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AHHoOTauMsA. MBIIBSK — TOKCUYHBIN U KaHIIEPOT€HHBIA 3JIEMEHT, 3arpsi3HEHUE MPUPOIHBIX BOJ MBIIIBIKOM
SIBIIIETCS TIPOOIIeMOit MUpoBOTO MaciTada. M3BecTHO, uTo Heopranndeckue coequuerus As (I11) 6omee Tok-
CUYHBI, yeM Heopranmdeckue coenuHerust As (V). Ounctka Boasl ot As (III) m As (V) ¢ ucross30BaHueM
a7cOpOIIMOHHBIX MAaTEPHAIOB Ha OCHOBE TIMHUCTHIX MUHEPAIOB Ha CETONHAIIHINA JEHb BBHI3BIBAET BCe OO0IIB-
muit uaTEpec. B HacTosmIel paboTe HecnenoBaHa BO3MOKHOCTh OYMCTKH BOAHBIX pacTBOpoB oT As (II1) u As
(V) c ucnosp30BaHrEM KOMIIO3UIIMOHHBIX COPOEHTOB, CO3AaHHBIX MOAM(UKAIMEl MOHTMOPHIIIOHUTA. MOHT-
MOPHWJUIOHUT, MOAUGUIMPOBaHHBIH HaHoyacTUIaMHu Fe3O4 M KaTHOHHBIM NMOBEPXHOCTHO-AKTUBHBIM Bellle-
CTBOM, MMOKa3aj Jy4myro crernens uspinedeHus As (I11) u As (V) u3 BoIHBIX pacTBOPOB IO CPABHEHUIO C JIPY-
rumu Moau¢ukanusamu. Crenens ussnedeHus As (III) u As (V) MOHTMOPHIIZIOHUTOM, MOANGHUINPOBAHHBIM
HaHouactuniamMu Fe;O4 M KaTHOHHBIM IOBEPXHOCTHO-aKTHBHBIM BELIECTBOM, He 3aBUCHT oT pH pactBopa u
cocraBmia 6omee 95%. Ycranopnensl ontuMaibHble yeinoBus usBieuerns As (II1) u As (V) u3 BogHBIX pac-
TBOPOB C HMCIIOJF30BaHUEM MOHTMOPHUIOHNTA, MOTU(GHUIHPOBaHHOTO HaHoYacTHaMu FesO4 1 KaTHOHHBIM
MTOBEPXHOCTHO-aKTHBHBIM BeliecTBOM. [lokazaHo, uro B mpucytcTBruu noHoB Fe (I11) crenens u3Bnedenus As
() m As (V) MOHTMOPHJUIOHUTOM, MOJU(MUIIMPOBAHHEIM HaHoYacTHlaMU Fe;Os W KaTHOHHBIM TOBEPX-
HOCTHO-aKTHBHBIM BEIIECTBOM, YMEHBIIaeTcs 10 69%. Hanbonpmee BiusHue Ha creneHs n3Bnedenus As (111)
n As (V) okaseiBaet Cr (III): crenens m3Bneuenus As (III) u As (V) ¢ ucronb30BaHIEM MOHTMOPHILIOHHTA,
Mo uduIpoBaHHOro HaHouacTuaMu Fe3O4 M KaTHOHHBIM ITOBEPXHOCTHO-aKTUBHBIM BELIECTBOM, B €TI0 IPH-
CYTCTBHH yMeHbInaeTcs u coctasisier 40 u 25% coorBerctBeHHo. Bmecte ¢ As (III) u As (V) u3 pactsopa
npakTryecku nosHocTbio usBnekaercs: Cu (I). Ipouece ancopbumu As (II1) u As (V) Ha MOHTMOPHIIIOHHTE,
Mo udumpoBaHHOM HaHoyacTHIamMu Fe;Os W KaTHOHHBIM NOBEPXHOCTHO-aKTUBHBIM BEIIECTBOM, JIyYllle
BCEr0 ONHUCHIBaeT Mojiesb Jlenrmiopa. CopOLMOHHAs €MKOCTh MOJU(PHUIMPOBAHHOTO MOHTMOPWIIJIOHHUTA JIJISE
As(IIT) u As(V) coctaBmia 9.9 u 7.6 MI/T COOTBETCTBEHHO.
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Abstract. Arsenic is a toxic and carcinogenic element; pollution of natural waters with arsenic is a global
problem. Inorganic As (III) compounds are known to be more toxic than inorganic As (V) compounds. Purifi-
cation of water from As (III) and As (V) using adsorption materials based on clay minerals is of increasing
interest today. In this study, we investigated the possibility of purifying aqueous solutions from As (III) and
As (V) using composite sorbents created by modifying montmorillonite. Montmorillonite modified with Fe3O4
nanoparticles and a cationic surfactant, showed a better degree of extraction of As (III) and As (V) from aque-
ous solutions compared to other modifications. The extraction rate of As(IIl) and As(V) by montmorillonite
modified with FesO4 nanoparticles and a cationic surfactant did not depend on the pH of the solution and was
higher than 95%. Optimal conditions for the extraction of As (III) and As (V) from aqueous solutions have
been established using montmorillonite modified with Fe;O4 nanoparticles and a cationic surfactant. It has been
shown that in the presence of Fe(IIl) ions, the degree of extraction of As(IIl) and As(V) by montmorillonite
modified Fe;O4 nanoparticles and a cationic surfactant, decreased to 69%. Cr(III) possess the highest influence
on the degree of extraction of As (III) and As (V): the degree of recovery of As (III) and As (V) using mont-
morillonite modified with Fe;O4 nanoparticles and a cationic surfactant, in its presence decreases and amounts
to 40 and 25%, respectively. Together with As (III) and As (V), Cu (II) was almost completely removed from
the solution. Adsorption process of As(Ill) and As(V) on montmorillonite modified with Fe;O4 nanoparticles
and a cationic surfactant is best described by the Langmuir model. The sorption capacity of modified montmo-
rillonite for As (IIT) and As (V) was 9.9 mg/g and 7.6 mg/g, respectively.

