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AHHoTanus. B cTaTbe BIepBBIC JaHa TeOpeTHYECKas HHTEPIPETALUs Pe3yJIbTaTOB IIHUPOKO W3BECTHOM dKC-
nepuMeHTanbHOH padoTsl b. ConmaHo, KOTOPYIO 0 CUX IOp HE YAABAJIOCh OOBSCHUTH H TEOPETHYECKH OIU-
carh. DTOT Pe3yJbTaT MOIYYeH ¢ MOMOIIbI0 MoJeTH ITU((GY3UH HOHOB C Pa3HBIMH 3apsiIaMH BHYTPH IOJIH-
MEpHBIX HOHHUTOB, pa3pabOTaHHOIl Ha OCHOBE HOBOH TEOPUH HOHHOTO 0OMEHa, pa3BUBAaEMO aBTOpaMU B psiIe
paboT, oIyOIMKOBaHHBIX B ITOCICIHHE FOIBL. T€OpHs ONUCHIBACT PABHOBECHE U KWHETHKY HOHHOTO 0OMEHa B
3aBUCUMOCTH OT XapakTepa M KOHIEHTpaluuH (GYHKIUOHAIBEHBIX TPy HOHUTA, Ha0yXaeMOCTH €ro MoJIuMep-
HOM MaTpHIbl U apaMEeTPOB MOHOB, TAKHX KaK 3apsill, HOHHBIH paguyc U ruapoduibHOCTh. BaxkHbIMU d1ie-
MEHTaMHU TEOPHH SIBIISIOTCS 3aBUCUMOCTH JIOKAJIBHOW JUAJIEKTPUYECKOH MPOHUIIAEMOCTH >KHJIKOTO JHDIICK-
TPUKa, MOJIENIb THAPATAllMd MOHOB M CBsA3b HaOyXaeMOCTH T'MAPO(UIBHOTO MOJIMMEpa CO CTEIEHBIO €ro
CIIUBKH. Pa3BuTast TeOpHs O3BOJISIET BEIBECTH BHIPAKEHHE JIsSi KOHCTAHTBI HOHHOT'O OOMEHa, CIIEAYIOIYIO 13
Hero GopMmyity 11 ko3 QUIIMEHTOB pactpeeNeHusl HOHOB MeXXAY (a3zaMu BHYTpH HoHKTa. Kpome Toro, npu-
BEJ/ICHHAs B HACTOSIIIEH paboTe MO/IENb COIEPIKUT NMPEITI0KEHHY IO paHee OHUM U3 aBTOPOB CTaThbH (OPMYITY
JUTS CBSI3H MEXIy KodpdunueHTamMmu audy3nn B HOHUTAX M TaOIUIHBIMA 3HAYCHUSME KO3 OUIIHEHTOB ca-
Moauddy3uu HOHOB B Boje. B pesyiprare, Moaes O3BOJISET OOBACHUTH CBS3U KO UIIMECHTOB BHY TpEHHEH
b dy3un ¢ XapaKTepUCTUKAMH HOHOB, TEMIIEPATYPOil M CTENICHBIO CIIMBKHU IOJMMEPHOH OCHOBBI HOHOO0-
MeHHHKa. [Ioka3aHo, 4TO 3aBUCUMOCTh KO3()(DULINECHTOB BHYyTpeHHEH NU()(GY3UH HOHOB OT CIUMBKU CHIBHO-
KUCJIOTHOTO HOHMTA ONpECISIeTCs, TIABHBIM 00pa3oM, dddexTaMu rupaTtaiiid HOHOB BHYTPH MOJUMEPHOI
MaTpHLBI, KOTOPBIE, B CBOKO OYEPe/ib, CBSI3aHbI C pa3MepaMy HErHPaTHPOBAHHBIX HOHOB M HX 3apsIaMu.
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Abstract. The article provides the first theoretical interpretation of the results of the widely known experi-
mental work by B. Soldano, which has not yet been explained and described theoretically. This result was
obtained using a model of diffusion of ions with different charges inside polymer ion exchangers, developed
on the basis of a new theory of ion exchange, developed by the authors in a number of works published in
recent years. The theory describes the equilibrium and kinetics of ion exchange depending on the nature and
concentration of the functional groups of the ion exchanger, the swelling capacity of its polymer matrix and
the parameters of ions, such as charge, ionic radius and hydrophilicity. Important elements of the theory are
the dependences of the local permittivity of the liquid dielectric, the model of ion hydration and the relationship
between the swelling capacity of the hydrophilic polymer and the degree of its crosslinking. The developed
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theory allows one to derive an expression for the ion exchange constant, the formula for the distribution coef-
ficients of ions between the phases inside the ion exchanger following from it. In addition, the model presented
in this paper contains a formula previously proposed by one of the authors of the article for the relationship
between the diffusion coefficients in ion exchangers and the tabular values of the self-diffusion coefficients of
ions in water. As a result, the model allows one to explain the relationships between the particle diffusion
coefficients and the characteristics of ions, temperature, and the degree of cross-linking of the polymer base of
the ion exchanger. It is shown that the dependence of the internal diffusion coefficients of ions on the cross-
linking of a strongly acidic ion exchanger is determined mainly by the effects of ion hydration inside the pol-
ymer matrix, which, in turn, are associated with the sizes of non-hydrated ions and their charges.

