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NAS RKis pleased to announce that News of NAS RK. Series of chemistry and
technologies scientific journal has been accepted for indexing in the Emerging Sources Citation
Index, a new edition of Web of Science. Content in this index is under consideration by Clarivate
Analytics to be accepted in the Science Citation Index Expanded, the Social Sciences Citation
Index, and the Arts & Humanities Citation Index. The quality and depth of content Web of
Science offers to researchers, authors, publishers, and institutions sets it apart from other
research databases. The inclusion of News of NAS RK. Series of chemistry and technologies in
the Emerging Sources Citation Index demonstrates our dedication to providing the most relevant
and influential content of chemical sciences to our community.

Kasakcman Pecriybnukacel ¥nmmbik fbiribiM akademusicbl "KP YFA Xabapnapbel. Xumusi XoHe
mexHorsioeusi cepusicbl” fbifibIMU XypHarnbiHbiH Web of Science-miH xaHanaHraH Hyckacbli Emerging
Sources Citation Index-me uHOekcmeryeze KabbindaHraHblH xabapnalidbl. byn uHdekcmerny 6apbicbiHOa
Clarivate Analytics komnaHusicsbl XypHandbl o0aH api the Science Citation Index Expanded, the Social
Sciences Citation Index xeoHe the Arts & Humanities Citation Index-ke Kabbiiday maceneciH
kapacmbipyda. Webof Science 3epmmeywinep, asmoprap, 6acnawsifiap MeH MeKemMesiepae KOHMeHm
mepeHDiei MeH canacbiH ycbiHaobl. KP YFA Xabapnapbl. XuMusi XoHe mexHosnoausi cepusicbl Emerging
Sources Citation Index-ke eHyi 6i30iH KoramdacmabiK YWIiH eH 63eKmi xoHe 6edendi XuMusinbiK FbliibiMOap
bolibIHWa KoHmeHmke adasndbifbiMbi30bi 6indipedi.

HAH PK coobwaem, ymo Hay4HblIl xypHan «13eecmus HAH PK. Cepusi xumuu u mexHonoaul» 6bin
npuHam dns uHdekcuposaHusi 8 Emerging Sources Citation Index, obHosneHHol eepcuu Web of Science.
CodepxxaHue 8 amom UHOeKkcuposaHuu Haxodumcs 8 cmaduu paccmompeHuss KomnaHuel Clarivate
Analytics 0ns OdanbHeliweeo rpuHamusi xypHana e the Science Citation Index Expanded, the Social
Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem ka4ecmeso u
enybuHy koHmeHma 0ris uccriedogamersiel, agmopos, usdamerel u y4pexoeHul. BkrroyeHue Mzeecmus
HAH PK e Emerging Sources Citation Index demoHcmpupyem Hawly MpuUeepKeHHoCcmb K Hauboree
aKkmyarbHOMY U 8/1UsiMesIbHOMY KOHMeHmMy o XuMu4ecKuM Haykam 051 Hawezo coobuecmea.
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KINETICS AND MECHANISM OF SORPTION
OF COPPER (II) IONS BY ION EXCHANGER

Abstract. In this article the kinetics of the process of sorption of copper (II) ions from aqueous solutions by
polymer sulfonic cation exchanger, an elementary unit containing a heterocycle and a sulfonic group, under static
conditions at a temperature of 298 K and a copper concentration of 2 mmol / mg is investigated. The sulfonic cation
exchanger was preliminarily obtained by the reaction of polycondensation of diphenyl oxide and furfural with further
sulfonation to obtain functional ionogenic groups in order to increase the extraction efficiency. The obtained kinetic
curves of the dependence of the degree of extraction of copper ions from solution on time were processed using the
Boyd, Adamson, and Myers equation, which describes diffusion in a limited volume of solution. The kinetic
parameters of the sorption process (effective diffusion coefficient, etc.) are calculated, and the results obtained are
compared with the data for the traditionally used industrial cation exchanger, which is a copolymer of styrene and
divinyl benzene. It has been established that the process of sorption of copper (II) ions in the sulfonic cation
exchanger phase is of an intra diffusion nature and corresponds to second-order kinetic equations.

Key words: kinetics, sorption, copper (II) ions, photometry, diffusion, mechanism.

Introduction. Heavy metal ions are dangerous and widespread pollutants of the hydrosphere that
have a toxic effect on the ecosystem. Among them, copper ions are considered especially unfavorable for
living organisms, which belong to the group of highly toxic substances with a wide spectrum of toxic
effects with diverse manifestations [1, 2].

