS) obtained by the
method of carbonic extraction method we need reliable data about their physical-chemical properties.
Yu.A. Lebedev et alias pointed out that the role of standardization is the most important factor of scientific
and technical progress.

Within the framework of this work it was carried out the investigation of thermal conversion of CO,-
extracts samples that were distilled from Scabiosa ochroleuca and Scabiosa isetensis, and study and con-
struction of formal kinetic model by means of non-linear regression of isothermal curves.

Experimental

CO, extraction of S. isetensis and S. ochroleuca was carried out using air-dry raw material (cut-up aeri-
al parts of plants) at 7=291-294 K and pressure in P=69.76 atm, during 16—18 hours; the process was per-
formed on the technical equipment «UUPE» produced by the manufacturing company «Phyto-Aromaty» LLP
(Almaty, Kazakhstan) (Table 1).

Table 1
Parameters of carbon dioxide extraction process
Type of SMHO (Starting Number Work pres- o . .
Materials of Herbal Origin) Mass, g of material sure, atm Temperature, °C | Time, h Yield, g
¥ 69-72 18-21 18 12
S. ochroleuca 2600 P 76 5 6 10
S. isetensis 350 1 72 21 18 2
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Yield for S. isetensis is equal to 0.57 %, and it is equal to 0.85 % for S. ochroleuca.

Infra-red spectra of CO,-extracts were obtained using infrared Fourier Spectrometer FSM 1201.

The study of thermal properties of CO,-extracts was performed on Labsys Evolution DTA/DSC
Differential Scanning Calorimetry (DSC) produced by the «Setaram» brand in dynamic regime within tem-
peratures range from 30 °C to 500 °C degree during the heating rate from 5 to 25 deg/min in air in the Al,Os
crucible.

Results and discussion

Carried out analysis studying the growth conditions, investigation of composition and biological activi-
ty of CO,-extracts obtained from Scabiosa ochroleuca (cream scabious) and Scabiosa isetensis (lomelosia
isetensis) reveal that producing of pharmaceutical products from S. ochroleuca and S. isetensis is very prom-
ising area in pharmaceutical technologies. The basic components of carbon dioxide extraction of S. isefensis
and S. ochroleuca are 1.8-cineol, a-santonin, a-thujone, and unidentified constituent, hypothetically — ster-
oid. CO,-extract of S. ochroleuca also contains n- hexadecanoic acid, campesterol, and the S. isetensis con-
tains B-thujone [4].

We carried out the analysis using thermogravimetry (TGA) and Differential Scanning Calorimetry
(DSC) in the temperature range of 30-500 °C for two samples of CO,-extracts; it was carried out for the
study of transition temperature reproducibility, and for development of formal kinetic model through the
non-linear regression of isothermal curves TGA/DSC. Figure 1 (a, b) present comparative thermal curves of
weight loss (TG), the rate of weight loss (DTG) and heat effect (HF) of decomposition of CO,-extracts
(Scabiosa ochroleuca and Scabiosa isetensis) at a constant heating rate () of 10 deg/min in air flow.
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Figure 1. TG, DTG/HF curves for CO,-extracts: Scabiosa ochroleuca (a), Scabiosa isetensis (b) in air

We can see from the figure (a) that the process of decomposition of CO,-extract distilled from Scabiosa
ochroleuca (cream scabious) begins at the temperature of 52 °C. Within temperatures range from 52 °C to
100 °C sample of CO,-extract (Scabiosa ochroleuca) loses 15 % of its weight (TG curve). Analysis of DTG
curves (Fig. 1, a) reveals that desorption of associated water is carried out up to temperature of 128 °C. This
fact can be explained by the difficulty of breaking hydrogen bonds among water molecules and polar func-
tional groups of CO,-extract distilled from Scabiosa ochroleuca. Then process of decomposition accelerates
and weight loss at the temperature of 128-247 °C degrees is equal to 7 %. On HF (Fig. 1, a) curve we can see
slightly marked endothermic process that proves sample burning at the temperature of 245-369 °C degrees.

Figure 1 (a, b) shows that thermal decomposition of CO,-extracts: Scabiosa ochroleuca and Scabiosa
isetensis is carried out in four stages. Removal of volatile substances and water is performed on the first and
the second stages, thermal decomposition of the sample is on the third stage, and the removal of thermal de-
composition products is on the fourth stage (Table 2).
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Table 2
Thermo analytical data of analyzed CO,-extracts: Scabiosa ochroleuca and Scabiosa isetensis

B, °C/min | Process | T, (°C) | T; (°C) | Towp16CO | Tiwenr (°O)
Scabiosa ochroleuca

1 35 94 52 43

10 11 96 175 128 171
111 226 266 245 256
v 302 432 367 359

Scabiosa isetensis

1 59 103 86 48
10 11 191 244 222 206
111 246 302 284 288

v 301 415 389 401

Infra-red spectra of CO,-extracts made before dynamic thermogravimetric experiments are presented on
the Figure 2 (a, b): Scabiosa ochroleuca (a), Scabiosa isetensis (b).

(a)
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Figure 2. Infra-red spectra of CO,-extracts: Scabiosa ochroleuca (a) and Scabiosa isetensis (b)

Investigations by the use of infrared spectroscopy [5] method reveal (Fig. 2, a, b) that 2940, 1420 cm’'
are characteristic to C—H vibrations. Infra-red spectrum of carbonyl compounds contains absorption bands
1650 cm™ characteristic to C=0O groups. Spectrum of alcohols contains absorption bands 1420, 1060 cm™
referring to C=0 vibrations in secondary alcohol and asymmetric C—O—C aliphatic simple ethers, also va-
lence vibrations in the area of 3350 cm™ caused by valence vibrations of O—H bonds (involved into hydrogen
bond of OH group, wide band).

After thermal treatment of CO,-extracts (Scabiosa ochroleuca (a) and Scabiosa isetensis (b)) the speci-
ficity of infra-red spectra changes significantly. Comparative intensity of absorption bands of groups de-
creases but the bands are present in the spectrum after thermogravimetric analysis.

Process of thermal decomposition is very complicated and it is comprised of decomposition of CO,-
extracts (Scabiosa ochroleuca, Scabiosa isetensis) and the cause of kinetic analysis chooses.

It was carried out kinetic analysis with the use of isoconversion methods of Friedman (FR) [6] and
Flynn-Ozawa-Wall (FOW) [7, 8]; it was used the method of nonparametric kinetics (NPK) [9] for the objec-
tive evaluation of complex processes running parallel to thermal decomposition.

The use of the above mentioned models makes it possible to determine graphically thermodynamic pa-
rameters of thermal decomposition of CO,-extracts, namely, Scabiosa ochroleuca, Scabiosa isetensis at dif-
ferent heating rates and conversion degrees (Tables 3a and 3b). Graphic forms of kinetic model of one of the
CO,-extract samples distilled from Scabiosa ochroleuca were presented as examples in the Figure 3 (a and b).

It should be mentioned the significant change of activation energy depending from conversion degree
(Fig. 3, a). This fact revealed that decomposition process of CO,-extract distilled from Scabiosa ochroleuca
occured according more than one variant of the process. In this case it will be necessary to use other kinetic
method of study that will be more effective for determination and separation of these processes that are not
presented in numerical expression (Fig. 3, b).
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Figure 3. Graphical results of analysis determined by the methods of Friedman (a), Flynn-Ozawa-Wall (b)
for CO,-extract distilled from Scabiosa ochroleuca (cream scabious) at heating rates from 5 to 25 deg/min

Obtained values of activation energy that depends on conversion degree correspond to the fourth pro-
cess and they are presented in the Table 3.

Table 3
Kinetic parameters according methods of Friedman and Ozawa-Flynn-Wall at different heating rates

(a) Scabiosa ochroleuca (cream scabious)

Friedman method Ozawa-Flynn-Wall method

¢ E,, kJ/mol ) InAx10°, min™ r E,, kJ/mol S InAx10°, min™ r

0.1 42.89 0.02 14.62 0.99 40.25 0.02 15.11 0.99
0.2 53.31 0.26 12.20 0.96 50.75 0.22 12.47 0.96
0.3 57.25 0.02 10.08 0.98 54.85 0.02 10.45 0.98
0.4 68.65 0.27 8.97 0.97 65.57 0.24 9.24 0.97
0.5 70.83 0.02 6.94 0.99 68.17 0.02 7.41 0.99
0.6 81.47 0.15 5.00 0.98 79.30 0.14 5.54 0.98
0.7 91.23 0.02 3.92 0.99 88.69 0.02 4.47 0.99
0.8 101.24 0.16 2.31 0.98 98.58 0.11 2.84 0.98
0.9 104.87 0.02 1.30 0.99 101.99 0.02 1.88 0.99

(b) Scabiosa isetensis (lomelosia isetensis)

Friedman method Ozawa-Flynn-Wall method

* E,, kJ/mol S InAx10°, min| E,, kJ/mol 8 InAx10*, min? | 7~

0.1 41.32 0.02 15.83 0.99 40.97 0.02 16.71 0.99
0.2 51.22 0.16 13.21 0.96 50.47 0.22 14.29 0.96
0.3 55.72 0.02 11.27 0.98 54.17 0.02 12.17 0.98
0.4 66.71 0.17 10.43 0.97 65.27 0.14 11.12 0.97
0.5 69.36 0.02 8.23 0.99 67.69 0.12 9.10 0.99
0.6 80.31 0.90 6.19 0.98 81.12 0.01 7.09 0.98
0.7 89.87 0.02 5.11 0.99 88.34 0.02 6.11 0.99
0.8 99.23 0.10 3.22 0.98 99.31 0.10 4.23 0.98
0.9 103.06 0.02 2.56 0.99 102.71 0.07 341 0.99

Note. o — conversion degrees; E, — activation energy; 8, — is the relative error of the experimental dot; 4 — pre-

exponential factor; » — is the correlation coefficient.

Values of activation energy (Table 3) are differed on 0.4-0.6 %, thus, mathematical exactness of ap-
plied methods is satisfactory. Values of relative error (o) (Table 3) certify high exactness as well. Analysis

showed that attained kinetic dependences were described the most adequately within the framework of mod-
el F, (first-order dependence in relation to ).
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For kinetic analysis of thermal destruction process of studied samples was also used the method of non-
parametric kinetics. Method of nonparametric kinetics (NPK) [10, 11] is particular approach for kinetic data
processing. The method is new point of view of kinetic analysis based on the rounding the results of stadial
process kinetics. Experimental values of reactions rates are located in the matrix which is expressed as prod-
uct of two vectors containing the information on k(7)) and g(a). Actually, this mathematical model is the

result of equation (1).
r=g(a)-k(T). (1)
Method of NPK is based on the use the algorithm of singular value decomposition (SVD) for M-matrix
decomposition into two vectors [11]. M-matrix can be analyzed in a certain way:

M =U(diag-S)-V". )
The most significant peculiarity of this method is that it can decomposes submatrix in regard to temper-

ature (V) and conversion function (U), there is no need to make any to make any suggestions about their
functionality. Data were obtained during the analysis of vector u (first column U) in regard to kinetic model

presented by Sestak and Berggren [11]: g(o)=a " (1-0)", so, the vector v (first column V) — tempera-

ture dependence 7 in Arrhenius equations. Meaning of explained variation A, expresses the contribution of
each of simultaneous stages for whole process of thermal decomposition, therefore, > A , =100 % .

Results of NPK method are systematized in the Table 4, dependence of reaction rate (Z—?) from tem-

perature (7') and conversion degrees (o) were interpolated as the surfaces in three-dimensional space
(Fig. 4).

Figure 4. Surface of CO,-extract distilled from Scabiosa ochroleuca in three-dimensional space:
dependence of reaction rate (da/d7T) from temperature (7) and conversion degree (a) in air

Table 4

Kinetic parameters of thermal decomposition of CO,-extracts. Scabiosa ochroleuca, Scabiosa isetensis
were evaluated with the use of the method of nonparametric kinetics (NPK)

A E 4 Sestak-Berggren SA-E
Sample o/ a’ Y n m m u a?
% kJ/mol S g(a):a (l—a) kJ/mol
1| 571 30.41 1.23x107 1 — (1-0)
Scabiosa 2 | 270 51.87 1.03x10" - |13 o
ochroleuca 3] 113 77.93 1.37x10% 2 1 o (1-0)° 107.51+1.8
4 | 46 99.52 1.71x10% | 4/5 | 1/3 (1-0)*” o'
1 | 59.7 34.64 2.04x10" 01 | - (1-0)™"
Scabiosa 2 | 225 68.05 1.40x10"™ - | o1 o
isetensis 3 | 133 87.54 0.70x10°" 2 1 o (1-0)° 108.042.2
4 | 45 101.43 1.95x107 13 | 2/4 o (1-0)™

96 BecTHuk KaparaHguHckoro yHuBepcuteTa



Comparative analysis of thermal decomposition kinetics ...

Conclusions

Simultaneous use of data of TG/DTG/HF methods for kinetic analysis provide us with complete picture
of thermal decomposition of carbonic extracts samples obtained from Scabiosa ochroleuca (cream scabious)
and Scabiosa isetensis (lomelosia isetensis). It makes possible to evaluate the kinetic parameters using dif-
ferent kinetic methods, to compare the values activation energy obtained from various experimental data
(TG, DTG and HF). Kinetic parameters were estimated with the use of methods of Friedman, Flynn-Ozawa-
Wall, and method of nonparametric kinetics (NPK).

