High molecular weight compounds

NEWS
OF THE NATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN

SERIES CHEMISTRY AND TECHNOLOGY
ISSN 2224-5286 https://doi.org/10.32014/2020.2518-1491.92
Volume 6, Number 444 (2020), 6 — 14

UDC 661.182.547.721

Z. Sh. Nazirov', S. M. Turabdzhanov', B. Sh. Kedelbaev?,
T. V. Drabkova', A. G. Eshimbetov’, L. S. Rakhimova'

'Tashkent State Technical University named after Islam Karimov, Tashkent, Uzbekistan;
2M. Auezov South Kazakhstan State University, Shymkent, Kazakhstan;
*Institute of bioorganic chemistry of AS, Tashkent, Uzbekistan.

E-mail: nazirov_zulkaynar@mail.ru, tur sad@inbox.ru, kedelbaevi@yandex.kz,
tatyanall1183(@mail.ru, ealisherg@yahoo.com, latofat.2011@mail.ru

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.
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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
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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,),J** + 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=TLexp(-ect),

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

A sample weighing 3.927 g of chemically pure copper sulfate CuSO, 5H,0 was transferred into a
volumetric flask with a capacity of 1000 ml, dissolved, added 5 ml of concentrated sulfuric acid (density
1.84 g/cm’) 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:

F= g—t =1-6/n? E%exp(—Bt n?),

oo

where F is the degree of ion exchange; Q, and Q,, are the amount of sorbed ion at time t (sampling time)
2

and at the time of reaching equilibrium, respectively; Bt = [r);TB;

homochronism criterion; D is the diffusion coefficient (cm?/g); # - is the radius of the ion exchanger grain, cm.
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linearized coordinates according to the equation 1/C=kt +1/C, showing a high determination value
R2=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 M (Viax=3406 cm™), 1500-1700 cM™ (Vimax=1599 cm™)
1 950-1250 cM™ (Vme=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 v, = 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 lic 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 0=S=0 groups. Difficult to assign is the absorption band at 1103 cm™ 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 (I) 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 *
excgi)léger Flementary link R? D-10° k
31.69 0.0370
SKDF @O so 31.69 0.0211
0.9978 28.17 0.0298
CH— 2746 0.0064
21.834 0.0037
O
12.67 0.0317
KVy-2-8 —CH,—CH—CH,—CH— 10.56 0.0220
0.9994 9.50 0.0628
84.52 0.0096
84.52 0.0022
OsH  —CH—CHy,—

Note: * R’-values of the coefficient of determination; D - 107 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
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perrimirin kepceremi. UK-cmekTprmik koHE oacOHETTCP MOTIMCTTEPIHC HCTI3ACATCH HOTIDKCICPAC, CYIb(OKa-
tronuTICH MbIC (I1) HOHIAPBIHBIH TETPAAKBA KEIICH] TYpinAe Oaitmansicyst — [Cu (OH2) 4] > « 2SO GaiikanamsL.
OcpLnaiima, CTaTUKAJIBIK YKaFmakaa exi Typaeri cyab(OKaTHOHHUTTIH CyJIbl epitiaainepaeH Mbic (I11) noHmapsH
COpOIMSTIAHY KHHECTHKACHIH 3EPTTCY HOTIDKEICPI, COHBIMEH KATAp KHHETHKAJBIK KUCHIKTAPIbI MATEMATHKAIBIK
OHZICY aHBIKTaFaHAAH, COPOLMI MEXaHM3MI apasac CHMATKA He koHe AU((y3HI MCH XUMISIIBIK PEAKIFSTHBIH YKaJIIThI
acepl apKbLIBI AaHBIKTAYFa MYMKIHIIK Oepei.
Tyiiin ce3aep: xuHeTHKa, copduwst, Mbic (II) mormapsl, potomerpms, Tudy3msa, MEXaHI3M.
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KHHETHKA U MEXAHUW3M COPBIIMHU NOHOB MEJHU(I) CYJIb®OKATHOHUTOM