In this regard, a very promising direction of research is the development of methods for purifying
industrial and domestic wastewater from heavy metal ions, in particular, from copper ions. Currently, most
enterprises use the ion-exchange method as the main method of water purification from ions of heavy
metals, which has significant advantages over other methods, for example, high selectivity with respect to
the recovered metal. This allows the process to be carried out with a short duration of the technological
cycle, relatively low costs and consumption of chemical reagents [3]. Nevertheless, the use of this method
with known ion-exchangers does not allow reducing the content of toxic ions of heavy metals to the norm
of the maximum permissible concentration [4]. The solution to this problem can be the use of more
efficient cation-exchanger based on polymers modified with various functional groups [5-10], for
example, carboxyl [9—12], amine [13], phosphoric acid [7, 14, 15], akylthiophosphoric [16], sulfogroups
[17,18], etc. At the same time, to establish the optimal parameters of the sorption of metal ions, it is
necessary to know the kinetic laws and the mechanism of the sorption process. In connection with the
above, the purpose of this study was to determine the kinetic characteristics of the sorption process of
copper (II) ions from aqueous solutions using a new sulfonic cation exchanger of the polycondensation

— f —




ISSN 2224-5286 Series chemistry and technology. 6. 2020

type, to establish the sorption mechanism, and also to compare the obtained parameters with the data for
the known cation exchanger used in industry.

Methods. In the study, we used two types of cation exchanger - industrial sulfonic cation exchanger
grade KU-2-8 (strongly acidic cation exchanger, copolymer of divinylbenzene and styrene, Anta LLC,
Russia) and sulfonic cation exchanger obtained by polycondensation of diphenyl oxide and furfural,
followed by sulfonation. The synthesis of the latter is described in [17], where the static exchange capacity
for copper was 2.4-3.2 mg-eq/g.

For the determine of the copper ions in the solution used photometric method.The method is based on
measuring the optical density (A) of a blue solution of copper (II) ammonia, obtained as a result of the
reaction:

Cu’" + 4NH,OH < [(Cu(NH;),]*" + 4H,0

and using the functional dependence of optical density on the concentration of Cu (II) ions according to
the Bouguer-Lambert-Beer law

I =TI.exp-(-e-ct),

where I, is the intensity of the incident light, ¢ - is the concentration of the absorbing substance (mol/l),
€ - is the molar absorption coefficient (1 / mol - cm).

A sample weighing 3.927 g of chemically pure copper sulfate CuSO, 5H,O was transferred into a
volumetric flask with a capacity of 1000 ml, dissolved, added 5 ml of concentrated sulfuric acid (density
1.84 g/em®) and brought up to the mark with water. 1 ml of this solution contains 1 mg of Cu®" ion.
5 standard solutions were prepared from standard solution 1. For this purpose, 20, 15, 10, 5, and 2.5 ml of
a standard copper salt solution were measured with a burette in five volumetric flasks with a capacity of
100 ml. To each of the flasks, 10 ml of diluted (1: 3) ammonia solution was added and the volume was
brought to the mark with distilled water. To plot a calibration graph, 10 ml of diluted (1: 3) ammonia was
transferred into a 100 ml volumetric flask, one drop of concentrated sulfuric acid was added and distilled
water was brought to the mark (zero solution). A solution with an average concentration was
photometrically measured in the wavelength range of 400-750 nm. We chose a light filter at which the
absorption maximum of the solution is observed - 670 nm. This light filter was used for further work [19].

Measurement of absorbance A was started with the solution having the highest copper concentration.
To do this, the solution from the flask was poured into a cuvette with a working width of 1 cm, the cuvette
was closed with a lid, and the absorption of the solution was measured with a yellow filter. Having
measured the absorption A of all solutions, a calibration graph was built.

Experiments to determine the kinetics of sorption were carried out at a temperature of 298 K, in a
time interval from 1 to 120 min, while the concentration of copper in the solution was 2 mmol / mg.

Results and its discussion. In order to identify the peculiarities of the kinetics of ion exchange in the
work, we compared the sorption of copper (II) ions from aqueous solutions by two types of polymer
sulfonic cation exchangers - industrial sulfonic cation exchanger based on divinylbenzene and styrene
(KU-2-8) and sulfonic cation exchanger, previously synthesized by the polycondensation reaction of
diphenyloxide and furfural followed by sulfonation (SKDF) [17]. Figure 1 shows the kinetic curves
representing the time dependences of the amount of sorbed copper ions from the solution.

The obtained dependences make it possible to conclude that the achievement of sorption equilibrium
on the SKDF cation exchanger occurs within 30 minutes, and on the KU-2-8 cation exchanger,
respectively, within 20 minutes. The difference in achieving equilibrium between SKDF and KU-2-8 is
small, which indicates the possibility of using the obtained cation exchanger for the extraction of copper
ions from wastewater solutions.