It is evident that obtained values of activation energy and thermodynamic characteristics allow us to
forecast the composition, also they may be used as fiducial marks at the standardization of samples of
CO,-extracts.
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M.A. Kynycora, A.2K. CapcenbekoBa, P.M. AGxymiabexoBa, 11.B. durypunene

Scabiosa isetensis wdne Scabiosa ochroleuca CO,-3KkcTpaKT YIrijiepiHin
IPTYPIIi *KbLIIAMIBIKTA TEPMUSIIBIK BIIBIPAYJIaPbIHbIH
CAJIBICTHIPMAJIbI KHHETHKAJIBIK TAJAAYbI

JlMHaMUKAaJbIK TepMOTpaBUMETpUSI MAIiMeTTepi HerisiHae Scabiosa isetensis xone Scabiosa ochroleuca
CO,-9KCTpaKT YITUIEPiHIH TEPMHUSUIBIK BIIBIPAYBIHBIH KHHETHKAJBIK MapaMeTpiepiH ecenTey omicTepiHiy
capanramachl YCbIHbULABL. OCBI MaKcaTTarbl 3epTTeyJiep ChIHANATBIH YJTiHI aya arMocdepacklHIa opTypIi
JKBULIAMIBIKIICH KbI3IBIPY OiCi apKbUIbI KYPri3ingi: 5—25 rpaa/MuH. OpTypii SKCIEPUMEHTAIAbl MATiMET-
tepaeH (TG/DTG/HF) anbinran nepektep KHHETHKAIBIK apaMeTpliepi anyra Oarpirtaiaran OpuamaH jxoHe
Onuua-0O3aBa-Youur KHHETHKAJBIK MoJeibaepine coiikec ewnmenmi. JKorapbiia aramFan MoJesbAepai
KOJIIaHy CHIHAJNATHIH YJTIHIH OpTYpPJI JKBUIJaMABIKTa KbI3FaH IIAFBIHJAFBI )KOHE KOHBEPCHUSIIAHY Jopexeci
JKaFJalbIHaFEl OEJICCHIIPIITeH SHEePrHsACHIHBIH KOPCETKIIITEPiH JKOHE AKCHOHEHIHANABl KoOeHTKIITepiH
rpaduKanbIK Typ/e aHBIKTayFa MYMKiHAIK Oepai. TepMHSIIBIK DEeCTpyKIMSMEH KaTap JKYPeTiH KelIeHIi
nponectepai 00beKTHBTI Oaranay ymriH mapamerpiik emec kuHeruka oxici (ITEK) maiimamansuimer. ITEK
KUHETHKAJIBIK JIEPEKTEPAl OHJCY/IiH epeKie Tociii Oonbin Tabbu1ansl. SIFHu, Oy ofic 6ip Ke3eHaiK yaepicTiH
KUHETHKAJIBIK TaJay HOTHXKEIEPiHIH KOPCETKILITepiH AOHreleKTeyre HEri3feNIeHAIKTEeH, KHHETHUKAJIBIK
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Taljayra JIereH jKaHa Ke3KapacThl KaJbINTACTBIPBIT OThIp. Ocbulaiilla, KUHETUKAJBIK Tajjay >XYprizy
makcateia TG/DTG/HF nepekrepin 6ip Mesringe koimany 0isre Scabiosa isetensis (aKIIbUT capbl
ckabuosa) xoHe Scabiosa ochroleuca (ucer ckabuo3acel) KOMIpTeri NUOKCHAIHIH JKCTPAKT YITUIEPiHIH
TEPMOCCTPYKIIMSFA YIIbIpay MPOLEC] KAl TOJIBIK MaFiIyMaT ajlyFa MyMKIiHZIK Geperi. 3epTTey HOTHXKeC
OPTYPIIi 9iCTepMEH aHBIKTAIFAaH KHHETHKAJIBIK ITapaMeTpiIep/iH e3apa YHIeCIMIUIriH KOpCeTil OThIp.

Kinm co30ep: CO,-akctpakt, Scabiosa ochroleuca, Scabiosa isetensis, TepMHSIIBIK capanTaMa, TEpMO-
JECTPYKIHS, KHHETHKAIBIK TapaMeTpiep, H30KOHBEPCHOHIBI 971ic, apaMeTpIIiK eMeC KHHETHKA.

M.A. XKynycosa, A. K. Capcen6ekoBa, P.M. AGaynnabekosa, 1.B. ®urypunene

CpaBHUTe/JbHBI aHATU3 KHHETHKH TEPMUYECKOT0 Pa3jio:KeHHus1 00pa3noB
YIJIEKUCJIO0THOIO IKCTPaKTa u3 Scabiosa ochroleuca u Scabiosa isetensis
MPHU Pa3IMYHBIX CKOPOCTSIX HArpeBa

IIpencraBnen aHamu3 pa3IUUHBIX METOJOB pacueTa KHHETHYECKHX MapaMeTpoOB TEPMOPA3IOXKEHHS 00pasIoB
COy-axerpakToB U3 Scabiosa ochroleuca n Scabiosa isetensis IO TAHHBIM THHAMIYECKOH TEPMOTPABUMETPHH.
HccnenoBanust ObUTH IPOM3BEICHBI B aTMOC(epe BO3AyXa IPH Pa3IMIHBIX CKOPOCTIX Harpesa: 5—25 rpan/MuH.
Pesynbrarsl, nmoydeHHBICe U3 pa3IMUHbIX dKcriepuMeHTanbHBIX HaHHBIX (TG/DTG/HF), 6bumm 0OpaGoTans! B
COOTBETCTBHH CO CJICAYIONIMMH KHHeTHdecknMu monesivmu: @punmana, Gianana-O3aBbel-Yoiia ¢ TeM, 4TOOBI
MOJTyYUTh KMHETHYecKue mapameTpsl. IIprMeHeHre mepeurclieHHbIX BhIIe MOJENEH MO3BONMIO TpaduuecKn
YCTaHOBUTB 3(PEKTHBHBIC 3HAYCHUS SHEPIUM aKTHBALMH U TIPEIPKCIOHCHIHUAIBHBIH MHOKHUTEIb NP Pa3JIHy-
HBIX CKOPOCTSIX HarpeBa o0paslia M CTENEeHsIX KOHBepPCHU. J{71s 0ObEKTHBHOM OIIEHKH CIIOXKHBIX NIPOLECCOB, MPO-
TEKaIONMX MapajuleIbHO TEePMUYECKON JECTPYKIIMH, HCIIONB30BATM METOJ| HENapaMeTPHIEeCKOH KHHETHKU
(HIIK). HIIK npencrasisier coboit 0coObIi moaxon At 00paboTKy KMHETHYECKHUX JAHHBIX, T.C. HOBYIO TOUKY
3peHHs] Ha KHHETUYSCKUH aHaIu3, KOTOPBI OCHOBAH HAa OKPYIJIEHUH PE3yJbTATOB KHHETHUKH OJHOCTAJIUHHOTO
nporecca. Takum 00pa3om, ogHOBpeMeHHOE uctionb3oBanue nanHbiX TG/DTG/HF st kuHeTryeckoro aHammsa
JaeT Ham Ooiee MOJHYIO KapTHHY TEPMOAECTPYKIMH 0Opas3loB YITIEKHCIOTHOTO SKCTpakTa u3 Scabiosa
ochroleuca (ckabuosa 6nenHo-xenras) u Scabiosa isetensis (ckabuosa ucerckas). B pesynprare uccienoBanust
ObUIO MOKa3aHO, YTO 3HAUECHHs KMHETHYECKMX MapaMeTPOB, ONpPEAENEHHbIE Pa3sHBIMU METOAAMHU, XOPOILIO CO-
TJIACYIOTCS MKy COOOH.

Kniouesvie cnosa: COy-3kcTpakt, Scabiosa ochroleuca, Scabiosa isetensis, TEpMUYECKUA aHATU3, TEPMOJIC-
CTPYKIUS, KHHETUYECKUE MapaMeTPhl, N30KOHBEPCHOHHBIN METO/I, HeTIapaMeTpHIeCcKasi KHHETHKA.
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Composition and structure of bismuth doped dysprosium manganite

In the present work, the multiferroic material BiygDy,,MnO3 was synthesized by the Pechini method for its
further study. As starting materials, bismuth oxide, manganese oxide, dysprosium oxide, nitric acid and urea
were used.It is shown that when nitric acid and urea are used as a precipitant, single-phase powders can be
obtained. The powder was sintered at various temperatures of 600 °C, 800 °C, 900 °C, respectively, in order to
evaluate their optimum sintering temperature based on X-ray profiles. The incorporation of Bi*" ions into the
perovskite crystal structure was verified by means of X-ray, SEM methods. The XRD revealed that the
obtained nanocrystalline Bij gDy, ,MnO; was cubic crystal structure of space group: Fm-3m(225) and lattice
parameters were: 5.4763 A, 5.4763 A, 5.4763 A, 90.000, 90.000, 90.000. The density of manganite was
determined by the pycnometric method in accordance with State Standard 2211-65. Toluene served as an
indifferent fluid. Satisfactory consistency of X-ray and pycnometric densities of manganite confirms the
correctness of the results. The results of the electron microscope show that the atomic fractions of the
elements practically coincide, which corresponds to the formula of manganite-BDMO.

Keywords: manganite of bismuth, doping, Pechini method, multiferroic, electron microscope, nanocrystal,
cubic, liquid-phase process.

Introduction

Multiferroics are considered as an important class of materials which display simultaneously
magnetism, ferroelectricity, and ferroelasticity in a single phase. In multiferroics, magnetic and electric
orders are strongly coupled, and therefore have attracted an increasing attention in literature [1-3].A series of
multiferroic materials with the compositional formula RMnO; (where R = Sm, Eu, Gd, Tb and Dy) have
shown significant importance in recent years because of the fact that strongly competing magnetic
interactions could play a very important role in inducing a magnetoelectric effect [4—7].The observation of
colossal magnetoresistance (CMR) in (La, Ca) MnOs [8] has prompted a flurry of recent research on this
material and related perovskite structure manganites [9]. The majority of the recent research has focused on
manganites in which the large (A-site) cation was a rare earth from the left hand side of the lanthanide
series.The manganites of these large rare earth ions (lanthanum manganite through dysprosium manganite)
all crystallize in the cubic perovskite structure, with the same low temperature orthorhombic distortion and
A-type antiferromagnetic ordering of the Mn®" ions.

Experimental

Synthetic method Pechini was used for the synthesis of manganite BiysDy,,MnO; (Fig. 1), which has
the potential for their use in different applications.
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Figure 1. Flowchart for the Pechini method used to obtain the perovskite compound shown in the present work

The selection of method and composition for perovskite was based on the desired application that are
described later. In the method, the standardized oxides were mixed according to the stoichiometry of the
final products, namely, BiygsDyy,MnO; (BDMO). The starting materials were Dy,0; (99.9 %) Bi,O3
(99.9 %) Mn,0; (99.9 %) which had to be dissolved in nitric acid before the addition of the other compound
(urea). A suitable amount of urea was added to the mixture as a coordinate agent. The solution was then
allowed to dry to form a dried gel in an electric oven at 100 °C. The resulting dried gel was annealed in a
muffle furnace to give a black powder at 600 °C for 10 hours. Finally, the resulting powder was heated in air
at 700-900 °C for 7 hours.

Results and Discussion

X-ray diffraction. Powder X-ray diffraction patterns (Fig. 2, 3) show that the samples show single phase
and indexed (Table 1) in the cubic structure with Fm-3m(225) group space.The formation of new phases was
controlled by the method of X-ray phase analysis produced by X-ray diffractometer Miniflex 600 (Rigaku)
using CuKoa-radiation filtered by the filter (U = 30 kV, J = 10 mA, the rotation speed of 1000 pulses per
second, time constant is 5 sec., the range of angles 20 from 5 to 900). Radiographs of the synthesized
polycrystalline powders were indicated by the homology method (homologue is a distorted structure type of
perovskite). The density of manganites was determined by the pycnometric method according to State Stand-
ard 2211-65 [10]. Toluene served as an indifferent liquid. The density of the manganite was measured 4-5
times and data were averaged.
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Figure 3. Observed (red symbols) and calculated (blue lines) X-ray diffraction pattern for the BDMO sample and the
peaks marked with pink are the remaining after the refinement of the phase by the Rietveld method.

Table 1
The results on indexing of radiographs of manganite
No. [2Th.] d[A] Int. [%)] 10*/d” exp. hkl 10%/d” theory

1 28.20 3.162 100.0 1000 (1,1,1) 1000.02

2 32.68 2.738 38.5 1333.9 (2,0,0) 1333.36

3 46.89 1.936 35.2 2668.02 (2,2,0) 2667.6

4 55.62 1.651 324 3668.65 3.1,1) 3669

5 58.32 1.581 8.1 4000.7 (2,2,2) 4002

6 68.48 1.369 3.8 5335.7 (4,0,0) 5336

7 75.63 1.256 9.0 6338.9 (3,3,1) 6339

8 77.96 1.225 7.6 6663.89 (4,2,0) 6664

9 87.12 1.118 54 8000.48 (4,2,2) 8000

10 93.92 1.054 52 9001.58 (5,1,1) 9002.01

11 105.44 0.968 1.4 10672.05 (4,4,0) 10671.95

12 112.64 0.926 4.6 11662.13 (5.3, 11661.8

13 115.12 0.913 2.7 11996.6 (6,0,0) 11997

14 125.65 0.866 1.9 13334.12 (6,2,0) 13333.7

15 134.55 0.835 1.6 14342.57 (5,3.3) 14343

16 137.83 0.826 1.6 14656.83 (6,2,2) 14659
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The results of the synthesized manganite radiograph indexed by this method show that the manganite
has the cubic structure with the following unit cell parameters (Table 2).