Keywords: ion exchange theory; selectivity coefficient; particle diffusion coefficient; sulfonic cation ex-
changer; ion hydration; ion exchanger swelling; polymer crosslinking.
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BBenenune

HecMmoTpst Ha rpomasiHblii 3KCIIEpUMEH-
TaJbHBIN OMNBIT B 00JACTU KUHETUKH HOHO-
OOMEHHBIX IPOLIECCOB, HAKOIUIEHHBIH ¢
Hayaja 50-X roJj0B IPOLLIOTo CTOJIETHS, KO-
JMYECTBEHHAs! TEOpUs KUHETUKU HOHHOIO
oOMeHa co3JaeTcs TOJIbKO B MOCJEIHUE Jie-
catunetus. @. Ienbdhepux 3am0aro 10 cero-
THSAIIHUX JHEH mucan o mpobiemMe KuHe-
TUKU B CBOEH M3BECTHOW MOHOrpaduu, ce-
Tysl Ha OTCYTCTBHUE KOJIMYECTBEHHOHN TEOpUN
muddy3un B nonurax [1]. Tam xe B kaue-
cTBe HauOoJiee SIPKOro IpHUMepa BblIaro-
IIUXCSA DKCIEPUMEHTAIbHBIX PE3YJIHTATOB
10 KMHEeTHKe OH npuBoaui nanHsle b. Co-
naHo [2] mo 3aBUCMMOCTH K03()hPHUIIMEHTOB
camoanddy3ur MOHOB Pa3HOTO 3apsiga OT
KOHLIEHTPAllUM IIONEPEYHbIX CBS3€H B
MOHMTE U TemrnepaTypsl. [loneITku Konuye-
CTBEHHOT'0 TEOPETHYECKOIO ONUCAHUS 3TON
3aBUCHUMOCTH HE Jajiu Torna pesynbrara. C
TeX MOp ATU JaHHBIE OCTAIOTCS CBOeoOpas-
HBIM «BBI30BOMY JJIs1 TeOpeTUKOB. OO 3TOM,
B YaCTHOCTH, TOBOPUTCS B U3BECTHOH OTeUe-
CTBEHHOI MoHorpaduu [3].

Jis XUMUKOB 0COOEHHO aKTyaslbHbI 1O-
HSATHBIE MpaBWJIa pacyeTa Ko3((ULINEHTOB
Tuddy3un B MOHUTAX U3 TAOJUYHBIX JIaH-
HBIX 110 K03 dunmenTam nuddys3uu B BojeE.
Hecmotps Ha To, uto Conpano pabortan B
OJIHOI1 JTabopaTOPHH C TAKUM BBIJAIOLIIMCS
TeopeTukoM, Kak I'. boia, MoxHO nipeano-
JIO’KHTh, 4TO B rpynne boliga He BO3ZHMKaI
MHTEpeC K pacuetam Takoro tumna [4]. On-
HOM M3 mepBbIX padOT, B KOTOPBIX OBLIN
IIPEJUI0KEHBI TEOPETUYECKUE BO3ZMOKHOCTH