Further, the obtained kinetic curves were processed using the Boyd, Adamson and Myers equation
[20], which describes diffusion in a limited volume of solution:

1
F = QQ—; =1-6/n? Zﬁexp(—Bt -n?),
where F is the degree of ion exchange; Q. and Q,, are the amount of sorbed ion at time t (sampling time)

. . s . pm?t . . .
and at the time of reaching equilibrium, respectively; Bt = ~ " _ dimensionless parameter or Fourier

r2Bt
homochronism criterion; D is the diffusion coefficient (cm/g); 7 - is the radius of the ion exchanger grain, cm.
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Figure 1 - Kinetic curves of sorption of copper (II) ions from aqueous solutions by industrial sulfonic cation exchanger KU-2-8
(curve 7) and sulfonic cation exchanger based on a copolymer of diphenyl oxide and furfural SKDF (curve 2)

The value of F was determined experimentally and a graph of the dependence of the degree of
exchange of ions F on ¢ was plotted (figure 2). Then, using the table of dependence of F on Bt [21], the
value of Bt was found for the corresponding values of F and ¢, and then the diffusion coefficient was
calculated according to the method described in the literature [22].

Bt

05

1,103

t, minutes

0 400 800 1200 1600 2000 o 500 1000 1500 2000
Figure 2- Dependenge of the degreg Figure 3 - Dependence of the kinetic coefficient
of ion exchange F on time for sulfonic of sorption Bt on time for sulfonic
cation exchangers KU-2-8 (1) and SKDF (2) cation exchangers KU-2-8 (1) and SKDF (2)

In figures 2 and 3 the time dependences of the kinetic parameters F and Bt is shown. As can be seen,
in the case of the dependence of the function F' on time # (figure 2) at small values of F from 0 to 0.15, the
obtained dependences are linear, which indicates the internal diffusion character of the kinetics. The
dependences of the parameter Bt (kinetic coefficient of sorption) on time ¢ (figure 3) are linear, which
suggests a "gel" type of kinetics. In figure 4 shows the kinetic curves of the dependence — In (1 — F) = f'(t).

As can be seen from figure 4, only in the initial sections of the dependence is the linear character of
the function — In (1 — F) = f (t) observed. At the next time intervals, the kinetic curves do not meet the
criteria of a pure "external diffusion" mechanism. This indicates that, at the initial stage, the sorption
process on the indicated cation exchangers proceeds according to the external diffusion mechanism, and
over time the influence of the external diffusion factor decreases, and the internal diffusion factor, on the
contrary, increases. This means that the process as a whole proceeds in a mixed diffusion mode, i.e.
controlled by diffusion in the solution film and diffusion in the grain of the cation exchanger [23].
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Figure 4 - Dependence —In (1 — F) = f (t) for the sorption of copper (II) ions by sulfonic cation exchangers
KU-2-8 (1) and SKDF (2)

Assigning the kinetic curves to one of the kinetic types makes it possible to calculate the effective
diffusion coefficients from the experimental curves, which are kinetic coefficients that take into account
both the diffusion features of the transport of molecules in the sorption system and the parallel processes

of swelling of the ion-exchange agent, protolysis, and sorbate solvation [24]. Thus, the diffusion
coefficients can be calculated using the following formula:

_ Bt1¢
2t

where D - is the diffusion coefficient, cm*/s; t - is the contact time of the solution with the ion exchanger;
r - is the radius of an ion exchanger grain in a swollen state, cm.
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Figure 5 - Dependence of logQ on time Figure 6 - IR spectra of SKDF sulfonic cation exchanger
of SKDF sulfonic cation exchanger before (/) and after (2) sorption of copper (II) ions