Table 2
The unit cell parameters of the manganite obtained by the Pechini method
Compound a b c Vincen, A 4 Dx.ray., 8/ em’ Dpye., 8/ cm’
BDMO 5.4763 5.4763 5.4763 164.233 1 8.647 8.635

The reliability of the indexing results is controlled by a satisfactory coincidence of experimental and
calculated values of the inverse squares of the interplanar spacings (10%/4%), and the coincidence degree of
the X-ray and micrometrically densities values of the studied compounds.Thus, the double bismuth—
manganite BDMO was synthesized by various methods. Using the ceramic technology, considering the
Tamman’s conditions, the authors determined temperature regime of the synthesis of the dual mixed
manganite BDMO. The type of crystal system and unit cell parameters were determined by the radiographic
method. It is established that a complex mixed manganite is crystallized in the orthorhombic crystal system,
the correctness of the results of X-ray studies of the manganite is confirmed by the good concordance
between the experimental and calculated values (10%/d%), concordance between the values of X-ray and
picnometer densities. The comparative analysis of parameters between the lattice parameters of the source
8-Bi,0; shows that the values of the parameters a and b satisfactorily coincide with the lattice parameters

6-Bi,03, the parameter c is distorted from the value of the @ parameter on V2.

Morphological study. Microstructure of bulk samples was studied by scanning electron microscopy
(SEM) JOEL JED-2300 with approaching up to x500 and the ability to carry out elemental
analysis.Photographs of the coatings obtained are shown in Figure 4.
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Figure 4. Results of SEM of powder BDMO obtained by the Pechini method

This increase in particle size with the level of doping is apparently due to a change in the melting point
of the samples, which reduces the increase in the content of cations of alkaline earth metals. According to
Harton et al. (2002), this effect leads to a liquid-phase process, which is facilitated by sintering and
increasing grain growth. On the surface, it can be seen that the resulting coating has a dense structure
consisting of 50 pm crystals.

The elemental analysis performed on an electron-scanning microscope (Fig. 4) shows that the atomic
fractions of the elements practically coincide, which corresponds to the formula of bismuth-dysprosium
manganite — BDMO. As can be seen from Figure 4, the powders obtained by this technology are practically
monodisperse, which is a great advantage of the method.
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Summary

The nanoparticle of the manganite BDMO was synthesized with the Pechini method, using surface-
active material. Using the Pechini method, single-phase crystalline nanoparticles were obtained at lower
temperatures (up to 900 °C) as compared with the solid-phase method. Both phase and morphological
understanding of the samples were made on the basis of measurements of XRD, SEM features.
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BucmyTneH JiernpJieHreH JUCIPO3Uii MAHTAHUTIHIH KYPaMbl 5K9He KYPbLIbICHI

Maxkanana mynsTudeppoukti BiggDyy,MnO; matepnans! [leunnn omici apKbUIBI apbl Kapail 3epTTey YIIiH
cuHTe3leN . bacramkel 3arTap peTiHAe BHCMYT OKCHAI, MapraHel OKCHAI, JHUCIPO3Mil OKCHIi, a30T
KBIIIKBUIBl JKOHE MOYEBHMHA KOJIIAHBUIABL A30T KBIIIKbUIBI MEH MOYECBHHAHBI TYHIBIPYLIBI DPETiHIE
naiianany apkpuibl Oip (hazayubl KOCBUIBICTBHI allyFa OOJaTBIHIBIFBI KOPCETIIreH. PeHTren coyieci apKbuibl
peaKIMsIHBIH THIM/II TEMIIEpaTypachlH aHbIKTAy YIIIH YHTaKThI SpTYpPJI Temiieparypaaa kyiaipaik — 600 °C,
800 °C, 900 °C. T1epoBCKHTTIH KpHCTAIIBIK KYPHUTBICHIHA Bi®" HOHBIHBIH eHyiH peHTreH (asambk Tamiay
JKOHE CKaHepJIeylli SJIEKTPOH/ABl MHKPOCKON apKbUIbI 3epTTeliK. PeHTreH HoTmkeci OOWBbIHIIA albIHFaH
xpuctangsl Big gDy, ,MnO; manranuti Fm-3m(225) keHicTik ToOnKa jkoHe KyOThI KPUCTAIABIK KYPBIIBICKA He
ekeHi GalfKasibl; JKoHe OHBIH KapamnaiibM yAIIBIK TapameTpiepiHin Momi: 5.4763 A, 5.4763 A, 5.4763 A,
90.000, 90.000, 90.000 Ten Gommbl. MaHranuTTiH THIFBBIBIFE 2211-65 MeMCT Oo#bIHIIA TUKHOMETPIIK
omicnieH aHbIKTaAbl. MHIuMGEpeHTTI CYMBIKTBHIK pPETiHAEC TOJYON KOoiAaHbUiabl. CHHTE3IEN ajbIHFaH
MaHTaHUTTIH IIMKHOMETPJIIK TBIFBI3JBIFBI MEH PEHTICHIIK THIFBI3JBIFBIHBIH COliKec Keilyi Taxipude
HOTIDKECIHIH AYPBICTBIFBIH Adnenzeini. bacrankel 8-Bi)O; OKCHIIHIH KPUCTAIIBIK YAIIBIK MapaMeTpiepi
MEH MAaHTAHUTTIH KPHCTAJABIK YSMIBIK HapaMerpiepiHe CalbICTHIPMAajbl Tanay >Kyprizingi. 3eprrey
HOTIDKECT «a» jkoHe «b» mapamerpiepiHiH MSHIepi ColiKec KeNeTiHIH KOpCeTTi, «C» mapaMerpi OacTamkbl

MoHHCH /2  ChEBUIFaH. CkaHepieynr »ICKTPOHABI MHKPOCKOI HOTIDKEC OOHBIHINA 3IEMEHTTepAIH
aTOMIbIK  (pakiusuapsl  TOJBIFBIMEH BHUCMYTTHI-AMCIPO3Wi MaHraHutiHin — BDMO  0Oepinren
(bopMynachIMEeH TOJBIFBIMEH COHKEC KeNei.

Kinm cesdep: BUCMYT MaHraHuWTi, jerupney, Iledunn omici, MyIbTH(HEPPOUKTI, SIEKTPOHAB MHKPOCKOIL,
HaHOKPHCTAILI, KyOTHI, CYHBIK (hazars! mporecc.
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CocTaB M CTPYKTYypa JIerHPOBAHHOT0 BUCMYTOM MAHTAHUTA ANCIIPO3USs

B crarse mymeTHheppondeckuii Matepuan BiygDy,,MnO; 6511 cuHTE3MpOBaH MeronoM IleunHn s ero
JaTbHEHIIero M3ydeHWs. B KadecTBe HMCXOTHBIX MaTepuajoB OBUIM HCHOJB30BAHBI OKCHUABI BHCMYTA,
MapraHIa, JUCIPO3us, a30THas KUCIOTa U ModeBHHA. Iloka3aHo, 9TO MPH WCIOJIB30BAaHUH a30THOH KHUCIOTHI
M MOYEBHHBI B Ka4eCTBE OCAAUTENTI MOXKHO IMOIYyYHTh OXHO(A3HBIe Hopomkd. [lopomiok crexamu mpu
pasmuunblx Temmepatypax: 600 °C, 800 °C, 900 °C, coOTBETCTBEHHO, JIi OLEHKH HX ONTUMAaJIbHOH
TeMIepaTyphl CIICKAHWsS HA OCHOBE PEHTICHOBCKHX Nyuell. Brmouenne momoB Bi’' B kpucrammiueckyio
CTPYKTYpY NEpPOBCKUTa ObLIO IMPOBEPEHO C MOMOIIBIO peHTreHOoBcKoro Merona 1 COM. XRD nokasain, 4ro
MOTy4YeHHbIH HaHOKpUcTauTideckuil Big gDyy,MnO; npencrapisier co0oil KyOMUECKyr0 KPUCTAJUINYECKYIO
CTPYKTYpy C MpOCTpaHCTBEHHON Trpymmoit: Fm-3m(225) m wmmeer cienyromme mmapaMeTpbl pPEIIeTKH:
54763 A, 54763 A, 54763 A, 90.000, 90.000, 90.000. IIIOTHOCTP MAHTaHHTA OMNpENENANACH
mukHOMeTpHdeckuM MetomoM 1o ['OCTy 2211-65. Tomyonm cmyxuna B KadecTBe HHAM(pGEPEHTHOH
JKUJKOCTH. Y JIOBJICTBOPHUTENBHAS] COITTACOBAHHOCTh BEJIUYMH PEHTTCHOBCKOM M INHKHOMETPHYECKOH
IVIOTHOCTEH MaHraHHWTAa JIOKa3bIBACT MPABUIIBHOCTD PE3yJIbTAaTOB 3KCIICPUMEHTA. [IpoBesieH cpaBHUTEIbHbIN
AHAJIM3 B3aMMOCBA3HM I1APAMETPOB KPUCTAUINYECKON PELICTKH C IapaMeTpaMH KPUCTAJUIMYECKHUX PEIIETOK
ucxoaHoro okcuna 6-Bi,0;. AHann3 nmokasbIBaeT, 4TO 3HAUCHHS NapaMEeTPOB «@» U «b» YIOBJICTBOPUTEIBHO
COBNAJAIOT C MapaMeTpaMH KPHCTALIMYecKoi pemerkn 6-Bi,O;, mapaMerp «c» HCKaKeH OT 3HAUYCHHSA

napamerpa Ha V2. Pe3ynbTaTsl 3JIEKTPOHHOTO MHKPOCKOIA CBHAETEIBCTBYIOT, UTO aTOMHBIC (paKiuu
3JIEMEHTOB IPAKTHYECKH COBIAJAIOT, YTO COOTBETCTBYET (DOpPMyJie MaHTaHWUTA BHCMYTa-IHCIPO3UA —
BDMO.

Kniouesvie cnosa: MaHTaHUT BUCMYyTa, JIeTUpoBaHue, Metox Ileunnu, MymsTudeppondecKnii, 3IeKTPOHHBIH
MHKPOCKOT, HAHOKPHCTAILT, KyOU9eCcKHH, )kuIKo(a3HbIHA Iporiecc.
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The extraction of cadmium from zinc-containing materials
and ores by the Waelz process using oil sludge

Methods of extraction of cadmium from ores and zinc-containing materials are considered in the article. The
Waelz process of Achisai ores (0.1-0.2 % of Cd) is carried out in the presence of 45-55 % of coke from the
mass of ore charge in furnaces. Up to 92-95 % of cadmium is extracted into the sublimates. The yield of sub-
limates is 16—18 % of the mass of the ore charge. Sublimates of the Waelz process contain from 0.05 to 1.2 %
of Cd. The efficiency of the processing cadmium-containing ores and semi-products by the Waelz process
largely depends on the degree of replacement of coke breeze with less expensive materials. Research results
are presented, which justify the possibility of using oil sludge while the Waelz processing cadmium-
containing materials, by calculating AG°, determined thermodynamic probability of cadmium recovery from
cadmium-containing compounds in the presence of carbon, oil sludge and its constituent hydrocarbons in
different temperature zones of the Waelz furnace. Due to thermodynamic modeling with the use of the soft-
ware complex «Astra» there were established the equilibrium recovery degree and transition of cadmium to
the gas phase, the composition of the gas phase in the temperature range of 300-1500 K and pressures of
0.05-0.5 MPa. It is established that the initial reactivity of the reductant with respect to CdO varies in a se-
ries, and with respect to CdS this series has the form: H,>C,H,,>>CdSO,>H,0>C. At high temperatures, the
form of the reductant does not affect the distillation of Cd (it is > 99 % at T > 1300 K). The interaction in the
system CdO-CdS-oil sludge is observed at temperature > 400 K by the reduction of Cd from CdO. Subse-
quently, Cd is reduced from CdS at T > 1100 K reaching maximum at T > 1300 K.

Keywords: industrial products, zinc concentrates, dust processing, pyrometallurgy, hydrometallurgy, the
Waelz process, cadmium-containing compounds, cadmium recovery, oil sludge.

Introduction

Cadmium, which does not have independent deposits, is usually a zinc companion and is found in
polymetallic ores containing from 0.02 to 2.5 % of Cd. Cd content in zinc and zinc-lead ores varies from
0.02 to 2.53 % (on average, about 0.3 %) with respect to Zn [1]. In metallurgical redistribution the behavior
of cadmium is in many ways like zinc. Therefore, the problems of the need to extract cadmium are interrelat-
ed with the problems of obtaining zinc. According to the company Netro-Capital (Moscow), world produc-
tion of Zn in 2015 had increased by 2.6 % compared to 2014 and amounted to 13.2 million tons. Moreover,
the rate of increase in its annual production remained in 2016. The annual world production of Cd in recent
years is 24.2-25.2 thousand tons. The rise in its production, for example in 2016, was 2.7 % [2]. Kazakhstan
occupies the fifth place in the world (after Austria, the USA, Canada and Mexico) for cadmium reserves,
there is increased the production of refined cadmium from 1000 tons (2012) to 1450 tons (2016). An increas-
ing trend in the release of cadmium is observed, for example, in Japan, Mexico, and Australia and is at a
constant level in Belgium, China and Russia. Kazakhstan occupies the seventh place in the production of
cadmium (after Japan, China, the USA, Belgium, Mexico, Canada), produces 5.6 % of its world release. In
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accordance the current conjuncture, it creates good prerequisites for expanding cadmium production in Ka-
zakhstan, in particular cadmium brand KD-0 at JSC Kazzinc.