pacuera kod¢p¢unuentoB mupdy3un B
MOHUTAX, HaM MpezcTaBisercs padota [5]/

Hacrosimas paboTa nocssiieHa oobscHe-
HUIO CBSI3U KOX((QHUIHMEHTOB BHYTpEHHEH
mipdy3un ¢ XapaKTEpPUCTHKAMH HOHOB,
TEMIIEPaTypoil U CTENEHbIO CLUIMBKHU MOJH-
MEpHOW OCHOBBI HOHOOOMEHHUKA, T.€. TEO-
pPETUYECKON HHTEepIpeTaluu pPe3ysibTaToB
pabotsl b. Conpnano [2].

Mopgenb, onucanHas B pabortax [5-8],
JlaeT BBIpaXeHue Uit KoddduimenTa BHyT-

pennei mubdys3uu:
Dy

D= (1)

T o+l
rae D, — xo3¢punuent auddys3un MoHa B

pactBope, [, — koadduuuent pacnpenene-
HUSl HOHA BHYTPH MOHHUTA MEXIY BHYTpEH-
HUM pacTBOpOM ¥  (PYHKIIMOHAIbHBIMU
rpymnmamMu.

Koaddunuent pacnpeneneHus nona «2»
CBsI3aH C KOHCTAHTON 0OMeHa Ha 0JTHO3aps /-
HBIN HOH «1» popmyoi:

InKi; =—Inl—Inl )
2
B paGote [9] ayis cUIIBHOKHUCIIOTHOTO Ka-

THOHHTA B BOJOPOAHON Qopme (MHICKC
«1») mosydyeHo ypaBHEHHE:

Ky ~ 22 [0.204(0.37 —7r) +
VX nd
=63-2)  ©

rae z,7,n’ — COOTBETCTBEHHO: 3apsii B
ATOMHBIX €UHULAX, PAJTNYC HETUAPATHPO-
BAaHHOTO HOHA B A 1 ruJpaTHOE YHCIIO MOHA
B pa30aBI€eHHOM BOJIHOM pacTBope, R — ra-

3oBas koHcTaHTa (0.00831 x/x/mMonb/Tpan),
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T — abcomoTHas Temneparypa (K). CpaBHu-
Bas (2) u (3) u rpynnupys WICHHI 1O COPTY
HMOHOB, IOJy4uM B oOmeM ciydae (aiis
yI00CTBa: MHACKC «2» HOHA OIMYIICH, HC-
MOJIb3YEM JEeCATUYHBIC JTOrapu(pMBbI):

40,07
——(4VX +B) +,

A,B,C =const (4)
CwMmbich k03¢ (HUIIMEHTOB ypaBHEHUS Clie-
JlyeT U3 TEOPUH, Pa3BUTOM B CTaThsX [7,8]:
A oTpaxaer CTeneHb BIUSHUS 3(PQeKToB
ruapaTaiyu, a B — KyJIOHOBCKOTO MOJIs, Ha
PaBHOBECHYIO  KOHIIGHTPALUMIO  TPOTH-
BOMOHOB BHYTpHU HoHUTA, C — CBs3aH C Be-
JMYUHON KOHLIEHTPAIlMH MPOTHBOMOHA BO
BHEIITHEM PacTBOpE.
B ompite mo onpenenenuro ko3 duiu-
eHta camomuddy3ud HOHA B HOHUTE
JIOJDKHO BBITIOJTHATHCS YCIIOBHE:

Qo

r=—

Co
— JUIS pacmpefieieHuss MOHAa MEeXAy coO0-
CTBEHHBIM  PAcTBOPOM,  OKPYKAIOUTUM

HOHMT, (KOHLIEHTpALUs ¢,) U COOCTBEHHOM
(dopmoii noHHTa (EMKOCTH a,). B mueains-

HOM clTyyae, KorJa ynpyroctb MaTpHIIbI 10-
JUMepa He JaeT BKJIaJa B SHEPTHIO cOpo-
UM, U B IPEeHEOPEKEHNH KOHIEHTPHPOBaA-
HUCM IMPOTHUBOHMOHOB B KYJOHOBCKOM IIOJIC
BO BHYTPEHHEM DPacTBOpe, KOA(PHUIMEHTHI
pacrpeacsicCHsd BHYTPU W BHC HMOHHTA
paBHBI:
Lh=T