Stages 1, 5 and 2, 4 are different in the direction, but not in the nature of the movement of ions.
Therefore, we can restrict ourselves to considering only the first three stages. In this case, the third stage
proceeds instantly in systems not complicated by side processes, including complexation with ionogenic
groups [25]. Sorption kinetics expresses the rate of absorption of copper ions on the sorbent, as well as the
time of equilibrium regulation of the rate. Kinetic data were processed using kinetic equations of various
orders. Representing the equations for the concentration of the reagent at different times, the values of the
rate constant are calculated, which make it possible to reveal the contribution of the chemical interaction
stage to the sorption process [26]. Dependences of the processed kinetic data showing the second order in
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linearized coordinates according to the equation 1/C=kt +1/Cy, showing a high determination value
R?=10.9628 is shown in Fig. 5. The IR spectrum of sulfonic cation exchanger before and after adsorption
is shown in Figure 6.The IR spectrum of the sulfonic cation exchanger is characterized by the presence of
intense absorption bands in the range of 3000-3600 cM™' (Vimax=3406 cm™), 1500-1700 cM™' (Vimax=1599 cm™)
1 950-1250 e (Vima=1031, 1103, 1173 cm™). In addition, in the “fingerprint” region, absorption bands
are found due to bending vibrations (out-of-plane vibrations) of aromatic fragments [27] with less (at 792,
686, 615 cm™) and medium intensity (at 920, 539, and 472 cm™). According to the literature data [28, 29],
the absorption band at vy, = 3406 “™' can be attributed to the stretching vibrations of the OH group of
sulfonic acid. A relatively broad absorption band with a maximum vy, = 1599 cm’ is due to in-plane
vibrations of aromatic fragments. The characteristic bands of O=S=0 groups, caused by symmetric and
asymmetric vibrations, usually lie in the range of 1010-1080 and 1150-1260 cm™, respectively [30]. On
this basis, the absorption bands at 1031 and 1173 “™' can be attributed to symmetric and asymmetric
vibrations of O=S=0 groups. Difficult to assign is the absorption band at 1103 c¢m™ in the initial cation
exchanger. Since, the cation exchanger contains C-O-C groups of furan and diphenyl oxide, which can
give absorption bands at a given frequency [31]. The high sensitivity of this band to the formation of the
SO;- anion makes it possible to assign this band to the C-O-C group of diphenyl oxide, which undergoes a
high-frequency shift by 20 cm™ after absorption. After sorption, the relative intensity of the absorption
band at 1031 cm™ decreases significantly, the position does not change. The absorption band of sulfonic
cation exchanger at 1173 cm™, caused by asymmetric vibrations of O=S=0 groups, undergoes a high-
frequency shift (Vmay = 1227 cm™) after sorption. This band of naphthalene-2-sulfonic acid [29] is found at
1189 cm™ and after (sorption of the copper ion) the formation of the SOs-anion is shifted to the high-
frequency region - 1224 cm™. Similar absorption bands are observed in complexes with the participation
of copper (II) ion, cobalt (II) and other metals and aromatic sulfonic acid [32]. In these complexes, the
tetraaqua cation [Me (OH,),]*" is formed, coordinating with two anions - SO;™. A wide absorption band in
the region of 3000-3600 cm™ with a maximum at 3431 cm™, an absorption band in the region of double
bonds (in the form of a shoulder at~1700 cm™), and broad low-intensity absorption bands in the region of
450-900 cm™'. The table lists some parameters that determine the nature of the kinetics of the sorption of
copper (II) ions on the used sulfonic cation exchangers [33,34].

Table - Elementary unit structure and kinetic parameters of cation exchangers

Cation Kinetic parameters *
exchanger . 5 >
type Elementary link R D-10 k
31.69 0.0370
SKDF @0 o 31.69 0.0211
0.9978 28.17 0.0298
CH— 27.46 0.0064
i 21.834 0.0037
[¢]
— 12.67 0.0317
KV-2-8 —CH,—CH—CH,—CH— 10.56 0.0220
0.9994 9.50 0.0628
84.52 0.0096
84.52 0.0022
OH —CH—CH,—

Note: * R%-values of the coefficient of determination; D - 10” diffusion coefficient (cm? / s); k - second-order sorption rate
constant, respectively, g / mmol / min.

Conclusion. Thus, the results of studying the kinetics of sorption of copper (II) ions from aqueous
solutions by sulfonic cation exchangers of two types under static conditions, as well as the performed
mathematical processing of the kinetic curves, made it possible to establish that the sorption mechanism is
of a mixed nature and is determined by the total effect of diffusion and chemical reaction.

The results obtained allow us to conclude that the small difference in reaching equilibrium between
the SKDF sulfonic cation exchanger obtained by us and on the KU-2-8 cation exchanger indicates the
possibility of using the cation exchanger for the extraction of copper ions from wastewater solutions in

— 10 =—
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certain working time intervals. The peculiarities of the study are represented by the "gel" type of kinetics.
The graph constructed according to the experimental data for the obtained sulfonic cation exchanger
turned out to be rectilinear to the coordinates logQ = f (t) shows the second order of kinetics determining
the process of ion exchange inside the grain of the ion exchanger.