Annortamus.MccnenoBanne KUHETHKH COPOLMH MPEACTABISIET NMPAKTHYECKHH HHTEPEC, TaK KaK CKOPOCTH
copOruy, U3MepsieMasi B X01€ IKCIICPUMEHTA, UTPACT TIABHYIO POJIb IPH PEIICHHH TAKHX MPAKTHUCCKUX 33734, KaK
BBIOOP VCJIOBHH NPOBEICHUS COPOIMM THmA COpPOEHTAa, pa3Mepa TPaHyld COPOCHTA, TEMIIEPATYPHBIX YCIOBHH H
JPYTHX MApaMETPOB. DKCIICPUMEHTHI IO OMPEACICHHIO KHHCTHKH COPOIHA OCYINECTBIBLIA MpH TeMIeparype 298 K,
BO BPCMCHHOM HHTEpBasC OT 1 A0 120 MHH, TPH 3TOM KOHICHTPALMI MCAH B PACTBOPS COCTABIIALIA 2 MMOJIB/MT. JI7isa
uccienosanus copOumn moHoB Memu(ll) karmoHamMu B (pase HOHHUTOB HCMOJB30BANH CICAYIOIMHC (PH3HKO-
XHMHYCCKHE METObI aHAMK3a. I H3YUCHUS KMHETHKA COPOINH HOHOB MEIH C TIOMOIIBIO KATHOHUTOB IBYX THIIOB
HCTIOJIb30BATM METOJX OTpaHW4YcHHOTO o0Bema. K HaBeckam mccriemyeMbIx o0pasmos copbeHra maccod 1 r
npunusanu mo 100 v pacteopos CuSO, 5H,O ¢ xoruenTparmeit 0.1 T/IM° # OCTABISIA B TCUCHHE BPEMEHH OT 1
m0 120 MuH, ICPHOAMYCCKH BCTPAXUBAA KOJOBL [10 MCTCUCHHH 3aJaHHOTO BPCMCHH PACTBOP ACKAHTHPOBATH H
OTIPEACISUTM B HEM OCTATOYHOE COJACPKAHUC MOHOB MeaH. KHHETHUECKHE KPUBBIC CTPOMIN B KOOPIUHATAX KA —b»,
rae A — ancopOums, HabmoKaeMas B BRIOPAHHBIN BPEMEHHON IPOMESKYTOK, MI/T, t — MPONOIKUTEIBHOCTh KOHTAKTA
(a3. MaTemarnueckyro 0OpadOTKY MOJIYUCHHBIX JAHHBIX MPOBOIWIH B mporpamme Origin Lab Pro. MK-cnekrpst
6sun cHarel Ha UK-Dypee cnexkrpomerpe System-2000 ¢upmer [lepxkun-Omemep (CIIIA) B BHAEC MPecCOBAHHBIX
tabnerok ¢ KBr.

[Tpeamonaraxock, YT0 KHHETHUKA COPOLMA HOHOB MEAH CYJIH(OKATHOHUTOM JOJDKHA OTPEICIATHCS CKOPOCTHIO
MPOTCKAHNA HOHOOOMCHHOH peakipn. O0mas CKOPOCTh MPOIECCCa HOHHOTO 0OMEHA MOKET OBITh MIPSACTABICHA KAK
COBOKYITHOCTH ITPOIIECCOB, MPOUCXOIAIMMIX B pacTBope (au(y3usi MPOTHBOMOHOB K 3CPHY W OT 3¢pHA HOHHTA) U B
nouuTe (IU(pQPy3usi TPOTHBOMOHOB OT MOBEPXHOCTH K LIEHTPY 3E€PHA HOHHTA M B OOPATHOM HAMPABICHHH, OOMEH
MPOTHBOMOHOB HOHHWTA HA IPOTHBOMOHBI M3 pacTteopa). IIpomecc HOHHOTO OOMEHA SBILIETCS CIIOMKHBIM,
MHOTOCTaIUHHBIM, TIPOTCKAIOIINM B T€TCPOTCHHOH CHCTEME TBEPAOE TEIO — JKUIKOCTh. B CBS3H C 3THM KHHETHKY
HOHHOTO OOMCHA CJICAYCT PacCMATPHBATH C MO3HIMH OOMICH TCOPHH TCTCPOTCHHBIX peakimit. CormacHo 310
TCOPHH TIPOIIECC HMOHHOTO OOMEHA [JOJDKCH XapaKTCPU30BATHCA HE TOJNBKO XHMHYCCKHM IPEBPAILCHHEM,
MPOTEKAOINUM B TBEpAOH (paze, HO W mMpomeccaMu NEPEHOCA MACCHI BEIIECTBA M3 OAHOW (Da3sl B APYTIYIO, LA
BOCIIOJTHCHHSI PAcXoJa PEarcHTOB W VAAJCHHS NPOAYKTOB peakumu. MOHBI Meam SBISETCS d-3NMEMEHTAMH H
00pa3yroT KOMIUIEKCHI PA3IMYHOTO CTPOCHHS, CBSI3aHHBIC C CYJIb(OTPYNIONH HCKPUBICHHBIMH BOJOPOIHBIMHA
CBSI3aMH, YTO SBILICTCS PE3YJIBTATOM BJIMSHHUS AaTOMOB KHCIOPOAA CYJIb(OTPYIIIL

