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I'mopokcnben3on, uian GeHom, SBISETCS BEChbMa OMACHBIM KOTOKCHKAaHTOM, CIIOCOOHBIM OKa3aTb
naryOHOe BO3/IeiicTBHE Ha JKU3Hb U 340POBhE YeoBeKa. Mcxoas U3 3TOro, CyIecTByeT He0OX0JUMOCTh pa3-
paboTKu 3P (HEeKTUBHBIX TEXHOJIOTHH, CIIOCOOHBIX OYMCTUTH IMOBEPXHOCTHBIE M CTOYHBIE BOZBI OT AAHHOTO
opraHudeckoro 3arpsizHuTessi. OHON U3 BO3MOXKHBIX TEXHOJIOTHH H3BICUeHUS (DEHONIA U3 €ro BOJHBIX pac-
TBOPOB MOXeET OBITH COpPOLMS MaKpoCeT4aThIM He(yHKIIMOHATU3NPOBAaHHEIM monnMepoMm FPX66. B npen-
CTaBJICHHOH paboTe U3y4YeHbl PABHOBECHBIE Y KMHETUYECKHE XapaKTEPUCTUKH Tpoliecca NoriomieHus heHo-
Ja uccaenyeMbiM copoerToM. M3otepma copOimu denona Ha FPX66, moaydeHHass METOIOM MEPEMEHHBIX
KOHLIEHTPALMi, ONTUChIBaETCs ypaBHeHHeM Thiia DpelHnxa u IMeeT BBICOKHH KO3 (DUIIMEHT KOPPEeIILuU
B COOTBETCTBYIOLIMX JIMHEHHBIX KoopauHaTaX. [loidydyeHHbIe JaHHbBIE TIO3BOJISIOT CIEIaTh BBIBOJ O TOM, YTO
MOBEPXHOCTh M3Y4aeMOI0 HEMOHOT€HHOT0 COpPOEHTa He SIBIISIETCSl OJJHOPOJHOM, copOius (eHona ocymiecTs-
JISIeTCsl HEpaBHOMEPHO.

Ha ocHOBaHMM KMHETHYECKHX KPHUBBIX cOpOLMM (EeHOJA, MOMYIEHHBIX B CTaTHUECKHUX YCIIOBHSX,
OTIPEJICTICHO BpEMs JIOCTIDKCHUS PAaBHOBECHS B CHCTEME NPH KOHIEHTPAIMM HCXOJHOTO pacTBopa
6 Mmons/nm® u Temmeparypax 298 u 323+2K. OTMedaeTcs, YT0 ¢ pOCTOM TEMIIEPATypPHI IIOJIHAS €MKOCTh
copOeHTa 1Mo (EHOIYy CHMXKAETCS, YTO OOYCIIOBIEHO IMOBPEKIACHHEM LIEHTPOB CBSA3BIBAHUS COpOEHTa IIPU
HarpeBaHnu cucTeMbl. OHAKO MPU 3TOM C MOBBIIIEHHEM TEMIIEPATyphl PABHOBECHE B CUCTEME JIOCTHIAETCS
6picTpee. CKOpOCTh Mporecca COpOIMK TaKKEe PACTET IPH YBEIUUECHUH CKOPOCTU MEPEMEIINBAHNS BHEIITHE-
ro pactBopa (enona. MccnenoBanue nposeneso mpu 150, 200 u 250 06/MuH TepMOCTATHPYEMOTO IIICHKEPA.

O1eHKa JIMMUTUPYIOLIEH CTaAMU COPOLIMOHHOTO Mpoliecca ClellaHa C UCIIOJIb30BaHHeM (opMaib-
HOTO MOJXO0/a, OCHOBAaHHOTO Ha NPHUMEHEHUHU ypaBHeHHH boiina-AnamcoHa Juisi BHEIIHEH M BHYTpEHHEH
muddysun. PesynbraTel OKa3bIBalOT, YTO OCHOBHOE BIIMSIHUE HA M3BJICUCHHE THAPOKCHOEH301a HEHOHOTeH-
HBIM copOenToM FPX66 okaseiBaer craaus BHemHeH quddy3un copdata K HOBEPXHOCTH I'paHyJl copOeHTa.