Acknowledgments. This work was carried out within the framework of the project of the Republic of
Uzbekistan PZ-20170927346 Development of technology of ion-exchange polymers of polycondensation
type for wastewater treatment.
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CYJIb®OKATUOHUTIIEH MBIC (II) HOHJAPBIH
COPBIIMAJIAY KHHETUKACBI ’KOHE MEXAHUWU3MI

Annoranusi. CopOuusi KHHETHUKACHIH 3ePTTEy MPaKTUKAIBIK KBI3BIFYIIBUIBIK TYABIPAIbl, OUTKEHI ToXipuoOe
OapBICHIHIA OIIICHETIH COPOIHS KBUIIaMIBIFBl COPOIUSAHBI JKYPTi3y YIIIH MBIHAIai MIapTTapasl — COPOCHT TYPIH,
copOeHT TYHIPUIIKTEPiHIH MOIIIepiH, TeMIepaTypaliblK >Karaail jkoHe Oacka MapaMeTpiiepi TaHaay Topi3i
MIPAKTHUKAJIBIK MOCEIeNIep i MenTy e YIKeH pen atkapaabl. CopOIis KWHETHKACHIH aHBIKTay OOWBIHIIA TOXipudenep
298 K temmeparypama 1-120 MHHYT yakpIT apanbIFbIHIA >KYPTi3iUledi, epiTiHAigeri MBIC KOHIEHTPAIHSICHI
2 mmous/Mr Oonaznbl. Monutrep ¢aszaceinaarbl Mbic (II) HOHAAPHIHBIH KaTHOHAAPMEH COPOLMSCHIH 3epTTEy YIIiH
Keneciieil PU3MKO-XUMHSIIBIK Tanjay dicTepi KoJIaHbuia bl. EKITHNTI KATHOHANTTED apKbUIbl MBIC MOHIAPBIHBIH
copOlMs KUHETHKAChIH 3€pPTTEy VIINIH HICKTEYyJi KeyieM ojici Koymaneuiaabl. Cammarbl 1 T 3epTTeneTiH cOpOeHT
chIHaMa-JIapbIHbIH emueHreH Oenikrepine 0,1 r/mm3 koHumentpanmsicel 6ap 100 nm3 CuSO4* 5SH,O epitinainepi
KyUbUTapl, KOJOamapabl Ke3eHiMeH mradkam, 1-120 MuHyTKa HOeliH cakTainel. BenriieHreH yakpITTaH KeHiH
epITiHAIHI TeKaHTHPIEHAl )KOHEe MBIC MOHAAPBIHBIH KaJIbIK MOJIIEPi aHBIKTaIalbl. KHHETHKAIBIK KUCHIKTAp «A —t»
KOOpAH-HATTapbIHIA KYPBUTAJbl, MYHIA A — TaHIAIFaH YaKbIT apalbiFbHIa OalfKanaTelH agcopouus, Mr / T, t — gasa
apachIHIAFEl OaiiIaHBIC Y3aKTHIFEL. AJIBIHFAH MOIIMETTepi MareMaTukaiblk eHaey Origin Lab Pro 6armapmamacet
apkpuibl Jky3ere aceipbuiaibl. MK cnexrpiepi Ilepkun-Onmep (AKI) ¢upmaceiabin System-2000 UK- ®ypee
crieKTpoMeTpinae HelFbI3Aanran KBr TyHipimikrepi TypiHae aHbIKTaIaabl.

AngpiH ana OoJKaraHBIMBI3JAH, CyIb(OKATHOHUTIIEH MBIC HMOHAAPHIHBIH COpPOLMSIIaHY KHHETHKAchl HOH
ayMacy peakLMsICBIHBIH JKbUIIAM/bIFBIMEH aHbIKTa 3 bl. VIOH anMacy mporeciHiH JKaIlbl )KbUIIAM/IBIFbl epiTiHIIIe
KYPETiH (IoHTe Kapchl MOH )KOHE MOHHUTTEp JoHIHEH AM((Y3HsCH) kKOHE MOHUTTE (MOHMT JIOHIHIH OpTaJbIFbIHA
KOFaprbl OeTiHeH Kapchl MOHAAp AUGQY3UsICHl KoOHE Kapama-Kapchl OarbiTTa; €pITIHAIIEH Kapchl MOHIapMEH
MOHUTTE Kapchl MOHIAPBIHBIH alMacybl) MPOLECTEPAiH XHUBIHTBIFBI PETiHAE YCHIHBUIAABL. MOH anMacy mporeci
KYpAei, KelcaTbUlbl, TeTepOreH Il KaTThl-CYHBIK JKyHene kypeni. OceiraH OailaHBICTBI MOH ajMacy KMHETHKACHI
TeTepOreH/Ii peaKuusuIapbIH >KaJllbl TEOPHUSCH TYPFBICHIHAH KapacThIpbUIa/bl. by Teopusra coiikec, HOH ainMacy
mpoIieci KaTThl (a3aga KYPETiH XUMHSIIBIK 63TrepicTepMeH FaHa eMec, 3aT MaccachHbIH Oip (azaman exiHmi (azara
OTy TMpOIeCcTepi, PEaKTHB IIBIFBIHBIH TONTHIPY JKOHE pEaKnus OHIMIEPiH KO HeTi3iHAe cumarramanbl. MbIc
HOHJapHl d-dIeMeHTTep JKOHE KHCHIK CYTeKTi OaimaHeicTapMeH cynb(o TOOBI OaiimaHBICKAaH TYpIi KyphUIBIMIAp
KEeIIeHiH Kypaiapl, Oy cyap(o TOOBIHBIH OTTET1 aTOMIaphl dCepiHiH HOTIKECI OOJIBIN CaHATa b