Bearing in mind that the trend of Zn production in Kazakhstan is growing, due to both the increase in
output on the basis of Kazzinc production and the launch of new production facilities in Balkhash and
Shymkent cities, problems of cadmium (Zn companion) extraction will affect the efficiency of development
of complex processing of zinc materials. So, in the works of KazNU named after Al-Farabi [3] necessity of
development of new ways of obtaining both zinc and cadmium, meaning their perspective for obtaining elec-
tronic engineering materials is revealed. In the future, a rise in the output of cadmium can be expected with
the development of battery industry, the technology of new materials, for example, nano-materials which
have significant differences in properties from the usual crystalline solid. In particular, a nanoparticle from
cadmium becomes in the state of super ferromagnetic [4].

In the flotation of zinc-lead ores, 75 % of cadmium passes into zinc concentrate, 15 % to lead and 10 %
to Cd is lost with tails. In zinc concentrates Cd content ranges from 0.08 to 0.18 %. When enriching Zn-Pb
ores, 40-85 % of Cd passes into zinc concentrate, 2—12 % in lead and 3-51 % of cadmium remains in tail-
ings [5]. When copper ore is enriched, 60 % of Cd passes into copper concentrate, 10 % to zinc concentrate
and 30 % to tails and pyrite concentrate. When enriching lead ore, the degree of cadmium distribution is in
proportion to zinc distribution. While processing zinc ores, according to the classical scheme: enrichment —
burning — leaching — electrolysis — remelting, cadmium is distributed as follows: 0.2-0.23 % of Cd is
contained in cinder, 0.15-0.2 % in dusts, 0.15 % — in materials after leaching of cinder, 0.41-0.58 % — in
velcoxides [6].

Intermediate products are formed in the production of conditional concentrates, which also contain
cadmium. Electrothermal method [7], processing by weighted melting [8], the Waelz process and hydromet-
allurgical processing [9] are proposed for the processing of copper-lead-zinc industrial products. Thus, for
hydrometallurgical processing of industrial products (Zn — 24.8 %, Pb — 6.86 %, Cu — 3.89 %, S —
28.2 %, Fe — 15.8 %) after burning, sulfatization, leaching with weak sulfuric acid, calcination at 650 °C
and leaching with acidified (sulfuric acid) water, Zn recovery in the solution was 96.9 %, Cu — 95,9 %,
Cd—95.4 %.

Processing copper-zinc industrial product by autoclaving at Unipromed Institute it was possible to man-
age to extract 95-97 % of Cd and 92-96 % of Zn into the solution. The scheme provided for the production
of Cu-Cd materials for the processing copper-zinc raw materials, the technology of sulfatization of a com-
pletely burnt Cu-Zn industrial product or concentrate with treated electrolyte in the fluidized bed has been
developed. The technology is provided, in particular, from a concentrate containing 12.27 % of Cu, 6.1 % of
Zn, 0.68 % of Pb, 0.03 % of Cd, there is obtained marketable cadmium with a degree of cadmium transfer to
the target product of 85.5 %.

The paper reports the processing Cu-Zn concentrate containing Cd using the technology of its balanced
burning, which makes it possible to separately process Cu-Zn sulfide raw materials by sulfating firing meth-
od in CC furnaces with full balance of sulfate sulfur. The scheme involves the production of Cu-Cd materi-
als.

While processing the collective Cu-Zn-Pb concentrate (Cu-25 %, Zn-9 %, Pb-2.6 %) by KIVCET, pro-
cess, the oxidized zinc sublimates with a content of 0.1-0.2 % Cd, 73-75 % Zn and 4-5 % Pb were obtained.
At the same time, the degree of extraction of Zn and Cd in the sublimate was at least 70—75 %. It is neces-
sary to note the work on the chloride processing of Achisai zinc ore, clinkerwaelz process, ores by the chlo-
ride-by-gas method, which allows transferring 92-98 % of Cd to chloride sublimates [10].

According to Institute UNIPROMED, the main part of cadmium from copper-containing concentrates
(from 60 to 90 %) goes into dust during their pyrometallurgical processing. In this case Cd content is maxi-
mal in the dusts of mine melting (0.01-0.5 %) and minimal in the dust of burning fires (0.01-0.2 %) [11].
Dusts of copper production (for extraction of Cd) are processed by hydrometallurgical and pyrometallurgical
methods. In processing the dust of a reflector furnace containing masses %:10-13.5 Zn; 2.45-2.86 Pb; 0.08
Cd with the addition of matte to dust there was extracted 64.7-73.9 % of Cd; 63.5-76.5 % of Zn; 74-85 %.
Thin dusts of pyrosection, containing Cd from 0.16 to 0.58 % [12] are proposed to be processed
hydrometallurgically. In one-stage leaching from the dusts 98-99 % of Cd, 85-88 % of Cu, 95-97 % of In,
98-99 % of Zn are extracted. The concentrate containing Cd, In, Ge is burn at 350-400°C, dissolved in hy-
drochloric acid with distillation of GeCly. Of the residues, Cd is isolated by distillation with zinc dust.
Wherein, cross-cutting (from the dust) extraction of cadmium is 75 %.
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Cadmium-containing oxide ores were subjected to be Waelz processed in Kazakhstan (Achishai village)
and Poland. The Waelz process of the Achisai ores (0.1-0.2 % of Cd) together with the mine smelting slag
CHS is carried out in the presence of 45-55 % of the coke from the ore charge mass in the furnaces
41%2.5 m and 50%3.6 m. In the sublimation 95 % of cadmium is extracted. Cd content in the sublimations is
0.12 %. Sublimate yield is 16—18 % of the ore charge mass. The Wafer Waelz process is from 0.05 to 1.2 %
Cd (UCCPC — 0.7 to 1.2 %, CHETZ 0.8 to 1.1 %, LC 0.35 to 1.2 %, Electrozinc 0.35 — 0.55 %, Ukrzink
0.25 — 0.3 % and Achpolimetall 0.05 — 0.12 %). Moreover, from 54 to 81.8 % of cadmium in the subli-
mates is in the type of oxide and silicate forms, from 4.5 to 35.5 % in sulphide and ferritic forms and from 11
to 16.2 % in the form of cadmium sulfate.

In VNIITSVETMET, a method has been developed for the sulfatization of zinc materials by a boiling
bed using sulfuric acid [13]. The technological chain of this method is as follows:

Wet  _ Repulpation __ | Dryingand _, Heattreatmentof _, Leaching with
materials weak granulation granules water
H,S0, (T=150-180 °C) (T=650 °C) (T=70°C)

At the time of leaching the sulphate product, a zinc solution and Pb-Fe residue are produced.

At the same time, cadmium recovery from the materials into the solution was 91.9 %, Zn — 92 %,
Cu — 92 %. The content of Pb in the residue is 9-10 %, and Zn is 3.5-4 %. Pb-Fe materials are recommend-
ed to send to lead production for extraction of Pb. A drawback of this method lies in large consumption of
fuel oil (256 kg/t) and the need for Pb-Fe melting of the residue.

In the Waelz process of zinc materials in the sublimation up to 95 % of cadmium is recovered. The rest
of Cd goes to the clinker. In the sublimes there is Cd, the rational composition of which is CdO + silicates Cd
(50.1-55.6 %), CdSO4 + CdCl, (5.6-16.6 %), CdS (4.2-22.4 %), CdO-Fe,05 (5.5-9.0 %), the rest (11.1—
22.2 %).

If in literature there is sufficient systematic information about Zn recovery from various compounds
with various substances, then with respect to Cd this information is less systematized. Cadmium oxide is an
oxide prone to dissociation, so it refers to easily recovery oxides. At temperature 950 °C the degree of disso-
ciation is 69 %, and at temperature 1250 °C is 87 %. Noticeable volatilization of CdO is noted at temperature
900-1000 °C. The vapor pressure of CdO is 760 mm Hg is noted at 1559 °C. Moreover, cadmium oxide dis-
sociates in the gas phase at the temperature > 1150 K:

2CdO =2Cd + O,

The temperature in the beginning of CdO recovery depends on the type of the carbonaceous reductant,

in accordance with Figure 1, increasing from coal to graphite.

900 |-
700 |-
&
-
500 |~
| | |
0

1 — coal from sugar; 2 — charcoal; 3 — graphite

Figure 1. Influence of the temperature in the beginning of Cd recovery
from CdO on the type of carbonaceous reductant
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Method

In slags, ores, cadmium materials are contained in the form of CdO, CdS, CdSO,, CdO-SiO,,
CdO-Fe,0;, and CdCO;. Some thermodynamic calculations of Cd recovery from its compounds have been
published in the literature. However, a complete comparative analysis of Cd recovery is not carried out for
all zones of the Waelz furnace using waste products from hydrocarbon raw materials, for example, oil
sludges and elements Zn, Pb, Fe formed in the Waelz process. We used the thermodynamic analysis to re-
cover cadmium from its various compounds by calculating the change in the free Gibbs energy (AG:") [14].
The calculation of (AG;’) was carried out with the help a computer program developed by Auezov SKSU
[15] based on the equation:

I L z
AG® = AH,, + IACp]dTiAHI+IACp2dTiAH2+...+IACp”dT—
T"

298 T

T T, T
_T[Asggg + [ AC,dT /T +AH, [T, + [AC, dT I T+ AH, +...+ IACp"dT/T],
298 T T,

where, AHhs and AS’ys — is change in enthalpy and entropy of the system at 298 K, kJ/mol and
J/(mol-deg); AC,—AC,,, — is change in heat capacity of the system in the corresponding temperature range;
T'—T, — are temperatures of the first and last phase and modification transitions of the reaction participants,
K; T — is final calculation temperature, K; AH,—AH, — is thermal effects of the corresponding phase and
modification transitions, kJ/mol;

The thermodynamic constants required for the calculation were taken from sources [16].

The results of calculations of AG;’ reduction of cadmium (II) oxide by carbon, carbon monoxide (II),
hydrogen, methane, iron, lead, zinc and cadmium sulfide by reactions:

CdO+C=Cd+CO (D)

CdO + CO=Cd + CO, 2)

CdO + H,=Cd + H,O 3)

3CdO + CH4=3Cd + 2H,0 + CO %)

4CdO + CH; =4Cd + CO,+ 2H,0 ®)]

CdO +Zn=Cd + ZnO (6)

CdO + Pb=Cd + PbO @)

CdO + Fe = Cd + FeO ()

3CdO + 2Fe =3Cd + Fe,04 )]

2CdO + C=2Cd + CO, (10)

2CdO + CdS =3Cd + SO, (11)

3CdO + FeS =3Cd + FeO + SO, (12)

3CdO + ZnS = 3Cd + ZnO + SO, (13)

3CdO + PbS =3Cd + PbO + SO, (14)

7CdO +2FeS = 7Cd+ Fe,0;5 + 250, (15)

are given in [17] and Table.
Table
Temperature effect on AGy’ reduction of Cd from CdO
. AGy’, kl/g-at Cd
Reactions No. =558 ¢ 594 K 1038 K 1200 K 1300 K 1500 K
1 2 3 4 5 6 7

1 +89.06 +33.01 —55.42 -106.13 —137.43 —200.03
2 -31.27 —34.73 -45.36 —64.75 —76.72 —100.66
3 -11.13 -16.55 -41.85 —66.65 -81.96 —-112.58
4 +253.91 +247.63 +144.56 +86.78 +51.12 —18.88
5 +100.55 +84.67 +52.61 +25.31 +8.46 —25.24
6 —89.91 —89.62 -91.34 -103.62 —-103.07 -101.97
7 +37.25 +36.37 +36.58 —-24.55 -32.13 —42.88
8 -16.38 —24.84 -28.91 -59.11 -717.76 -115.06
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Continuation of Table

1 2 3 4 5 6 7

9 —20.44 —22.72 -30.89 -39.32 —44.52 —54.92
10 +112.46 +82.35 +32.45 +0.17 —22.21 —66.97
11 +98.03 +76.11 +39.31 +9.74 —8.51 —45.01
12 +77.22 +52.92 +14.21 -15.92 —34.52 —71.72
13 +85.48 +63.27 +25.56 -3.94 —22.16 —58.16
14 +93.86 +43.58 +21.32 +8.34 =745 —29.84
15 +61.64 +42.62 +10.34 -17.69 —33.35 —64.67

Results and Discussion

Dividing the temperature interval into three regions: low-temperature (298—600 K), medium tempera-
ture (600—1000 K) and high-temperature (1000-1500 K), we analyzed the efficiency of each reductant [18].
From table 1 it follows that in the first temperature region CO has the greatest reducing ability, then H,. In
this temperature range, carbon and methane, CdO, are not recovered. In the second temperature region, from
the thermodynamic point of view, at temperature of more than 760 K, carbon begins to recover CdO. More-
over, at temperature 1000 K carbon has the greatest reducing ability, then carbon monoxide (II) and hydro-
gen. In the third temperature region at T = 1500 K, an increase in reducing ability of substances is observed
in the series: C > H, > CO.

In waelz furnace, ZnO, PbO, and iron oxides are reduced to the form of Zn, Pb, and Fe [19]. As follows
from Table, the greatest reducing ability with respect to CdO in the third temperature zone is iron, then zinc
and lead, i.e. these metals are not inert with respect to CdO. Moreover, zinc and iron are able to reduce CdO
already at 298 K. An important circumstance is that metal cadmium can form in the absence of C, CO, CHy,,
Zn, Fe, Pb. Thus, according to the reaction 2CdO + CdS = 3Cd + SO, metallic cadmium can be obtained at
temperature of more than 1250 K in the presence of CdS.