KoueBsbie ciioBa: (eHOI, MakpoceTyaThlii HEHOHOTEHHBI COpOEHT, n30TepMa COpOIHMU, KHHETH-
YyecKasi KpUBast, BIMSIHAE TEMIIEPaTypPbl, JUMUTHPYIOIIAs CTalus Mpoecca.

HpOﬂBHHTLCH JaXe HpI/I MaJIbIX €TI0 KOHIICH-
BeepneHue tparusax B Bojae (II/IK B BomHBIX 00BEeKTax

Ha3Ha4YCHUA

deHoNMm mpeacTaBIseT CcoOOW  KpaitHe
TOKCUYHOC U OIMACHOC IJIA XKU3HU U 300PO-
Bbs YEJIOBEKA OPraHMYecKoe COeIUHEHHE,
CrocoOHOE BBI3BIBATH PA3JIMYHbIC Hapylle-
HUS B paboTe opraHu3mMa, B YacTHOCTH
TOLIHOTY, PBOTY, €Ja0OCTh, CEpIEUHO-
COCYAMCTYIO HEN0CTAaTOYHOCTh. [lpu xpo-
HUYCCKOM OTpPAaBJICHHU 3TUM TOKCHKAHTOM
MPOUCXOAUT TMOpaKEHUE TIOYeK, MEeUeHH,
OpraHoOB JbIXaHUs, cepaua u cocynos. Ta-
Koe raryOHoe BO3JeHCTBUE (DEHOTAa MOXKET

PBHIOOX 03 CTBEHHOTO
0.001 wmr/aM’), MO’TOMY OYEHb BaKHO
CBOCBPEMEHHO €T0 M3BJICKATh M3 MPOMBIIII-
JICHHBIX CTOYHBIX BOJl M TE€XHOJOTHYECKHX
pPacTBOpPOB.

B nacrosimee Bpemsi pazpaboTaHbl pas-
JUYHBIE TEXHOJIOTHH, TMO3BOJIIOIINE IPO-
BOJUTH 3G(HEKTUBHYIO OYHCTKY BOJ OT (e-
Hona. K HUM oTHOcsTCS 3KcTpakius [1-3],
MeMOpaHHbIE MeTOAbl [4-6], MOHHBINH 00-
MeH [7-9], Ouonornueckue MeToAbl OYHCT-
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ku [10-11]. OmgHO# M3 BO3MOXHBIX TEXHO-
JOTHHA W3BICYEHUS (EHONa MOXKET ObITh
COpOIMs C HUCIOJIb30BAHUEM COBPEMEHHBIX
HEMOHOTCHHBIX MOJMMEPHBIX MaTEPHAIIOB.

Ilenpto maHHOW PaOOTHI SIBISETCS H3Y-
YeHHE PABHOBECHS W KUHETHKH cOpOuuu
dbenona (TMAPOKCHMOEH30J1a) HEHMOHOTCH-
HBbIM copOeHnToM FPX66.

3KCI'IepVIMeHTaJ1bHa$I YyacTb

B kauectBe copOeHTa HCIOJIB30BaH
MaKpoceTyaThlii He(yHKIIMOHATU3UPOBAH-
HBI{ CHIUTBIA JUBMHUIOEH30JIOM MOJIHUCTH-
pon Amberlite FPX66. B tabm. 1 mpen-
CTaBJIeHbl OOIIME XapaKTEPUCTUKU HCCIe-
JyeMOTO TPaHyJILHOTO COpOCHTA.