B nanHOll Mozmenu OTCyTCTBHE BKJIaja
MaTpHUILIbl COOTBETCTBYET 3HaueHuo X =0,
a OTCYTCTBUC BJIMAHHUA Ha PACIPCACIICHUC
BO BHYTPEHHEM pAacTBOpPE KYJOHOBCKOTO
noyist — B =0, mo3TOMy CBOOOTHBIH UjieH

€ =log?, (5)

0
U ypaBHEeHHUE (4) MO}KHO IepenucaTh B BUJIE:
log Iy = log = + =2 (AVX + B)(6)

3necs, corﬂaCHo [8], napaMeTp B mpo-

MOPIIMOHAJIEH PAaBHOBECHOMY DPaCCTOSHUIO

MEXJy MOHOM BO BHYTPEHHEM pacTBOpE U
(GyHKIIMOHATIBHON TPYyNION

B = —-0.204(r; +1z +d,,) =

—0.204(r; + 2d,,), (7)

rie d,, — IMaMeTp MOJIEKYJIbI BOIBL, 17 U Iy

— paauychl MPOTUBOMOHA U (YHKIMOHAIb-
HOM T'pyMNIIbl, COOTBETCTBEHHO. Tam xe mis
CyJIb()OKATHOHHUTA TOIYUCHO TR = d,,

Cornacho (3), BenmuunHa A BbIpa)aeTcs
uepes n’:

A=)

V4
a u3 padorsl [10] cnexyer, 4To peaeIbHAS
BEJIMYMHA ISl MOHOCJOSA TUIPATHON 000-
JIOYKHA MOHOB TUNA «M», K KOTOPBIM OTHO-
CSATCS. MOHBI METaNIOB, paBHA Ay = vy =
20. (Cornacuo kputeputo padotsi [10], pac-
CMOTpeHHe 0oJiee CIIOXHBIX CIy4aeB C He-
CKOJIBKUMHU THJIPATHBIMU CJIOSMH BOKpPYT
MOHOB 3]IeCh HE MOTpedyeTcs.)

Hrak, nocne HOILCTaHOBOK ITOJTY YU M:

+222[(20 - Z)VX -

0.204(r + ZdW)] (9)

[oncrasum (9) B (1) 1 mpenedpexemM He-
3HAYUTEIBHBIM BKJIAJIOM €IUHHIIBI B 0OJIb-
uryto Benuauny D, /D >>1:

log I, = log

logD =logD; —log I, =

Qo
=log D; — log——
Co

7.29z
T

|(20- ”;0) VX = 0.204(r + 2d,,)| (10)

O6cyxaenne pe3yJbTaToOB

B Tabnuue 1 nans! k03 UIMEHTH BHYT-
penHeil nuddy3un, HaliIeHHBIE B KCIIEPU-
meHTte CongaHo, npeoOpa3oBaHHbIE B OTPH-
naTenpHbIe Torapudmer: y = — log D.

s remnepatyp 0.2 u 25°C oTHOIIEHUE
ko3¢ dunreHToB AUPPY3UN HAXOIMIU C TIO-
Moulbio (opMyIiel DHHIITEHA U COOTBET-
CTBYIOIIETO OTHOIICHUS JKBUBAJICHTHBIX
JIEKTPOIIPOBOIHOCTEN pa30aBIeHHOrO pac-
tBopa KCI: 1,5 /40, = 1.80 [11]:

Dlzs KC](O M) = Ay Ty 29

- 1.80- 8—196

Ao To

TeMnepaTypHLIe 3aBHCUMOCTH HKBUBa-
JICHTHBIX DJIEKTPONPOBOJHOCTEH HOHOB B
BOJIE, a 3HAUUT U K03 pueHTos audpoy-
3WH, TOJ00HBI, TIOATOMY HaWJEHHOE OTHO-
IIEHWEe JUIs Kakoro-TO HOHa TNpUOIH3H-
TEJIEHO BEPHO U JUIS APYTHUX UOHOB:
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Tabnuna 1. DxcrepuMeHTaIbHBIE 3HAYSHNS OTPUIIATENBHBIX JTorapr(hMOB KOd(POUITEHTOB BHYT-
penneii camoauQy3uu KaTHOHOB B CUIIBHOKUCIOTHOM KATHOHHUTE (CM%/C) B 3aBUCHMOCTH OT CTE-

MIEHU CIIUBKH, B3ATHIX U3 padoTel Conmano [2].