In raw materials, in addition to oxide compounds, such sulfides (FeS, ZnS, PbS) can be present which
upon interaction with CdO (especially FeS) can form Cd already at 1150 K. PbS has a lower reactivity with
respect to CdO with the release of Cd. ZnS occupies an intermediate position between FeS and PbS. Thus,
based on the thermodynamic analysis, it follows that at temperature of 1500 K, the CdO reductant form a
series as the reactivity decreases: C(CO") > Fe(FeO") > Zn > H, > CO > FeS > (FeO") > C(CO,") >
> FeS(Fe,05%) > ZnS > CdS > Pb > PbS > CH,(CO,) > CH4(CO) (" — one of the products is indicated in
brackets).

Methane is capable of reducing CdO with formation of CO, at temperature of more than 1352 K and
with the formation of CO > 1468 K. By AG 500 value it was determined that when Cd is reduced by carbon
and hydrogen, the reactivity of cadmium-containing materials changes as follows: CdSO, > CdO >
> CdO-Fe,0; > CdO-SiO, > CdS and when methane is reduced by CdSO, > CdO-Fe,O; > CdO >
> CdO-Si0,>CdS.

Analysis of the equilibrium in the magnitude and sign of AG’; does not allow taking into account all
combinations of interaction of components among themselves. For taking into account these interactions, we
performed a thermodynamic simulation of Cd reduction from CdO and CdS using the «Astra-4» software
complex based on the principle of maximum entropy. The influence of the type and amount of reductant,
temperature and pressure on the degree of distribution of components between materials and reaction prod-
ucts and on the composition of the Cd gas phase from CdO and CdS were determined [20].

Figure 2 shows temperature effect (T) and pressure on transition degree (o) of cadmium to the gas
phase in CdO-C system, from which it follows that by decreasing the pressure (P) from 0.5 to 0.005 MPa Cd
can be reduced at a maximum T from 1150 to 800 K. Gas phase composition of CdO-C system also depends
on T and P (Fig. 3). The main components of the gas phase are Cd, CO and CO,.
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on the degree of cadmium recovery and transition composition of CdO-C system
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Conclusions

In the cost of the Waelz process the proportion of coke is from 21.7 to 37.5 %. Therefore, it is quite
natural to see interest in replacing coke with other less scarce materials. Thus, small anthracite and coal fines
with a ratio of 0.46, coal silt, semi-coke and coke from brown coal, as well as brown coals of Karaganda,
Lenger and Angren deposits are used in the Waelz process.

On an industrial scale it is shown that a 20 % degree of replacement of coke with Karaganda coal is
possible. The reactivity of coals in the Waelz process of zinc-containing materials is greater than coke
breeze. In our opinion, the question of partial replacement of the coke can be solved by using waste products
from hydrocarbon raw materials processing, for example oil sludges, the calorific value of which is up to 37—
39 MJ/kg. It was concluded that there is some restriction of the replacement of coke with coal, because the
high content of volatiles can lead to the destruction of bag filters. At the end of the 1980s, work was started
at the SKSSU to replace coke during the Waelz process of oxidized zinc ores to hydrolytic lignin. With par-
tial replacement of coke with hydrolytic lignin, the degree of sublimation of Zn is increased by 2.6 %. Weltz-
oxide contained 0.16-0.19 % of Cd (with a degree of sublimation of 95.8 %). When coke breeze was re-
placed with Taksomyrsai coal (coke/coal ratio = 8.4), the degree of distillation of Cd was 9.6 %, Zn —
90.2 %. The carbon content in the clinker decreased from 24 to 22.5 %, and in the cooler weltz-oxide from
12.9 to 12.1 %. Technical and economic calculations show that a 10—-11 % replacement of coke with coal
from the Taskomyrsai deposit will reduce cost price by 900-950 tenge.
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3.K. A6aukynoBa, A.b. ArabexoBa

KypaMbiHaa MBIPBIIIBI 62ap MaTepHAJAAP KIHE KeHIepAeH BeJbI-IPolece
apKbLIbI MYHA IIJIAMBIH NAaHAaJIaHA OTHIPBIN KAAMUIii 6eJiin aay

Makanana KypaMblHIa MBIPBILBI 0ap KeHAEpJeH KaaMHNAI Oelin amy oaicTepi KapacThIpbUIFaH. Albicail
pynanapsisa (0,1-0,2 % Cd) 40-50 % KOKC YHTaFrbl KOCBUIBII BEJbL-NPOLECC apKbUIbI IEIITe KYWHAipiiai.
Benbi-niporiece  kesiHae KaaMuiAiH aiinamy nopexeci 92-95 % kypaiinel. Benbl-nponecc eHiMIepiHiH
Kxypameraaa 0,05-1,2 % Cd 6ap. Kypamempa xagmwmiii 6ap KeHAepAl XKoHE >KapThUIail eHIMIEpIi eHaey
THIMIITIr] KOKC YHTAFBIH ap3aH MaTepHaJIMEH alMacThIpyFa OailmaHeICThL. Makamama KypaMbIHAA KaJMHH1
6ap MarepuanIIap/Abl OHACY Ke3iHae MyHail IUIaMbIH KOJIIaHy MYMKIHAITIH HETi3AeHTIH 3epTTey HOTIDKenepi
KkenTipinren, Tu66c SHEPrUACHHEIH o3repyiH (AG'r) ecenTey apKbUIbI, HELITIH OPTYPIi TEMIepaTypaIblk
alfiMarblHIa KOMIPTETiH, MyHail [UIAMBIH KOJIIaHA  OTHIPBIN, KaJAMHIJIH  TOTHIKCHI3IaHYBIHBIH
TEPMOJMHAMHUKAIIBIK BIKTUMAJIBUIBIFBI aHBIKTAIIBL. «ACTpay OaraapiaMaliblK KeHICH i Maiaaiana OThIPHIIL,
TEPMOJMHAMHUKAIBIK MOJEJBJCY apKbUIbl KaJIMHHAIH TOTBIKCHI3ZAAHYbIHBIH TEIE-TEHIIK JIOpeXkKeci KoHe
ra3nsl (asara aysicysl, 300-1500 K temnepatypa xone 0,05-0,5 MIla KpIchIM apabIFbIHAA Ta3bl (a3aHbIH
Kypambl aHblkTangpl. CdO-He KaTbICThl TOTHIKCHI3JAHABIPFBIITAPIBIH OacTanksl peakuusiacy Kabineri
keneci karap OoitbiHina esrepeni: H,>CH>C,Hs>C,H,>CO>C>H,S>Zn; an CdS-He KaTblcThl Oy1 Katap
kemeci typre me: H,>C,H,>CdSO,s>H,0>C. Xorapsl TemmepaTypaga TOTBIKCBHI3NAHIBIPFBIIITEIH TYpi
KaJIMUil alipayra ocepid turizoeiini (on T > 1300 K 6onranma o> 99 % kypaitnsr). CdO — CdS — mynaii
niaM xyitecinge opexerrecy, T > 400 K kesinge CdO-men Cd-ziH TOTBIKCEI3AAaHYHI OaliKamaasl. Opi Kapai
T>1100K kesinne CdS-wen Cd-miH TOTBIKCHI3OaHYBI )Ky3ere achin, on 7 2> 1300 K kesinge makcumymra
KeTesi.

Kinm coe30ep: >xapTbinail ©HIM, MBIPBHII KOHIEHTPATHI, IIAHABI OHACY, MHPOMETAJUTYypIrHs, THIpOMETall-
Jyprusi, BeMbI-TIPOIIece, KypaMbIHAA KaaMuUifi 6ap KOCBUIBICTAp, KAAMUHIIH TOTHIKCHI3IAHYb, MYHal [IIAMBIL.
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N3BieyeHne KaaMus U3 HUHKCOAEPKANUX MAaTEPHAJIOB U Py BeJiblleBaHUEM
€ UCMOJIb30BAHUEM HE(PTSIHOIO HIJIaMa

B cratbe paccMOTpeHBI cOCOOBI M3BIEUEHHS KaaMUsI M3 Py/ U KeKoB. BenmpueBanue auncaiickux pyn (0,1—
0,2 % Cd) npoBoauioch B Me4n B NPUCYTCTBUU 45—55 % KOKCa OT Macchl PyJHON MIMXThL. B BO3roHsI u3-
Biekaercs 10 92-95 % xagmus. Beixon Bo3roHoB cocTaBiseT 16—-18 % oT mMaccsl pyaHOH MUXTEL. Bo3roHs
BenbleBanus copepikar ot 0,05 1o 1,2 % Cd. DddexruBHOCTD NEpepabOTKN KaaMHUHCOAEPKAIMX Py U HO-
JyNPOJYKTOB BEJILLICBAHUEM BO MHOTOM 3aBHCHT OT CTEIEHM 3aMEHbl KOKCOBOH MENOYM Ha MEHee JI0poro-
cTosimue Matepuainsl. [IpuBeneHs! pe3ynbTaTsl HCCIeJOBAaHUH, 000CHOBBIBAIONINE BO3MOKHOCTE HCIIOJNIB30-
BaHMS HE()TSHOTO IIIaMa MPH BEJIBLEBAHUN KaJAMHHCOAEPIKAIINX MaTepPHANIOB, pacdeToM sHepruu [mb6ca
AG;® ompesenesa TepMOIMHAMUYECKAS BEPOATHOCTh BOCCTAHOBICHHS KaJMHS M3 KaJMHICOIEPHKALIUX CO-
€IMHEHNI B IPUCYTCTBUH YIJIEpOo/a, He(hTIHOTO MIJaMa M COCTABIIIIONINX €T0 YIIIEBOJOPOAOB B Pa3IMIHBIX
TEeMIIepaTypHBIX 30HAX BENbI-TIEYH. TepMOJMHAMIYCCKAM MOJISIHUPOBAHNEM C HCIIOIB30BAHUEM IIPOTPAMM-
HOTO KOMILJIEKCa «ACTpa» YCTaHOBJICHA PaBHOBECHAsS CTEIICHb BOCCTAHOBJICHHUS M IepexoJia KaaMus B razo-
ByIO a3y, cocTaB ra3oBoi ¢assl B TemneparypaoM uaTepaie 300-1500 K u naBnenusx 0,05-0,5 MIla. V-
TaHOBJICHO, YTO HayaJlbHasl PEaKIIMOHHAs CIIOCOOHOCTh BoccTaHoBUTeNeH 1Mo oTHOMEeHHIO K CdO n3mensercs
B pany: H,>CH,>C,Hs>C,H,;;>C,H,>CO>C>H,S>Zn, a no orHomenuto k CdS 3TOT psim mMeer BHI:
H,>C,H,>CdSO,>H,0>C. IIpu BBICOKHX TeMIiepaTypax BUJ BOCCTAHOBUTENS HE OKa3bIBACT BIUSIHUS HA OT-
roHky Cd (oHa cocraBiser 0. >99 % npu T > 1300 K). Bzaumoneiicteue B cucteme CdO — CdS — HedsiHol
nutam otMedaercss mpu Temmepatype T >400 K BoccranoBnenmem Cd m3 CdO. B mocnmemyromem mpu
T > 1100 K mpoucxoaut BoccranoBieHne Cd u3 CdS, mocruras makcumyma pu T > 1300 K.

Kniouesvie cnosa: pOMIPOIYKTHI, INHKOBBIE KOHIICHTPATEI, epepaboTka MbUIeH, MTHPOMETaLTyprus, TH/I-
pOMETa/UTYprusi, BelblieBaHHE, KaAMHUHCOIEpXKallle COEAMHCHUs, BOCCTAHOBICHHME KaiaMus, HE(TSIHbIC
IITaMBI.
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Hydrogenation of distillate products
from liquefaction of coal from Mamyt deposit

Coal distillates with boiling point below 360 °C produced by liquid-phase coal hydrogenation contain sub-
stantial amounts of sulfurous (S = 0.4-0.8 %), nitrous (N = 0.2-0.5 %), oxygenous (O = 1.5-2 %) and unsatu-
rated compounds (20-25 %). To obtain low-sulfur stable motor fuel with high octane and cetane numbers it is
required to process such products applying hydrotreatment processes. The published work contains the results
of hydrogenation of coal distillates of Mamyt coal with the boiling point below 360 °C in the presence of
Mo-containing catalysts deposited on the surface of skeletal nickel (Ni-Raney) are presented. It is shown that
3-5 % Mo/Ni-Re catalysts activate the hydrogenation reactions of hetero-atomic and unsaturated compounds
at 420 °C, 6.0 MPa. The content of nitrous bases in hydrogenate in comparison with the primary material re-
duces from 3.3 to 0.5 %; sulfur content reduces from 0.74 to 0.05 %; nitrogen from 0.47 to 0.01 %. The best
hydrotreatment of coal distillate is performed with 5 % Mo/Ni-Re catalyst. In hydrotreated petroleum frac-
tions the amount of paraffinic and olefinic hydrocarbons reduced almost twice and the amount of
isoparaffinic hydrocarbons increased more than two times. The diagram for the conversion of the organic
matter of paste is proposed. The principal diagram for obtaining components of motor fuels by
hydrotreatment of distillate products of liquefaction of Mamyt coal is developed.

Keywords: hydrogenation, skeletal nickel, liquefaction, coal, Mamyt deposit, catalyst, coal distillate, motor
fuels.

Introduction

Solid fuels are the potential source of primary materials for provision of the economy of Kazakhstan
with organic fuel and materials for chemical and other industries. Presently several foreign countries have
developed experimental and pilot plants for production of synthetic liquid fuel from coal [1]. Substantial at-
tention is paid to obtaining components of gasoline and diesel fuel from coal liquefaction products [2, 3].