N3otepmy copOuuu ¢eHona mnoirydaiu
METOZIOM TEPEMEHHBIX KOHIIEHTPAI TpH
temrnepatype 298+2K. Jlnsa nonyuenus ku-
HETHYECKMX XapaKTePHCTUK COPOIUH WC-
HOJIB30BAJIM METOJ OIPAaHMYEHHOro o0be-
Mma[12]. MccnenoBanue NpoBOAMIIOCH IPHU
temrneparypax 298+2K u 323+2K B craTm-
YECKHX YCJIOBUSIX B TEPMOCTAaTHPYEMOM
melikepe. CKOpOCTb IEpeMelIMBaHUs Ba-
peupoBasiack ot 150 mo 250 o6/mun. Co-
nepxkaHue (eHoda ONpeAeNsyld CHEKTpPO-
(OTOMETPHYECKUM METOJI0OM Ha CIIEKTPO-
doromerpe «CD-2000» mpu ATUHE BOJHBI
268 um. Ilo JaHHBIM SKCIIEPUMEHTOB CTPO-
winch 3aBucUMOCTH F-t, rie F=QuQmax —
CTETeHb 3aBEPIICHHOCTH Tmporecca; Qr —
€MKOCTh COpOEHTa B MOMEHT BpEMEHH t,
MMOJIB/T; Qmax — €MKOCTh COpOCHTa B CO-
CTOSIHUM pPaBHOBECHUS, MMOJIB/T; t — BpeMs
IKCTIEPUMEHTA, MUH.

O6cyxaeHve pe3ynbTaToB

Ha puc. 1 mnpencraBieHbl H30TEPMBI
copbruu (peHoma MakpoceT4aTbiM He(yHK-
[IUOHAIM3UPOBAHHBIM TOJMMEPHBIM MaTe-
puasom Amberlite FPX66 (xpuBas 1) u ak-
tuBUpoBaHHbIM yriaem Norit GAC 1240W B
CXOJIHBIX 3KCIEPUMEHTAJIBHBIX YCIOBHSIX
(kpuBas 2).

TaHreHc yriia HakjgoHa KpPUBOW 2 Ha
HayaJbHOM YYacTKe H30TEpMbl HMeEeT
0oJbllIee 3HaUE€HUE, YeM JJIsl KpUBOH 1, 4To
MOJKET TOBOPHUTH O 0o0Jiee BBICOKOM COpO-
LIMOHHOM CpPOJCTBE aKTUBHUPOBAHHOTO YIS
Norit k ¢eHomy, 4eM y HEHOHOTE€HHOTO
copOenta. OIHAKO MaKCUMaJIbHOW €MKO-
CTBIO 110 UCClIeyeMoMy copOaty, obsagaer
He(YHKIMOHATM3UPOBAHHBIN TTOJMMEPHBINA
Marepuain FPX66.

g omnucaHusi MOJIy4EHHOH H30TEPMBbI
copbumu (heHona HEMOHOTEHHBIM COpOeH-
TOM HCIIOJIb30BaH (OPMANBHBIA MOAXO[,
OCHOBAHHBIM Ha NPUMEHEHUHU PA3IUYHBIX
Mozaened  copOumm  Tuma  Jlenrmropa,
Operinanuxa U TemkuHa, ypaBHEHUA U
3HA4eHUST KOX(PPHUIMEHTOB KOPPEISIUU B
JUHEHHBIX KOOpAMHATaX KOTOPBIX Hpea-
CTaBJICHBI B TaOIMIIE 2.

Hns wuccnemyemoro copOenta FPX66
n30TepMa € HauOoJbLIEH BEPOATHOCTHIO
OIUCHIBAaETCsl ypaBHeHHeM Tuna DpelHa-
nuxa (puc. 2). 3T0 MOXET TOBOPUTH O TOM,
4TO COpOEHT He obOecreunBaeT paBHOMEp-
HOM copOuuu QeHona U JaHHBIM Ipolecc
MIPOUCXOJIUT Ha HEOAHOPOJHOM MOBEPXHO-
ctu[13].

OpHolt U3 3a1a4 AaHHOM paboOTHI OBLIO
WCCIIeZIOBaHNE KMHETHKU copOImu (eHoma

Tabmuna 1. Xapakrepuctuku copoenta Amberlite FPX66
Table 1. Characteristics of the sorbent Amberlite FPX66