Table 1. Experimental values of the negative logarithms of the coefficients of internal self-diffu-
sion of cations in strongly acidic cationite (cm?/s) as a function of the degree of crosslinking, taken

from Soldano [2].

No Ha Jounst comuBkm X, %
Vo 3apsin a Temmepatypa
z P T.K 4 8 10 16 24
¢buke
Na* 1 1 298 5.82 - 6.56 6.92 6.96
2 273.2 6.15 - 6.96 7.40 7.52
70 ) 3 298 6.40 7.15 7.54 8.22 8.52
4 273.2 6.74 7.65 8.00 8.76 9.22
v 3 5 298 7.10 - 8.50 - 9.70
6 273.2 7.52 - 9.00 - 10.26
Tabnumna 2. lanneie i pacueTa ko3 (GUIIMESHTOB BHYTPeHHEN U] Py3un KaTHOHOB
Table 2. Data for calculation of internal diffusion coefficients of cations
D, - 10°
106 1 0 a
Mou | D1 107 Q98K), 1 ogsiy enire | ATI2] | no[10] | ™= 2| X%
cm/c [11] (1) 7 Co
Na* 13.3 6.78 1.02 5.7 5.7 5 2.5
Zn*" 7.03 3.59 0.74 15.6 7.8 5 2.5
0.90 19.8 6.6
3+
Y 5.50 2.81 (0.84)* (22) (7.3) 5 2.5

*B CKOOKax JaHbl UCTIPABJICHHBIC BEJIMYNHBI
*in parenthesis are given the values corrected

Duz0s -, 1.96 (11)
Dl;273

Pacuet npoBoaunu no ypasHenuto (10),
MO (UIIMPOBAHHOMY TOIpPAaBKOM K BeJU-
YUHE CUIMBKHU:

Qo

Co
7.29z

T [(20 B n;) VX=X -
—0.204(r + 2dw)] (12)

PeanbHoe BiIMsIHME IPUCYTCTBUSI CLLIMBAIO-
IIEro areHTa Ha yIpyrocTh MOJIMMeEpPa MOXKET
HayaTh TNPOSBIATHCS C HEOOJBLIMX, HO HE
CTPOTO HYJICBBIX 3HAYCHHIA, YTO YIUTHIBACTCS
B ¢opmyne (10) mapamerpom X,. Haubonee
XOpoIIIee COOTBETCTBHE IKCIIEPUMEHTY OBLIO
HOJTy4YeHO TpH 3HaueHuu Xy = 2.5%.

B onucanuum skcnepuMeHTa ecTh 3Haue-
HUEe KOHIeHTpauu pacTBopoB (0.22 N), HO
HE JaHO 3HAUYE€HUE €MKOCTH KaTHOHUTA, O
HaKo, B3sB 3HAUCHHE /IS HAOYXIIEeTO CYilb-
¢oxatnonnta THma Dowex-50x8 (2.0

logD =log D, — log

MBKB/CM®) MOKHO OILIEHHTH OTHOLIEHHE €M-

a,
KOCTH K KOHIIEHTpAlluM PacTBOPOB — =~ 9,

Co

[lonronka teopermyeckoro pacuera K pe-
3yJbTaTaM KCIIEpUMEHTA J1a€T BMECTO 3Ha-
yeHus 9 MeHbluee 3(Q(eKTUBHOE 3HAYCHHE
5. CHuxenue 3QpPeKTUBHON €MKOCTH IOJTY-
4aeTcsi 0COOCHHO CHJIBHBIM IPH JJIUTEIb-
HBIX KMHETHYECKUX AKCHEPUMEHTaxX C HU3-
KHMU 3Ha4eHUSAMU KO3PPuineHToB nudpdy-
3UM, KOrJa BpeMsl HKCIO3UIUU COOTBET-
CTBYET HU3KOMY 3anojHeHuo. Hanpumep, B
JKCIIepuUMeHTax ¢ quddysuein UTTpus B Ka-
TUOHUT C CIIMBKOM 24% 3KCHo3uLMs B CO-
OTBETCTBUU C BeIMUUHOW nmapamerpa 7~0.1
JI0JKHA OBLIa COCTABIATH HECKOJIBKO CYTOK.