VYCTaHOBNCHHBI MEXAaHH3M M IIOJYUCHHBIC KHHCTHUCCKHE XapPAaKTEPUCTHKH M1 CHHTC3HPOBAHHOTO
CyIb()OKATHOHAUTA IO CPABHEHHIO C IIPOMBINIICHHBIM KATHOHATOM YKA3bIBAIOT HA MEPCIEKTHBHOCTh HCIOIb30BAHMS
IEPBOrO B TEXHOIOTHUECCKHX TPONECCAX M3BJICYeHHsS HOHOB Cu’’, a Takke BO3MOYKHOCTh €ro MPHMCHEHHS B
TEXHOJIOTHH OYUCTKU CTOUHBIX BOJ OT HOHOB TSKEJIBIX MECTAIITIOB.

W3 maHHBIX TaOiumIpl BUIHO, 4TO 3HAUCHUS d(dexTuBHoro roxdpdunumenra muddysnu B HAUATLHBIH MEPHOT
COpOIMH BO3PACTAIOT, 3aTEM, CHIDKASICH, MPUOIIDKAIOTCS K MOCTOSIHHON BesmuuHe. Poct koaddunuenra quddysum,
TO-BUIUMOMY, OOBACHACTCA TEM, YTO HA HAYAIBHOM CTAJHMU COPOLMA OCIOXKHACTCS HAOYXaHWEM HACTHI[ MOHHTA
(ucxogHA1 HABECKA KAaTHOHMTA ObUIA B CYXOM COCTOSHHHM). Bpems HaOyXaHWS WOHHWTA, 4, CICAOBATEIHHO, POCT
ko3¢ ¢ummenra mudHy3uH ONPEACIICTCS YCIOBHAMH ONBITA, MPHPOJOH COPOHMPYCMBIX HOHOB HOHHTA, CTCIICHH
CUIMBKM W JpyruMH (paktopamu. B cimyuae ob6mena momoB H'— Cu®" Ha JaHHBIX Cy/Ib()OKATHOHHTAX
MPOACLKATCIPHOCTh HOHHOTO O0OMCHA COCTABICT 30 MUH.

I'paduk, NOCTPOCHHDIH O ONBITHBIM JAHHBIM I TIOJYUCHHOTO CYJIb()OKATHOHUTA, OKA3AJICH MPSIMOIHHCHHBIM
K koopmumHaTaMm logQ = f(T), MOKA3BIBACT BTOPOTO MOPAAKA KHHCTHKH, OOYCIOBIMBAKOIIUM IPOLCCC HOHHOTO
oOMEHA BHYTPH 3¢pHA HOHHWTA. Pe3ymbrarsl HA ocHOBaHWe WK CHEKTPANBHBIX M JHTEPATYPHBIX JAHHBIX MOKHO
TPEANOI0KUTD CBsi3biBaHHE HOHOB Meau(IT) CyIb(hOKATHOHHTOM B BHAC TeTpaaksa komiiekca — [Cu(OH,),)* 2805,