CBOICTBO oxaszarenu mas Amberlite™ FPX66
Martpuna MakpoceTydaTblii COOIMMEp CTUPOIa U -
BUHWIOCH30J1a
Bnarocogepxanue, % 60-68
I1n0THOCTB, I/eM’ 1.015-1.025
[Tnomaas TOBEPXHOCTH, M2/T >700
Huametp vacTui, MM 0.60-0.75
O6uuii 06seM mop, cM>/T >14
Hwnamnazon pH 0-14
MaxkcumainpHasi pabodast Temmneparypa, °C 150
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Puc. 1. M3otepmer copbrinu heHOIa He-
noHoreHHbIM copbenTom FPX66 (1) u aktu-
BupoBaHHBIM yriieM GAC 1240W (2)
Fig. 1. Isotherms of phenol sorption
by nonionic sorbent FPX66 (1) and activat-

ed carbon GAC1240W (2)

Tab6mmma 2. Moaenu copOIuu
Table 2. Sorption models

y=0,67x- 0,61

InQ 1,5 - R>=10,98

2 1
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“pABH

Puc. 2. M3orepma copOru deHoma He-
HOHOTEeHHBIM copbenTom FPX66 B nunel-
HBIX KOOpJIWHATaX ypaBHeHHs DperHamxa

Fig. 2. Isotherm of phenol sorption
by nonionic sorbent FPX66 in linear coordi-
nates of the Freundlich equation

Monenb copOruu YpaBHeHue copOuuu R’
Jlenrmropa Q=0 KCpann 0.97
M1+ KC
Opelinanuxa Q=g C;a{:ﬂ 0.98
1
Temkuna F = —InKCpypy 0.95
a

HEHOHOTeHHbIM copbenToM FPX66 u ompe-
JIeJIeHHe MEeXaHH3Ma HU3BIICYEHMsS] THUIPOK-
cubeH30J1a U3 BOAHBIX PACTBOPOB paccMaT-
puBaeMbIM copOeHnToM. [y 3TOro momyde-
HBbl KHHETHUYECKHE KpHBBIe copOuuu QeHo-
Ja mpu AByX Temmeparypax: 298+2K wu
323+2K 1151 ICXOIHOM KOHIIEHTPALIUK pac-
tBOpa 6.0 MMons/aM? (puc. 3):

Ha nawampHOM y4acTKe yTroJ HakKJIOHa
KMHETUYECKOM KPUBOM, IOJYYEHHOW IIpH
0oJiee BBICOKOW TemrepaType HECKOJIbKO
BBIILIE, YEM JUIsI KPUBOM, COOTBETCTBYIOLIEH
u3Bnedennto ¢enona mpu 298 K. Bpewms
JOCTUKEHHUS] PaBHOBECHSI B CHCTEME CO-
craBisier 20 u 30 munyt q1s 323 u 298 K,
COOTBeTCTBEHHO. OTMETHUM, 4YTO IMpH yBe-
JUYEHUU TeMIepaTypbl HAOIIOJAeTCsl CHU-
»keHue noaHoi éMkoctu FPX66 no genomy
¢ Q=132 mmonp/r 1o Q=1.09 MMOIB/T.
YMeHbIIEHHE eMKOCTH CBSI3aHO C TE€M, YTO
nporecc copouuu ¢GeHona SBISETCS IK30-
TEPMUYECKUM U TPU HATPEBAHUHM CHUCTEMBI
MPOUCXOSAT U3MEHEHUS LIEHTPOB CBS3bIBA-
Hus copOenta| 14].

CkopocTb u3BieueHus: (peHosa HEMOHO-
reHHbIM copOenToM FPX66 nmeer 3aBucu-
MOCTh OT CKOPOCTH IlepeMelIuBaHus pado-
yux pactBopoB. Ha puc. 4 npencraBieHbl
HayvaJbHbIC YYACTKU IOJYYEHHBIX KHHETH-
YECKMX KPUBBIX B 3aBHCUMOCTH OT CKOpO-
CTH NIEPEMEIINBAHNS BHEILIHETO PacTBOPA.

Bpemst noctmxkeHus paBHOBecUS B CH-
cTeMe BOAHBIN pacTBOp ¢eHona — FPX66
ymenbiiaercst ot 50 go 30 MUHYT mpu yBe-
JUYEHUH Yuciia 000pPOTOB TEPMOCTATUPYe-
MOro IIeiikepa, 4TO MOXXET TOBOPUTH O
BIMSHUU CTaJuM BHewHed nud¢ys3un Ha
KHHETHKY TIporiecca copOrun (eHomna.