The Scientific Research Institute of New Chemical Technologies and Materials has developed a tech-
nology for liquid-phase coal hydrogenation [4-6] in the mixture with «own» paste-forming agent (1:1) in the
presence of active catalysts at hydrogen pressure of 6 MPa at 400—420 °C. In the process it is feasible to ob-
tain a component of high-octane gasoline, jet fuel, diesel and gas-turbine fuel, and valuable chemical prod-
ucts (phenols C¢-Cg, nitrogen bases, unsaturated compounds, etc.) Coal distillates with boiling point below
400 °C produced by liquid-phase coal hydrogenation contain substantial amounts of sulfur (S = 0.4-0.8 %),
nitrogen (N = 0.2-0.5 %), oxygen (O = 1.5-2 %) and unsaturated compounds (20-25 %).

Due to substantial amounts of sulfur, nitrogen, oxygen and unsaturated compounds distillate fractions of
coal hydrogenation products cannot be directly used as commercial fuels. To obtain low-sulfur stable motor
fuel with high octane and cetane numbers it is required to process such products applying hydrotreatment
processes.

The published work contains the results of hydrotreatment of fractions of liquid-phase hydrogenate of
brown coal from Mamyt deposit with the boiling point below 360 °C aimed at obtaining of gasoline compo-
nents.

Experimental

The source material comprises coal distillates with boiling point up to 360 °C obtained by hydrogena-
tion of brown coal from Mamyt at 6.0 MPa.

The brown coal from Mamyt deposit had the following properties: W' — 9.00 %, A — 11.31 %, A" —
10.31 %, V¥ — 34.82 %, C*— 73.06 %, H* — 4.71 %, S*— 0.34%, Q% — 29.2 kJ/mol, Q| —
28.0 kJ/mol, Q" — 26.8 kJ/mol, C:H — 15.5.
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Hydration process was performed with Mo-containing catalysts applied on the surface of spongy nickel
(Ni-Raney). The catalysts have been obtained by treatment with molybdate solution (NH4)sM070,4-4H,0 of
the surface of Ni-Raney. The sponge nickel was obtained from Ni-Al (1:1) alloy by treatment with 20 %
NaOH solution at the temperature of boiling water bath.

The elemental composition of the liquid products was determined on the Elementar Vario Micro Cube,
and the amount of hydrocarbon composition was determined by the gas-chromatographic method using the
Chromatech-5000 chromatograph.

Subsequently, the process of hydrogenation of distillate products obtained by coal liquefaction on ap-
plied Mo/Ni-Re catalysts under the conditions of a laboratory flow unit under hydrogen pressure was carried
out.

Results and Discussion

Fractions below 360 °C obtained after liquefaction were hydrated on the applied Mo/Ni-Re catalysts.
The results are shown in Table 1.

Table 1

Results of hydrotreatment of the fractions with boiling point
up to 360 °C on 3-7 % Mo/Ni-Re catalysts (T=420 °C, P=6.0 MPa)

Raw materials Catalysts
Indicators (coal distillate with boil-
ing point up to 360 °C) | 3 % Mo/Ni-Re 5 % Mo/Ni-Re 7 % Mo/Ni-Re

Density, g/cm’ 0.8903 0.8597 0.8537 0.8591
Refractive index, np 1.4967 1.4836 1.4793 1.4816
Content, %:

Phenolic compounds 6.6 Absent Absent Absent

Nitrogen compounds 3.3 0.5 0.5 0.5
Element composition, %:

C 85.53 87.35 87.21 87.12

H 11.62 12.53 12.71 12.73

S 0.74 0.08 0.05 0.12

N 0.47 0.04 0.01 0.03

O (by difference) 1.98 Absent Absent Absent
Fractional composition, wt. %:

before 180 °C 4.9 453 49.5 53.7

180-250 °C 8.1 233 29.8 17.9

250-320 °C 332 18.6 16.3 18.5

320-360 °C 53.8 87.2 95.6 90.1
Losses 0.5 0.6 0.2 0.3

The primary material contained (%): phenols — 6.6; nitrous bases — 3.3; sulfur — 0.74.

The study results demonstrate that Mo/Ni-Re catalyst activates hydrogenation reactions of heteroatomic
and unsaturated compounds at 420 °C and 6.0 MPa. At the same time the content of phenols reduces from
6.6 % to zero. The content of nitrous bases in hydrogenate in comparison with the primary material reduces
from 3.3 to 0.5 %; sulfur content reduces from 0.74 to 0.05 %; nitrogen from 0.47 to 0.01 %. The best
hydrotreatment of coal distillate is performed with 5 % Mo/Ni-Re catalyst.

Thus, there is a demonstrated possibility in principle to hydrogenate the fraction with boiling point up to
360 °C obtained from distillates of Mamyt coal in soft conditions on Mo-catalyst applied on sponge nickel.

Individual and group hydrocarbon composition of petroleum fraction was studied by chromatographic
method. The study results are shown in Table 2. According to the data of gas chromatographic analysis pe-
troleum fraction obtained by hydrogenation of coal distillates on 5 % Mo/Ni-Re catalyst has substantial
changes in composition comparing with petroleum fraction obtained by coal hydrogenation on zeolite.

The readings of petroleum fraction chromatogram shows 10 paraffin, 59 isoparaffin, 47 aromatic,
37 naphthene, 45 olefin, and 16 cyclo-olefin hydrocarbons.

According to the obtained results (see Table 2) proportion of paraffin hydrocarbons reduces from
35.8 % to 20.7 %. It is essential to note the reduction of amount of heptane (from 5.25 to 3.21 %), octane
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(from 7.47 to 4.32 %), nonane (from 7.57 to 0.35 %), decane (from 7.60 to 1.71 %), and undecane (from
5.97 t0 0.88 %).

Table 2
Group hydrocarbon composition of distillate fractions with boiling point up to 180 °C
Catalyst
Hydrocarbons Raw materials 5 % Mo/Ni-Re
Paraffins 35.8 22.7
Isoparaffins 16.5 30.1
Aromatic 25.0 21.8
Naphthenes 13.9 15.9
Olefins 8.3 4.3
Cycloolefins 0.5 4.9
Dienes — 0.3
Octane number 69.4 72.7

In the hydrated gasoline there were substantial changes in the amount of isoparaffin hydrocarbons. If
gasoline fraction from coal liquefaction on zeolite catalyst contained 16.5 % of isoparaffin hydrocarbons,
hydrated gasoline the content was 30.1 %. The content of some isoparaffin hydrocarbons increased in 2 to 5
times. The amount of 2,4-dimethylpentane in the presence of Mo/Ni-Re catalyst was 1.32 %, in primary gas-
oline — 0.027 %; the content of 3-methylpentane after hydration was 2.78 %, and in primary gasoline only
0.76. In comparison with the octane number of primary gasoline (69.4) the octane number of gasoline hy-
drated on 5 % Mo/Ni-Re catalyst increased to 72.7. If in gasoline obtained from coal liquefaction in zeolite
presence the content of aromatic hydrocarbons was 25.0 %, then on 5 % Mo/Ni-Re catalyst it reduced to
21.8 %. The content of benzene on the applied catalyst reduced. In gasoline fraction obtained by coal hydro-
genation on zeolite it was 0.48 % and on applied Mo/Ni-Re catalyst its content was 0.24 %. The obtained
data are in compliance with the recent requirements to the quality of motor fuels.

Also, hydrated gasoline contained olefin, cyclo-olefin and diene hydrocarbons. The amount of olefin
hydrocarbons reduced from 8.3 to 4.3 %. If gasoline from coal liquefaction in zeolite presence contained
2,4-dimethyl-1-pentene, trans-2-hexene, 4-methyloctene, trans-3-nonene, 6-dodecene, they are not contained
in hydrated gasoline. The content of cyclo-olefins in hydrated gasoline is much higher than in primary gaso-
line.

On the basis of the obtained results (Tables 1, 2) a flow chart for conversion of organic paste mass
through hydrogenation was prepared (Fig. 1).

Paraffins 22.7%
Isoparaffins 30.1 %
—> Aromatic 21.8 %
420 °C, 6.0 MPa, 5 % Mo/Ni-Re | Cs-Cio ——p} ____ Naphthens 15.9 %
OPM | I | 49.5 %
Ci-Ce >Cps  losses + gas, water -4.4 % [~ Olefins 4.3 %
298 % 163 %
— Cycloolefins 4.9 %
_ Dienes 0.3 %

Figure 1. Flow chart for conversion of organic paste mass (OPM)
during hydrogenation of distillate product obtained by coal liquefaction

Based on the research carried out, as well as the previously published data [4, 5], a principal diagram
for obtaining motor fuel components from liquefied brown coal products of the Mamyt deposit was devel-
oped (Fig. 2).
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Coal Liquefaction 420 °C,
6.0 MPa, Ct-zeolite

|

Raw faction from boiling
temperatures up to 360 ® C

Mo/Ni-Re

L J

Distillation

L Petrol (from boiling point up to 180 °C)

b Disgl fuel (from boiling point up to 180-360 'C)

Figure 2. Flow chart for production of motor fuel components by hydrogenation of coal distillates

Conclusions

As the result of hydration of distillate products obtained after coal liquefaction of the applied Mo/Ni-Re
catalysts, for the first time was demonstrated that there is potential possibility of hydration of gasoline frac-
tion obtained from Mamyt coal distillates on Mo catalyst applied on spongy nickel. The best hydrotreatment
of coal distillate is performed with 5 % Mo/Ni-Re catalyst. The diagram for the conversion of the organic
matter of paste is drawn and the principal diagram for obtaining the motor fuel components by hydrogena-
tion of the liquefaction products of Mamyt coal is proposed.
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MaMbIT KeH OpHbI KOMipiH CYHBLITY/IaH aJIbIHFAH
AUCTHIIAT OHIM/IEPiH rMAporexHey

Kewmipni cyitbIK (a3aga TuaporeHaey apKbUIbl alblHFaH KaliHay Temmepatypackl 360 °C GonaTelH KeMipii
JUCTWUIATTApABIH KypaMblHAa kemTereH Kykiprri (S =0.4-0,8 %), asorrer (N =0,2-0,5 %), orrekti
(O =1,5-2 %) xone xanbiknaraH (20-25 %) xoceuipicTap Oomanpl. JKoFapel OKTaHIBI KOHE IICTAH/IBI CaHBI
0ap a3 KYKIipTTi TYpaKTHl MOTOP OTHIH ajly VIIiH IIMKi3aTTHl THAPOTa3ajiay IPOIECTEpiH KOJAAaHa OTBIPHII,
KaiiTa eHACy KakeT. Makanama KaHKaJIbl HUKENIb O€TiHE OTBHIPFBI3BUFAH Mo-KypaMmaac KaTalnm3aTopliap
KaTbIChIHZA KaifHay Temmeparypacbl 360 °C 0onaThlH MaMbIT KOMIpiHIH JUCTWLIATTAPbIH THAPOTeHACYIIH
HoTwkenepi kepcerinred. 420 °C temneparypana, 6,0 MIla keiceiMaa 3—5 % Mo/Ni-Re karanmuzaropiapsl
reTepoaTOM/Ibl JKOHE KaHBIKIAraH KOCBUIBICTAP/bl THAPOTEHICY PEaKUUsACHIH OCJICeHIIpeTiHI KepCeTiIreH.
[IIuki3aTneH caibICThIPFaHia THAPOTCHU3ATTaFbI a30TThI HerizaepaiH (%) kypamsl 3,3-ten 0,5-Ke, ai KyKipT
kypamsl 0,74-ten 0,05 %-ra, azor 0,47-nen 0,01 %-ra Temenzneini. Kemipai IMCTHIIATTApABIH Ta3aJlaHybl
5 % Mo/Ni-Re karamms3aropia »xakcsl xypeni. I'maporaszamanran OeH3uH (pakiuscsiHga mapaduH >koHE
one(hMH KOMIPCYTEKTEpIiH CaHbl 2 ece a3asipl, al H30mapaduH KeMipCyTeKTepi 2 ece XOFapiaiiisl.
IlacTanslH OpraHUKanbIK MAacCAchIHBIH TYpJIEHYiHIH Cb30a-HycKacsl MeH MaMBIT KEH OpHBI KOMipiH
CYHBUITYIIBIH AMCTHJUIAT OHIMICPIH THApOTa3ajay HOTHIKECIHIEC MOTOP OTBIH KOMIIOHCHTTEPIH ailyIIblH
TPHHIMIHAIIBI ChI30a-HYCKAChl YCHIHBLIFaH.

Kinm co30ep: TUIPOTeHACY, KaHKAJIbl HUKEIb, CYHbUITY, KoMip, MaMbIT KEHOPHBI, KaTaln3aTop, KOMipJi
JUCTHILIAT, MOTOP OTBIHBL.