OHIPICTIK KaTHOHUTTEPMEH CAaJBICTBIPFaH/Ia CHHTE3IENTeH CYIb(OKATHOHUT VIIIH OPHATBUIFAH MEXaHW3MI
MeEH aJBIHFaH KHHETUKAJIBIK CHITaTTaMaIaphl KepceTkeH eH, oipinmicinig Cu2 + HOHIAphIH aTyAbIH TEXHOIOTHSITBIK,
npoueCTepiHue, COHBIMEH KaTap OHBbI aybIp METAJJI HOHAAPbIHAH afbIHABI CYJbl Ta3apTy TEXHOJOTHUACHIHAA KOJIAaHY
MYMKiH/ITiHIH Oojamiarsl 6ap.

Kecreneri mamiMeTTepae KepceTireniei, copOusHblH OacTankel KeseHiHae TuGQy3ustHbIH THIMII Kodahdu-
LMEHTIHIH MOHI apTajbl, OJ1aH KeiiH TOMEH/IeY HEeTi31He TYPaKThl MOHTe XKybIKTalabl. Anddysus koaddunuenTinig
JKOFapbUlaybl COPOLMSIHBIH OacTanKbl CAaTBICBIHIA MOHHUT O6JIIeKTepiHiH (KaTHOHWTTIH OacTamnkpl YiTiCi Kyprak
Kyiine Oomazpl) iciHyi OapBICBIHIA KYpIelieHe TYCETiH CHIATHIH TyciHAipeai. MOHUTTIH iCiHYy YyaKBITHI, Ke3eKTeri
mupdy3us KodOUIHEHTIHIH ocyi TOKIpHOETIK jKaFnail, HOHUTTIH COpOIUsIIaHFaH MOHIAPBIHBIH TaOWFATHI, ©3apa
OaifmaHpICy Hopekeci koHe Oacka dakTopiapMeH aHbIKTanansl. Ocel cyiabdokarnonutrepae H + — Cu2 + nonnmapst
aJIMacKaH >KaF[aiia MOH aIMacyIblH Y3aKThIFbl 30 MUHYTTBI KYpanbl.

AnbiHFaH CyJIb(DOKATHOHUTTIH ToKIpHOeNniKk MomimerTepi OoiibiHIIA KypbuiraH rpaduk, logQ = f (1)
KOOpAWHATTAPBIH/IA TY3Y CHI3BIFBI HOHUT JIOHIHIH IIHAETI HOH aIMacy MPOIECiH aHBIKTANTHIH KMHETHKAHBIH eKiHIIT
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perrinirin kepcereni. MK-cmekTpiik jxoHe omeOueTTep MOIIMETTEpiHE HETI3HENTeH HOTWXKeNepae, CyIbpoka-
. . o 2+ 3 s
tnonuTieH MbIc (II) mOHDApBIHEIH TeTpaakBa KemleHi TypiHae Oaitmansicysl — [Cu (OH2) 4] © 7 « 2SO Gaiikanaasl.
Ocplaiimna, CTaTHKANBIK JKaFqaiaa eKi TYpaeri Cyab(pOKaTHOHUTTIH Cyibl epitinainepaeH Mmeic (II) normape
copOLMsIaHy KHHETUKAChIH 3€PTTeYy HOTIIKEJepl, COHbIMEH KaTap KHHETHKAJIBIK KHCHIKTApIbl MaTEeMaTHKAaJbIK
OHJICY aHBIKTaFraH/ail, COpOLMS MEXaHM3MI apajac cunarka ue xoHe Tuddy3us MEH XUMUSITBIK PEAKIMSIHBIH Kb
ocepi apKbUTBI aHBIKTayFa MYMKIiHIK Oepeni.
Tyiiin ce3nep: xunernka, copouusi, msic (I1) nonmapsel, poromerpus, quddy3us, MexaHU3M.
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KHUHETUKA U MEXAHW3M COPBIIMU UOHOB MEJU(I) CYJb®OKATHOHUTOM