[Ipu pacuere UTTpuUs MOACTABISIIM THUJI-
paTHOE 4MCIIO 22, KOTOPOE IO COOTHOIIIE-
HUIO, BbIBeJIeHHOMY B [10], COOTBETCTByeT
voHHoMy panuycy 0.84 A Bmecto cripaBou-
Hoii Bemmunaet 0.90 A [12].

VYkazaHHbIE MONPABKU MOTYT OBITH BBI-
3BaHbl KaK CUCTEMaTHYECKUMHU OIINOKaMU B
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Frouge 4. Variation of cation seli-diffusion coeficients with ionic charge and exchanger crosslinking.
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Puc. 1. (a) Jannbie sxcriepumenTa u3 cratbtt Congano; (b) TeopeTndecknii pacueT 3aBUCH-
MocTH KO3 UIeHTa BHyTpeHHENH caMoau(y3un KATHOHOB HATPHS, IIMHKA U UTTPHS B CYJIb-
(boKaTHOHUTE Ha OCHOBE COIOJIMMEPA CTUPOJIA C TUBUHUIOSH30JI0M OT JOJIH JUBUHUIOEH3011a B
MaTpuIle oJIUMepa
Fig. 1. (a) Experimental data from Soldano's paper; (b) theoretical calculation of the dependence
of the internal self-diffusion coefficient of sodium, zinc and yttrium cations in sulfocationite based on
styrene-divinylbenzene copolymer on the fraction of divinylbenzene in the polymer matrix.

9KCIIEpUMEHTaIbHON paboTe, Tak U yIpolie-
HUSIMH UCHOJIB3YIOIUXCS MOJENeH.

B Tabnune 2 npeacraBineHsl 1aHHbIE IS
pacuera 1o ypaBHeHuo (12).

Ha puc. 1a npuBeneHs! JaHHBIE dKCIIEPH-
meHTa u3 crath Conpmano. Ha puc. 1b ¢
TUMH pe3yJbTaTaMU IMPOBOIUTCS CpaBHeE-
HUE TEeOopeTHdYecKux 3aBucuMocTeil (12) c
Y4€TOM IOIPABOK.

3akJao4eHue

PazBuBaemsie B JlabopaTopun copOIToH-
Hbix MeTo10B ' EOXU PAH npencraBnenus
0 PaBHOBECHH M KMHETHKE MOHHOTO OOMEHa
MONyYUIM B psAfe MyONUKAUWA Koaude-
CTBEHHOE OMHCaHue. 3aKOHOMEPHOCTH, CBSI-
3pIBaONIME KOI(PPHUIMEHTH BHYTPEHHEH
mubdy3un U mapamMeTpbl paBHOBECHUS ¢ PyH-
JTAMEHTAJIbHBIMU XapaKTEPUCTUKAMHU MOHOB
(TakuMHU, KaK pasmep, 3aps, ClIOCOOHOCTD K

Cnucok Jutepatypbi/References
1. Helfferich F. Ion Exchange. NY:
McGraw-Hill, 1962. 624 p.
2. Soldano B.A. The kinetics of ion ex-
change processes, Ann N Y Acad Sci. 1953

00pa3oBaHMIO BOJOPOIHBIX CBSI3€H) U MOHU-
TOB, IO3BOJIMJIM HAWTH CBsA3b KO3(dunmen-
TOB BHYTpeHHEN n1udy3uu ¢ nonei cumpa-
IOLIero areHTra B Mmarpuile uoHuTta. [loka-
3aHO, YTO 3aBUCHUMOCTh BHYTPEHHEH Iug-
(Gy3uM HMOHOB OT CHIMBKH CHJIBHOKHCIIOT-
HOTO MOHUTA OTpEeIsAeTCs, IIIaBHbIM 00pa-
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