Kunernueckue KpuBble copOLMM TUI-
pOKCHOEH30J1a HCCIETyEeMBbIM COPOECHTOM
IpU Pa3IUYHBIX TEMIIEpaTypax TakkKe Olle-
HEHbl (OpMaJIbHO NMYTEM HX MpeICTaBIIe-
HUS B KOOpAMHATax ypaBHeHMH boiina-
AnlaMcoHa A cilyd4as BHYTPEHHEH U
BHemHel nuddysun. Ananuz koadduiu-
€HTOB KOPPEJSIUN JUHEHHBIX 3aBHCHUMO-
CTel MO3BOJIET CAENAaTh MPEANOJIOKEHUE O
TOM, 4TO cOpOIHs (heHOTa HEMOHOTCHHBIM
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Puc. 3. Kunetnueckue KpuBble copOIMn
(heHONIa HEMOHOTEHHBIM copOeHTOM FPX66
npu Temneparypax 298 u 323 K

Fig. 3. Kinetic curves of phenol sorption
by the nonionic sorbent FPX66 at tempera-
tures of 298 and 323 K
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Puc. 4. Kunetnueckue KpuBbIie COpOIMN

(heHONIAa HEMOHOTEHHBIM copOeHTOM FPX66 B
3aBUCHUMOCTH OT CKOPOCTH II€PEMELINBAHU

BHeIIHero pacteopa: 1 — 150 06/muH,
2 —200 006/muH, 3 — 250 06/MuH
Fig. 4. Kinetic curves of phenol sorption by

the nonionic sorbent FPX66 depending on the

stirring rate of the external solution:
1 — 150 rpm, 2 — 200 rpm, 3 — 250 rpm
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Puc. 5. Kunetnueckue kpuBble copOmu GpeHosia HeMoHOTeHHBIM copOeHToM FPX66 u3
BOJIHOTO PacTBOpPA C HCXOHON KOHIEHTpaueil 6.0 MMOJIB/IM’ TIPH Pa3THYHBIX TEMIIEpPaTy-
pax, IOCTPOEHHBIC B KOOPAMHATAX yYpaBHEeHHs bolima-AnamMcona muist BHeITHeH qudQy3um:

1-298K;2-323K
Fig. 5. Kinetic curves of phenol sorption by the nonionic sorbent FPX66 from aqueous solu-
tion with an initial concentration of 6.0 mmol/dm® at different temperatures, plotted in the co-

ordinates of the Boyd-Adamson equation for external diffusion: 1 — 298 K; 2 —323 K

noauMepHbIM MatepuaioM FPX66 nmeer
BHemHeuppy3noHHbIN xapakrep. Ha puc.
5 TOKa3aHbl 3aBUCUMOCTH [UIA Cilydas
BHemHeW nud@y3un, KOTOpble UMEIT 00-
Jee BbICOKHE KO3(h(UIIMEHTHI KOPPEISLUH,
YeM 3aBUCHMOCTH, IPEACTaBICHHbIE B KO-
opauHarax ypaBHeHus bolina-Angamcona
JUTS ciTydasi BHyTpeHHeH nuddys3un.

Takum o0pa3oMm, Ha CKOPOCTb COPOIH-
OHHOT'O TIpollecca W3BJIEYEHHs (PEHONI OKa-
3bIBaeT OOJIbIIEE BIUSHUE CTAIMsI BHEIIHEH
muddys3un PeHona K MOBEPXHOCTH TPaHYJ

B paccMaTpUBAaEMOM HHTEpBAJIE TEMIEpa-
TYp.