AnHoTanus.VccrnenoBanue KHHETUKH COPOLUHM TPEACTaBISIET MPAKTHIECKUHA WHTEpeC, TaK KaK CKOPOCTb
copOuuu, u3mepsieMasl B X0J1e SKCIIEpUMEHTA, UTPAET TJIaBHYIO POJIb ITPU PELICHHH TaKUX MPAaKTHYECKUX 3ajad, KaK
BBIOOP YCJIOBHH NpOBEIECHUS COpOLMM THra copOeHTa, pa3Mepa IpaHyjl COpOCHTa, TEMIEPaTYPHBIX YCIOBHH WU
JIPYTHX TapaMeTpoB. DKCIIEPUMEHTHI 110 ONPEAEICHIIO KHHETUKU COPOLIMH OCYIIECTBIISIN ITpH TeMneparype 298 K,
BO BpeMEHHOM HHTepBaJie oT 1 1o 120 MUH, TpH 3TOM KOHIEHTPALMS MEIH B PaCTBOPE COCTABIsUIa 2 MMOJBL/MT. Jist
uccnenoBanuss copbumn uoHoB Meau(ll) kaTmonamu B (aze HMOHMTOB HCIONIB30BAIM crlexyomue (usnko-
XUMHYECKHE METOBI aHaNN3a. [t H3y4eHns] KHHETUKH COPOIMY MOHOB MEJH C IIOMOIIIBI0 KATHOHUTOB JIBYX THIIOB
WCTIOJNB30BaJ METOJl OTpaHWYeHHOro oObeMa. K HaBeckam mccieqyeMBIX oOpasmoB copOeHTa maccod 1 T
npuusani o 100 am° pactBopos CuSO, 5H,0 ¢ konmentparmeit 0.1 /1M’ ¥ OCTABIIAIN B TEUCHHE BPEMEHHU OT 1
no 120 MuH, epUOAMYECKH BCTpsiXxuBas KOJIObL Ilo WicTedeHWW 3aJaHHOTO BPEMEHH PACTBOP IEKAHTHPOBAIH H
OTIpeNIeIsUTH B HEM OCTaTOYHOE COZIep)KaHHe MOHOB Mean. KimHeTndeckne KpuBbIe CTPOMIIA B KOOPAMHATAX «A —t»,
rae A — agcopOrusi, HaOmogaeMasi B BRIOPaHHBIM BPEMEHHOM MPOMEXYTOK, MI/T, t — IPOJOIDKUTEITFHOCTh KOHTaKTa
(a3. MaremaTnyeckyro 00pabOTKy IOJIyYEHHBIX JIAHHBIX NpoBoxwid B nporpamme Origin Lab Pro. MK-cnekrpsr
obutn cusatel Ha MK-®Dypre cnektpomerpe System-2000 ¢upmsbr Tlepkun-Onemep (CILIA) B BHIe mpeccoBaHHBIX
Tabnetok ¢ KBr.

[Ipeanonaranock, 4To KHHETHKA COPOLIMKM HOHOB MU CYJIb(OKATHOHUTOM JIOJDKHA ONPEAENIATHCS CKOPOCTHIO
NPOTEKaHHUs1 HOHOOOMEHHOH peakiuu. OOIas cKopocTh Ipoliecca HOHHOTO 00MEHa MOXKET OBITh IIPE/ICTAaBICHA KaK
COBOKYITHOCTH ITPOIIECCOB, MPOUCXOSIIUX B pacTBope (AudQy3usi NPOTHBOMOHOB K 3€pHY U OT 3epHa HOHHTA) U B
nonute (mudQy3us MPOTUBOUOHOB OT MOBEPXHOCTH K IICHTPY 3€pHA MOHHWTA U B 0OpaTHOM HAaIpaBICHUU; OOMEH
MPOTHBOMOHOB HOHHWTA Ha NPOTHBOMOHBI M3 pacTBopa). IIpomecc mOHHOTO OOMEHa SIBISETCSA CIIOKHBIM,
MHOTOCTaIUHHBIM, ITPOTEKAIOIINM B TETEPOTCHHOW CHCTEME TBEPAOE TENO — JKUIAKOCTh. B CBS3H ¢ 3TUM KHHETHUKY
HOHHOTO OOMEHa CleqyeT pacCMaTpHBaTh C IMO3MIMN OOIIEH TEOpHUH TeTepOreHHBIX peaknuidi. CormacHo 3TOH
TEOPUH TMPOIECC HMOHHOTO OOMEHa MJOIDKeH XapaKTepHu30BaTbCd HE TOIBKO XHMHUYECKHM  IIPEBpAILCHHEM,
NPOTEKAIOIIUM B TBepAoi (aze, HO M TIpoleccaMH IEpeHOca MacChl BEIIeCTBa U3 OAHOW (a3pl B APYIyro, IUIs
BOCIIOJIHEHHA pacxoda pCarcHTOB W YAaJICHUA HNPOAYKTOB PCAKIHU. Honnl MEOU SABJISICTCA d-SJ'leMeHTaMl/I n
00pa3yroT KOMIUIEKCHI Pa3JIMYHOTO CTPOEHUsI, CBSI3aHHBIE C CYJb(OrPYINOH HCKPUBIEHHBIMH BOJIOPOIHBIMU
CBSI3aMH, YTO SBJISIETCS PE3YJIBTATOM BIIMSIHUSL aTOMOB KHCIIOPO/Ia CyJIb(OTPYIIL.