K K. Kaupbexon, C.M. CyitmbaeBa, 2.T. Epmonauna,
A.C. Manonetnes, .M. J[xxenapioacBa

FI/IIIPOFGHI/ISaHI/IH AUCTUIIATHBIX MPOAYKTOB OKUKCHUSA
yris MaMBbITCKOI 0 MECTOPOKACHUS

VYronbHBIE TUCTHIULITHL ¢ TeMIepaTypoid kurenus 10 360 °C, noiy4eHHbIe PpH KUAKO(PA3HON THAPOTreHU3a-
UM YIS, COAEPKAT B CBOEM COCTAaBE 3HAUMTENBbHBIC KOIMIecTBa cepHUCTHIX (S =0.4-0,8 %), a30THCTBIX
(N =0,2-0,5 %), xucnopomusix (O =1,5-2 %) n menpemensHbIx (20-25 %) coequuenuii. [ns momydeHust
MaJIOCEPHUCTOTO CTAOMIBHOTO MOTOPHOTO TOPIOYErO C BBICOKMM OKTAaHOBBIM M IIETAHOBBIM UHCIIAMU 3TO
CHIpE HEOOXOMMMO IOABEpraTh IepepaboTke C TNPHUMEHEHHEM IIPOIECCOB THAPOOYUCTKH. B crarhe
TIPUBEJCHBI PE3YyNbTATHl THIPOTCHU3ANH YTOIBHBIX JUCTWIIATOB MAMBITCKOTO YIJIA ¢ T. kum. g0 360 °C B
NPUCYTCTBUM Mo-CoJepKallliX KaTaln3aTopoB, HAHECEHHBIX HA IIOBEPXHOCTh CKEJIETHOTO HHUKEIs
(Ni-Penes). ITokazano, uro 3—5 % Mo/Ni-Re kaTanu3aTopsl akTHBUPYIOT PEaKIMU THAPOTCHU3ALMH TeTepo-
aTOMHBIX U HenpenaenbHbIX coequuenuii npu 420 °C, 6,0 MIla. ConeprkaHue a30TUCTBIX OCHOBaHUM B THAPO-
TEHHU3aTe M0 CPAaBHEHHUIO € ChIpbeM yMeHbIaeTcs ¢ 3,3 1o 0,5 %, comepxanue cepsl — ¢ 0,74 mo 0,05 %, a
azora — ¢ 0,47 go 0,01 %. Haubompmras THAPOOIHNCTKA YrONFHOTO AWCTHIUIATA OCYIIECTBIAETCA Ha 5 %
Mo/Ni-Re katamm3arope. B runpoounenHoi 6eH3MHOBON (paknuy KOIMIECTBO Mapa(UHOBBIX U OJIe(HhHUHO-
BEIX YTJICBOAOPOIOB YMEHBIIWIOCH MOYTH B JBAa pa3a, a M30Mapa(uHOBBIX YIJIEBOAOPOJOB YBEIHIHUIOCH
Gonee uyeM B Ba pasa. [IpemmoxkeHa cxema MpeBpaIeHNs] OPraHNIecKOH Macchl macTsl. Paspaborana mpuH-
IUITHANbHAs CXeMa TOJy4eHHsI KOMIIOHEHTOB MOTOPHBIX TOILUIUB ITYTE€M T'MAPOOYMCTKU AUCTUILUIATHBIX IPO-
JTYKTOB OKIKEHHSI MAMBITCKOTO YTJIAL.

Kurouesvie cnosa: TUAPOreHu3anus, CKEJICTHBIN HHUKEJIb, OXXWXCHUEC, YIOJib, MawmsbiTcKOE MECTOPOXACHUE,
KaTajmsarop, yl"OJ'ILHLIﬁ JUCTUILIIAT, MOTOPHBIC TOIIMBA.
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Researching of physicochemical properties
of the special coke of «ShubarkolKomir» JSC

One of the priority directions in the Republic of Kazakhstan is the production of low-sulfur coke with sulfur
content up to 1 % and needle coke used in the electrode industry, which is fully purchased by import. Needle
coke is used to produce high-quality graphite electrodes needed for the steel industry. Electrodes should have
high mechanical strength, electrical conductivity, and low sulfur content. The primary raw material for ob-
taining diesel fuel and needle coke is the primary coal tar produced at ShubarkolKomir JSC. At present, the
obtained products are not processed into valuable chemical substances and motor fuels on the territory of the
Republic of Kazakhstan. The physicochemical properties of trademarks 0-10, 10-25, 25-40, 0-60, 10-60,
0-25 mm produced at ShubarkolKomir JSC have been investigated: coke properties by particle size clas-
ses — elemental composition of organic part and ash residue, coke ash, specific and apparent density of the
samples, porosity of coke samples with subdivision into macro-, meso- and micropores. The chemical com-
position of coke is determined by technical analysis (moisture, ash content, sulfur content, phosphorus con-
tent, volatile matter yield) and elemental analysis (carbon, hydrogen, oxygen, nitrogen, etc.) content.

Keywords: special coke, needle coke, moisture, porosity, ash content, density, elemental composition,
Shubarkol.

Introduction

Coal coke is used for smelting cast iron (blast-furnace coke) as a high-quality smokeless fuel, a reduc-
ing agent for iron ore, and a leavening agent for charge materials. It is used in the same way as varanaceous
fuel in foundry production (foundry coke), for household purposes (household coke), in chemical and fer-
roalloy industries (special types of coke) [1].

The objects of research are special cokes of trademarks 0-10, 10-25, 25-40, 0-60, 10-60, 0-25 mm
produced at ShubarkolKomir JSC. The coking temperature is 750—780 °C.

The physicochemical properties of coke are determined by its structure, which is close to the hexagonal
layered structure of graphite. The structure of coke is characterized by incomplete orderliness, namely, indi-
vidual fragments (layers) connected by the Vander-Waals forces, statistically occupy several possible posi-
tions (for example, superimposed one on another). Along with the carbon atoms in the spatial lattice of coke
heteroatoms (S, N, and O) can be located, especially in its peripheral part.

The structure and properties of coke depend on the composition of the coal charge, the final temperature
and the heating rate of the coked mass. With increasing content of gas coals and other coals characterized by
a low degree of metamorphism in the charge, decreasing of the final coking temperature and exposure at this
temperature, the reactivity and combustibility of the resulting coke increase. When the content of gas coals in
the charge increases, the strength and average size of the pieces of coke decrease, and its porosity increases.
Increasing the final coking temperature helps increase the strength of coke, especially to attrition. With an
extension of the coking period and a decrease in the heating rate of the coked mass, the average particle size
of the coke increases [1].

Experimental

The chemical composition of the coke deposited on the catalyst is determined primarily by the mecha-
nism of its formation. Today two mechanisms are distinguished, namely, consecutive and carbide cycle. Ac-
cording to the consecutive scheme, coke deposits on the surface of the catalyst are formed as a result of se-
quential reactions of irregular condensation and polymerization of hydrocarbons accompanied by the for-
mation and binding of cyclic structures. At the same time, their gradual depletion with hydrogen is observed
up to the pseudo-graphite structure due to the liberation of light hydrocarbons and hydrogen. Coke in this
case is a mixture of high-molecular seal products from resins and asphaltenes to carboides and in the extreme
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case to graphite-like deposits. The true chemical composition of such a mixture is almost impossible to de-
termine, therefore the composition of coke is usually characterized by averaged elemental composition [2].
The chemical composition of coke is characterized by the mass fraction of various elements in the organic
matter and the content of mineral impurities.

It is sometimes assumed that the mechanism of coke formation is due to direct thermal decomposition
of hydrocarbons. This scheme is realized at high temperatures, but the properties and activity of the catalyst
do not play a decisive role, because of the catalyst does not participate in any acts of formation of intermedi-
ate compounds. At the same time, the chemical composition of coke -the content of ash, more sulfur content,
and in some cases phosphorus content affects the results of blast furnace smelting. The chemical composition
of coke is determined by technical analysis (moisture, ash content, sulfur content, phosphorus content, vola-
tile matter yield) and elemental analysis (carbon, hydrogen, oxygen, nitrogen, etc.) content [3].

Results and Discussion

Methods are known for determining the chemical composition of cokes, calcined in a nitrogen atmos-
phere for 3 hours in the range of 4002400 °C. The percentage of carbon, hydrogen, oxygen, sulfur and ash
was determined in each sample. The samples studied have different contents of these substances, and their
graphite formation proceeds in different ways. The authors note that the oxygen, nitrogen and sulfur atoms
are the most strongly retained heteroatoms, and sulfur remains even after treatment at temperatures above
2273 K. However, the number of heteroatoms remains in the material after heat treatment (although this is-
sue is also very important in the case of obtaining pure carbonaceous materials) is not so important, as the
effect they had on the kinetics of coke formation.

The quality of coke is one of the decisive factors determining the technical and economic parameters of
blast furnace smelting; it depends on the strength, porosity and chemical composition of coke. Some physi-
cochemical parameters of Shubarkol coke samples from the quality certificate of coke by the size classes are
shown in Tables 1 and 2.

Table 1
Physicochemical parameters of Shubarkol coke samples
(from the quality certificate of coke)

Sample Coarsenes, mm Moisture, % Thesz/lgaslir(l)(fe\;(’)l(;flles Sulfur, % H?;Si?:l?l?;s-
5068 0-10 19.9 11.6 0.44 7874/5665
5069 10-25 18.8 54 0.31 7793/5746
5070 25-40 16.8 3.9 0.32 7228/5158
5071 0-60 16.8 6.9 0.38 7714/5702
5072 10-60 18.9 4.1 0.34 7445/5246
5102 0-25 18.0 2.9 0.33 7805/5799

Table 2
Technical analysis and elemental composition of Shubarkol coke samples

No. | Coarseness, mm | CO3SEES: | ywa o0 | avop | A9 00 | 8% 05 IN%o%| HL% | % | O %
mm (sample)
5068 0-10 <0.1 6.34 403 | 430 | 030 | 029 1.69 | 8548 | 7.94
5069 10-25 <0.1 551 357 | 377 | 023 | 039 | 204 | 8745 | 6.12
5070 25-40 <0.1 5.34 285 | 323 | 032 [042] 187 | 8831 | 6.72
5071 0-60 <0.1 5.87 324 | 257 | 038 | 037 | 157 | 8922 | 657
5072 10-60 <0.1 6.04 168 | 1.78 | 031 | 046 | 1.05 | 93.10 | 3.30
5102 0-25 <0.1 5.75 265 | 281 | 027 |043] 152 | 89.81 | 5.16

Indicators of the chemical composition of coke (the content of volatile substances, ash, sulfur, metals
and water) practically do not change during processing and transportation. The most important of them when
considering the patterns of oxidative regeneration are the chemical composition of coke, its structure and
dispersity, as well as the distribution of deposits along the catalyst pellet. At the same time, the results of
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blast furnace smelting are affected by the chemical composition of coke — the ash content, more important
is the content of sulfur, and in some cases of phosphorus [4].

Elemental composition of samples of Shubarkol coke was determined in accordance with State Stand-
ard 2408-95. Moisture was determined in accordance with with State Standard 11014-2001, ash — accord-
ing to with State Standard 1171-2012. Elemental composition can be attributed in the group of coke quality
indicators, although it does not play a significant role in the assessment of coke, since it is not subject to fluc-
tuations in different cokes. It is usually determined only when compiling the mass balances of the blast fur-
nace operation.

Coke ash. The ash content of the fuel was determined in the laboratories by calcining a sample of finely
crushed fuel weighing 1-2 g in porcelain crucibles, and in contrast to determining the yield of volatiles in
this case, it is necessary to ensure the presence of oxygen during the calcination process in order to avoid
partial coking of the sample. The difference in weight before and after calcination is equal to the ash content
of the fuel. It is necessary to note some conventionality of this characteristic of ash content, since chemical
reactions occur between the individual mineral impurities in the ash during the ashing process, and in these
reactions, for example, ash can become heavier, since the newly formed compounds will contain oxygen
from the surrounding air or part of elements will evaporate, etc. Therefore, in order to obtain comparable
characteristics by ash content, the process of obtaining ash must be carried out in strictly standard conditions.
An open porcelain cup is placed in an electric muffle, where mineral fuel is calcined at a temperature of
800 °C, and fuel oil, wood and vegetable waste at 500 °C. Ashing is carried out slowly, for 2 hours, and
without the appearance of a flame.

Laboratory and true ash contents of the shale samples have large discrepancies. Calcium and magnesi-
um carbonates (CaCO;, MgCOs) decompose on heating with the formation of CO,, as a result of which the
weight of laboratory ash decreases sharply. For this fuel, the laboratory gives an amendment for the decom-
position of carbonates to obtained ash content.

Ash balances are often made in thermotechnical analysis. The amount of ash discharged into the boiler
flues and the chimney is determined by weighing the amount of ash remaining on the grate and in the ashtray
and knowing the ash weight per 1 kg of burnt fuel from the fuel analysis. There may be mistakes. Chemical
reactions occur in the ash during the calcination, and it has the ability to release volatiles, the volatilization
increases with increasing temperature. The weight of laboratory ash is greater than in the furnace, because of
the temperature of slagging in the furnace exceeds 1000 °C and laboratory ash and slag is formed at tempera-
ture of 800 °C. In particular, these discrepancies can reach large values in brown coal and shale, the ash of
which contains a significant amount of calcium and sulfur.

The ash and slags of the fuel combusted on the grate, in most cases melts, then as it drips down and
away from the high temperature zone it cools, hardens and forms quite porous slags. Sometimes ash and slag
are so fusible that they do not harden even after leaving the high temperature zone; then this paste-like mass,
clogging openings in the grate, serving for the passage of air, increases the gas resistance to the furnace, en-
velops part of the fuel pieces and makes them difficult to combust. In addition, the low-melting slag is diffi-
cult to remove from the furnace without taking up the burning coal at the same time. In cases where the de-
sign of the boiler and the furnace does not take into account the fusibility of the slag, the molten mass of the
ash can block the passage of gases between the tubes of the boiler at the combustion of pulverized fuel; it
grows over the furnace space in the form of stalactites, the removal of which involves considerable difficul-
ties. The brickwork of the furnace is often broken and destroyed during breaking off the boiling slag. The
adhesion of the molten slag masses to the brick firing of the furnace usually causes deterioration in the op-
eration of the furnace and the need for more frequent repairs. The destruction of the brickwork is also possi-
ble due to the chemical action of hot slag. Such slagging occurred places are protected by surfaces cooled by
water (screens), in the process of which the adhesion of slag decreases.