3aknroyeHune

VYcranoBneno, uro copoeHt FPX66 006-
JaaeT BBICOKOM COpPOLIMOHHOW €MKOCTBIO
no (¢enomy. Mzorepma copOumm mTaHHOTO
OpPraHMYECKOTO COEAMHEHHUS OIHCHIBACTCS
ypaBHeHuEM Tuna OpeitHmxa, 4To TOBO-
PHUT O CyLIECTBOBAHUU B MaTpPUIE HEOJHO-
POIIHBIX IEHTPOB B3aUMOJACHCTBHUS.
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AHanm3 KHHETUYECKUX KPUBBIX COPOIMU
[I0Ka3ajl, 4TO YBEIUYECHHUE TeMIEpaTypsl
IPUBOJIUT K CHIDKCHHIO COPOLMOHHOW eM-
KocTu copOeHTa 1o ¢eHomy. JlaHHbIil dakTt
CBSI3aH C HK30TEPMHYCCKHM XapaKTepoM
n3ydaemoro mnpouecca. Ha ckopocts cop0-
IIMU TUJIPOKCHOEH30JIa OKA3bIBACT BIIMSIHUC
HE TOJIBKO TEMIIEpAaTypa CHUCTEMBI, HO U
CKOPOCTh IEPEMEIINBAHNUS BHELIHETO pac-
TBOpa. Bpemsi IOCTHXKeHHsS paBHOBECHS

CTAaHOBUTCS MEHBIIIE C YBETUUYCHHUEM YHCIa
000pOTOB IPH MEPEMENINBAHUH B IIICHKEPE.

[IpyumeHneHue moaxona, OCHOBAaHHOTO Ha
WCIIONb30BaHUU ypaBHEeHHM bolina-Angam-
COHa HJsl ONpENeNeHUs JIMMUTUPYIOLIEH
CTaauU TIpoliecca W3BIedeHus (eHoma wus3
€ro BOJHBIX PACTBOPOB, MMO3BOJISIET ClIEATh
BBIBOJI O TOM, YTO COPOIMS THAPOKCUOCH-
30J1a JIUMUTHpyeTCs BHemHenuddy3non-
HBIM MEXaHHU3MOM.

Paboma svinoanena npu nodoepoicke Munucmepcmea Hayku u 8vicuie20 06pa308aHus
P® ¢ pamxax cocyoapcmeennozo 3a0anus BY3am 6 cghepe nayunoti desmenvrocmu
na 2020-2022 200w1, npoexm Ne FZGU-2020-0044»
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Equilibrium and kinetic characteristics of phenol sorption
by a nonionic sorbent FPX66

© 2021 Maraduda A.A., Nevskaya V.V, Eliseeva T.V., Voronyuk I.V.

Voronezh State University, Voronezh

Hydroxybenzene, or phenol, is a very dangerous ecotoxicant that can have quite a detrimental effect
on human life and health. Based on this, there is a need to elaborate effective technologies that can purify
surface and wastewater from this organic pollutant. One of the possible technologies for the extraction of
phenol from its aqueous solutions may be the sorption of hydroxybenzene by a macroreticular nonfunctional-
ized resin FPX66. In this paper, the equilibrium and kinetic characteristics of the phenol extraction process
by the sorbent under study are determined. The isotherm of phenol sorption on FPX66, obtained by the
method of variable concentrations, is described by the Freundlich type equation and has a high correlation
coefficient in the following linear coordinates. The obtained data allow us to conclude that the surface of the
studied nonionic sorbent is not homogeneous, the sorption of phenol occurs unevenly.

On the basis of the kinetic curves of the phenol sorption obtained under static conditions, the time to
reach equilibrium in the system at a concentration of the initial solution of 6 mmol/dm? and temperatures of
298 and 323+2K is determined. It is noted that with increasing temperature, the total capacity of the sorbent
for phenol decreases, which is due to damage to the active binding centers of the sorbent when the system is
heated. However, with an increase in temperature, the equilibrium in the system is reached faster. The rate of
the sorption process can also be increased by increasing the stirring rate of the external phenol solution. The
study was carried out at 150, 200 and 250 rpm of a thermostatically controlled shaker.

The estimation of the limiting stage of the sorption process is carried out using a formal approach
based on the application of the Boyd-Adamson equation for external and internal diffusion. The results show
that the main influence on the extraction of hydroxybenzene by the nonionic sorbent FPX66 is exerted by the
stage of external diffusion of the sorbate to the surface of the sorbent granules.

Keywords: phenol, macroreticular nonionic sorbent, sorption isotherm, kinetic curve, temperature
effect, limiting stage.
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