YCTaHOBJIEHHBIH MEXaHH3M M IIOJlydeHHblE KHHETHYECKHE XapaKTepPUCTUKH JUIsl CHHTE3MPOBAHHOTO
Cyib(OKaTHOHHTA TI0 CPABHEHHIO C TIPOMBIIIIEHHBIM KATHOHUTOM YKa3bIBalOT Ha MEPCIIEKTHBHOCTh HCIOIb30BaHUS
IEPBOTO B TEXHOJNOIMYECKHX Mpoleccax m3iedeHus noHoB Cu’’, a Takke BO3MOXKHOCTh €ro MPHMEHEHHS B
TEXHOJIOTHH OYHCTKU CTOYHBIX BOJ OT MOHOB TSDKEIIBIX METAJLIOB.

W3 maHHBIX TaONHIBI BUAHO, 4TO 3HaueHHs 3(dextuBHOrO Koddduimenra quddy3nn B HaYaIBHBINA IIEPHOJ
copOLKy BO3pacTaioT, 3aTeM, CHUKAsCh, MPUOIIKAIOTCS K MOCTOSIHHON Benuuune. Poct koaddunpenta nuddysun,
MO-BHIUMOMY, OOBSICHAETCS TEM, YTO Ha HA4YalbHOHM CTaJWU COPOLMsS OCIOXHSETCs HaOyXaHHWEM 4YacTHI] MOHHTA
(mcxomHast HaBeCKa KaTHOHMTA OblJIa B CYyXOM COCTOSHMH). Bpems HaOyxaHWs HOHHWTA, a, CIEJOBATEIFHO, POCT
koapdunuenta aupdHy3ur ONpeneNseTcss yCAOBUIMHU OIbITA, MPUPOIOH COPOUPYEMBIX HMOHOB HOHHTA, CTCIICHU
CIIMBKM M ApyruMH (aktopamu. B cmydae obmena wuonop H' — Cu”" Ha jaHHBIX Cynb(hoKaTHOHUTAX
MIPOJIOSKUTENBHOCTh MOHHOTO 00MeHa cocrasiisieT 30 MUH.

I'paduk, MOCTPOCHHBIH 110 ONBITHBIM JTAHHBIM JIJISI ITOJTYYEHHOTO CYJIb()OKaTHOHHTA, OKa3aJICs MPSIMOIMHEHHBIM
K koopauHatam logQ = f(1), mokaspiBaeT BTOPOro MOpsIKa KUHETHKH, OOYCJIOBIMBAIOIIMM IIPOLIECC WOHHOTO
oOMeHa BHYTpH 3epHa nMoHHUTa. Pesynbrarsl Ha ocHoBaHume VK CreKTpasIbHBIX M JMTEpaTypHBIX JAHHBIX MOKHO
TIPENONOKUTE CBsi3biBaHHe HOHOB Meau(Il) CyIb(OKATHOHHTOM B BUE TeTpaaksa kommekca — [Cu(OH,),]* 2805,
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Takum 00pa3oM, pe3ynabTaThl HCCIEAOBaHHUA KWHETHKH copOumu noHoB Menu(ll) m3 BOOHBIX pacTBOpOB
CyJb(hOKATHOHUTAMH JBYX THIIOB B CTATHYECKUX YCIOBHUSX, a TAKXKe MPOBEICHHAs MaTeMaThdeckas oOpaboTka
KUHETUYECKMX KPHUBBIX, MO3BOJHMIN YCTAHOBHTh, YTO MEXaHWU3M COpPOLUM HOCUT CMEIIaHHBI XapakTep u
onpenaessieTcss cyMMapHbeM 3 dexrom qudPpy3un # XUMHICCKON PEaKIUH.

KiroueBble ciioBa: KHHETHKA, copOtwst, noHbl Mmenu(1l), poromerpus, muddysus, MeXaHH3M.
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