In the laboratory study of ash for fusibility a number of pyramids 20 mm high with a side of the base of
7 mm are placed in a special electric furnace. One of the faces of the pyramid must be perpendicular to the
base. In the laboratory studies of ash for fusibility slagging occurs in a semi-reducing gas medium at the
combustion of the solid lump fuel, therefore, the medium, in which the cone formed from the ash is melted,
is composed of gases consisting mainly of CO, CH,4, H,, with no oxygen [5].

The ash of Shubarkol coke samples is determined according to with State Standard 1171-2012. The
melting point of the ash of Shubarkol coke samples was determined in PM-14M1P-TD furnace. Ash content
and chemical composition of coke ash are given in the Table 3.
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Table 3
Melting points and chemical composition of Shubarkol coke ash
Coarseness, | Coarsenes, | Melting points Chemical composition of the ash,%
No. mm  |mm (sample)| of the is%, oc [Ash content, % —gn T L O, Fea0 MeO | ALO;
5068 0-10 <0.1 1068 4.30 1.2 11.4 11.2 3.0 1.1
5069 10-25 <0.1 1055 3.77 1.15 10.6 10.3 1.8 1.3
5070 2540 <0.1 1045 3.23 2.1 11.8 11.5 2.5 1.4
5071 0-60 <0.1 1074 2.57 1.3 11.1 11.6 2.5 1.1
5072 10-60 <0.1 1057 1.78 1.1 10.3 11.1 1.7 1.0
5102 0-25 <0.1 1075 2.81 1.6 11.5 10.5 2.2 1.25

The coke ash depending on the composition can have different catalytic effect on the course of reac-
tions. The coke ash should remain in the form of fairly large pieces. Coke ash, alone and in mixture with im-
purities that consists of phosphoric anhydrides, increases the elasticity of the joint decomposition of these
salts. The silicon compounds contained in the coke ash are converted to water-soluble silicates by fusion
with soda, after which silicon is separated from the solution as SiO, by evaporation with hydrochloric acid.
Significant amounts of SiO, are contained in an empty rock ore, agglomerate compounds and in coke ashes.

Density of coke. There are three types of coke densities, namely, true, apparent and bulk densities. The
true density is also called pycnometric or real. The true density is the ratio of the mass of coke deprived of
pores to unit volume. To determine the true density of coke, it is necessary to undergo fine grinding, but even
in this case the smallest pores remain in the coke particles. The true density is determined by the pycnometric
method and this is the most accurate and available in the production conditions.

The true density of coke is dependent on the calcination temperature and the duration of isothermal ex-
posure. It is found that it is possible to obtain coke of different true densities by changing the holding time at
a constant calcination temperature. The true density is a measure of needle coke quality. There should be
98.5-99.5 % of the calcined needle coke mass with a density of 2140 kg/m’. Specific density of samples of
Shubarkol’s coke was determined by pycnometric method. The apparent density was determined by immer-
sion in a glycerin medium (Table 4).

Table 4
Indicators of the density of Shubarkol coke samples

Sample | Coarseness, mm | Specific density, g/cm3 Apparent density, g/cm3
5068 0-10 0.49-0.51 0.45-0.47
5069 10-25 0.48-0.50 0.46-0.47
5070 25-40 0.47-0.49 0.45-0.46
5071 0-60 0.46-0.48 0.44-0.45
5072 10-60 0.47-0.48 0.41-0.43
5102 0-25 0.44-0.45 0.23-0.35

The apparent density is the ratio of the porous material mass to its unit volume. It is the density of coke
in the reaction apparatus, apparent density is always less than the true one. There are methods of determining
the apparent density of coke by immersion in medium, which does not penetrate into the pores (glycerin or a
solid powder). The denser the coke is, the higher its mechanical strength is. The apparent density increases to
the temperature of 1100-1200 °C and then begins to decrease.

Porosity. Mercury porometry is one of the main methods currently used to study the porous structure of
materials; this method can be used to determine the size and number of pores, the absolute density of materi-
als, the specific surface area and the pore size distribution. In addition, knowing the shape of the hysteresis
loop, you can qualitatively judge the shape of pores.

In 1921, Washburn proposed an equation describing the relationship between the capillary radius and
the pressure at which the hollow capillary is filled with mercury

26cos0
p
where 6 — is surface tension of mercury; 6 — is contact angle of mercury; P — is hydraulic pressure.
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In fact, The Washburn equation is the theoretical basis of the mercury porometry method. Coke has a
multi-dispersed porous structure. Porosity of coke samples of «ShubarkolKomir» JSC is presented in Ta-
ble 5.

Table 5
Porosity of samples of Shubarkol coke
Sample Coarseness, | Density czoke, Total pore Vg)l- Macropores, g Jem® | Mesopores, glem’ Microp03res,
mm g/cm ume, g/cm g/cm
5068 0-10 0.98 0.4-0.6 0.6-0.8 0.2-0.25 0.1-0.2
5069 10-25 0.85 0.4-0.5 0.7-0.8 0.2-0.28 0.09-0.2
5070 25-40 0.74 0.3-0.5 0.6-0.7 0.18-0.25 0.1-0.3
5071 0-60 0.87 0.4-0.5 0.6-0.8 0.23-0.3 0.2-0.28
5072 10-60 0.97 0.5-0.6 0.8-0.9 0.25-0.3 0.1-0.2
5102 0-25 0.78 0.3-0.5 0.7-0.9 0.15-0.2 0.1-0.15

We have used modern mercury porosimeters system PASCAL (PASCAL 140/440). These are automat-
ic devices for preparing samples for porosimeteric analysis and measuring its porosity in the range from 0.1—
0.8 g/cm’. Small volumes (0.4 mm’) of the sample are used for the analysis, and the sample must have a
strong enough skeleton to withstand the pressure. The sample is placed in a specially prepared glass dilatom-
eter, which is placed in the holder. Then the air is pumped out of the system until the vacuum 0.1 Pa is
reached. When vacuum is reached in the system, the process of pumping mercury into the open pores of the
sample begins. The volume of pressed mercury is fixed by the sensor. When the set pressure is reached, the
system automatically stops and mercury is discharged. At this point, a hysteresis loop is formed, the shape of
which is indirectly possible to estimate the shape of the pores. The pressure drops to atmospheric pressure,
the system stops and the experiment is over. The time of the experiment depends on the porous structure of
the sample, an average of 3—4 hours, not counting the preparatory work.

Conclusions

The physical and mechanical properties of trademarks 0-10, 10-25, 25-40, 0-60, 10-60, 0—25 mm
produced at «ShubarkolKomir» JSC have been investigated, namely, coke properties by particle size clas-
ses — elemental composition of organic part and ash residue, coke ash, specific and apparent density of the
samples, porosity of coke samples with subdivision into macro-, meso- and micropores.
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A.b. TareeBa, M.U. Baiikenos, B.W. [1apaduios,
E.H. MaptsiHoBa, C.K. MyxamerxkanoBa, /I.E. AiitGexoBa

«lybapkeskemip» AK KOKCBHIHBIH (PM3MKA-XUMHSAIBIK KACHETTEPiH 3epTTey

Kaszakcran PecrnyOnukacsiHaa eHAipicTik OachbiM OarbITTapiblH Oipi KypamblHZa KYKipT 1| %-fa neidin
0oJIaThIH a3 KYKIPTTI KOKCTBIH JKOHE JIEKTPOJ OHEPKACiOiHAe KOJIMAaHBUIATHIH, €TiMi3Ae TOJBIKTAil NMMIIOPT-
TIeH CaThIIl AIBIHATHIH MHEI KOKCTBIH OHIipici 6ombit Ta0bsutansl. borat eHepkacibiHe KaxeT sKOFapsl cama-
JBI TPaUT EKTPOATAPHIH OHAIPY YINIH MHEIN KOKCTHI KOJIJAHBUIAIBI. DIICKTPOATAP JKOFAPHI MEXaHUKAJIBIK
OepiKTiKKe, YJIeKTPOTKI3TIMTIKKE, KYKIPTTIH a3 MeJIIepiHe )KoHe TOMEH TePMIUSUIBIK KeHEI0 K03 GHIUEeHTIHEe
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ue Oomybl Tumic. Jlu3enb OTBIHBIH JKOHE WHENI KOKC OHIIpY YVINiH Oacramkbl LIMKI3aT peTiHzae
«ly6apkenkemip» AK eHnipinren OipiHIIiK Tackemip Mmabsipiaapbl ecenTeneni. Kasipri yakpiTTa
anbiHaThiH eHiMuep Kaszakcran PecryOunukachinna Oaraibl XMMHSJIBIK 3aTTap MEH MOTOP OThIHBbIHA KalTa
enmenmeiini. Makananarsl 3epTrey Helcansl — «lllybapxenxemip» AK ennipinren 0-10, 10-25, 25-40, 0—
60, 10-60, 0-25 MM emmemzi cayma OenrinepiHiH apHaWbBl KOKCTapbl. ©Op OJIIEMHIH (H3HKAIBIK JKOHE
XUMUSUTBIK KACHUETTEPl — OPraHMKAIBIK O6JiK MeH KYJIII KaJIBIKTBIH JJIEMEHTTIK KYpambl, KOKC KYIIi,
YJITiIEpiH MEHIIKT] KoHe OalfKaaaThH THIFBI3ABIKTApHI, KOKC YITIIEepiHIH KEYeKTLIIr Makpo-, Me30- )KoHe
MHKPOKEYEKTUTIKKE KIKTENiN, aHbIKTanabl. KOKCTBIH XHUMHSJIBIK KypaMbl TEXHHKAIBIK TallayMeH
(PUTFAIABLIBIK, KYJIOUTIK, KYKIpTTIH Meimepi, ¢ocdop MeJmiepi, YIIKBII 3aTTapAbIH LIBIFBIMBI) JKOHE
JJIEMEHTTIK TaJllayMeH (KOMIpTeK, CyTeK, OTTEK, a30T JKoHe T.0.) aHBIKTaNIbL.

Kinm cesdep: apHailbl KOKC, WHENI KOKC, BUIFAJIBUIBIK, KEYCKTITIK, KYJ, THIFBI3ABIK, JJIEMEHTTIK Kypam,
[Tybapkeur.

A.b. TareeBa, M.U. baiikenos, B.U. [1apaduios,
E.H. MaptsinoBa, C.K. MyxamerxkanoBa, /I.E. AiitGexoBa

HccnenoBanne GpU3NKO-XUMHYECKHX CBOMCTB
cnenkokca AQ «lllydapkoabKoOMUp»

OnHMM U3 IPHOPHUTETHHIX HanpasieHuH B Pecriyommke Ka3axcraH sSBIIsIeTCS] IPOM3BOICTBO MAJIOCEPHUCTOTO
KOKCa C COZIepKaHueM cepsl 10 1 % M Uroiap4aToro KOKca, UCIOIb3YeMOTo B 3JIEKTPOJHOM OTpacin, KOTo-
PBIA B MOIHOM 00BEME 3aKyIaeTcsi M0 UMIIOPTY. Mrompuarelii KOKC UCHONB3yeTCs IS MOTYYCHUS! BEICOKO-
Ka4eCTBEHHBIX I'Pa()UTOBBIX 3TEKTPOIOB, HEOOXOIUMBIX ISl CTAJICIMTEHHOM MPOMBIIIICHHOCTH. DIIEKTPOIBI
JOJKHBI UMETh BBICOKYIO MEXAHUUYECKYIO MPOYHOCTb, NIEKTPOIPOBOJHOCTb, HU3KOE COJEP)KAHUE CEPBI U
HHM3KUH KO3 (ULIMEHT TEPMUYECKOT0 PacIIUpeHHs. FICXOIHBIM ChIpbeM I MONY4EHHUs! TU3EIbHOTO TOIIHU-
Ba W HUrojb4aToro KOKca SBIETCA IIepBHYHAs KaMeHHOyroibHas cmona AO «lllybGapkoabkoMup».
B Hacrosmee Bpemst nomydyaeMas NpOIAyKIHs He repepadaThiBaeTCs B LICHHbIE XUMUYECKHE BEILIECTBA U MO-
TOpHBIE TOIUIMBAa Ha Teppuropuu Pecrmybmmkm Kazaxcran. lccnenmoBansl (pU3HMKO-XMMHYECKHE CBOWMCTBA
CIEIKOKCOB TOBapHKIX Mapok 0—10, 10-25, 25-40, 0-60, 10-60, 0-25 mm, npomsBoaumbix Ha AO «lyGap-
KOJIBKOMHP»: CBOMCTBA KOKCa IO KJIACCaM KPYHMHOCTH — 3JICMEHTHBIA COCTaB OPraHU4ECKON 4acTU U 3011b-
HOTO OCTaTKa, 30J1a KOKCa, yAeIbHas ¥ KaXyIascs IIOTHOCTb P00, MOPHUCTOCTH P00 KOKca ¢ Mojpasene-
HHEM Ha Makpo-, M€30- U MUKpOIOpPHL. XMUMHUUYECKUI COCTaB KOKCAa OIMpPEAEISUICS TEXHHUECKUM aHAITHM30M
(BI@XXHOCTb, 30JIbHOCTB, COJEPIKAHUE CEpBI, coziepkanue (hocdopa, BBIXOA JISTYUHX BEIIECTB) M 3JIEMEHTHBIM
aHamM30M (YIJepoa, BOJOPOJ, KUCIOPOL, a30T U JIp.).

Kniouegvie croea: CHeUKOKC, Wrojib4aThlii KOKC, BIAXHOCTb, IOPHCTOCTb, 30JIbHOCTH, IUIOTHOCTb,
aJIeMeHTHBIH cocTaB, Llybapkoib.
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