Keywords: arsenic, montmorillonite, modified montmorillonite, cationic surfactant, magnetite, sorption capacity.
Acknowledgments: the work was carried out according to the State Assignment of the IMET of the Ural
Branch of the Russian Academy of Sciences (No. 122013100200-2) and with the financial support of the Min-
istry of Science and Higher Education of the Russian Federation within the framework of the Development
Program of the Ural Federal University named after the first President of Russia B.N. Yeltsin in accordance
with the strategic academic leadership program "Priority 2030".

For citation: Belozerova A.A., Pechishcheva N.V., Ordinartsev D.P., Kholmanskikh I.A., Shunyaev K.Yu.
Purification of aqueous solutions from As (III) and As (V) with the use of modified montmorillonite.
Sorbtsionnye i  khromatograficheskie  protsessy.  2023.  23(5):  858-867. (In  Russ.).
https://doi.org/10.17308/sorpchrom.2023.23/11720

BOAC CBA3aHO C BBINICIAYHBAHUEM H3 T'Op-

Beenenne o
HBIX HOpOI[, OTJIOKCHHUHU U TCXHOI'CHHBIX OT-

MBIIBSIK — TOKCUYHBIA U KaHLIEPOrEH-
HBIH 371€MEHT. MBIIIbSK MOKET BCTPEYAThCS
B pa3JIMYHBIX cTeneHsx okucieHus (-3, 0,
+3, +5), HO B OCHOBHOM CYIIIECTBYET B JIBYX
cTeneHsax okucieHus (+3 u +5) B sxosoru-
YECKUX, OMOJIOTMYECKUX U T€OXMMHYECKHUX
oOpasiax. M3BectHo, uto As (III) Gonee
TokcuueH, yeM As (V), u mpeobnagact B
noa3eMubix Bojax [l]. OmacHoe Bo3zaei-
CTBUE MBbIIIbsIKa Ha YEJIOBEKa B OCHOBHOM
00yCJIOBJICHO MOTPEOJICHUEM 3arpsi3HEHHOM
BOZbL. [IprcyTCTBHE MBILIBAKA B IPUPOJHOU

X010B. Bo3elicTBUE MBIIIIbIKA HA YEJIOBEKA
MPUBOIUT K YUAILEHUIO CTYy4YaeB Pa3TUUYHbIX
BUJIOB paKa KOXH, JIETKUX, MEYEHU, MOYe-
BOTO MY3bIpS M TMOYEK, YTOJIICHUIO KOXKHU
(rumepkeparosy), HEBPOJIOTHYECKUM pac-
CTpOICTBaM, MBIIIEYHOW CIIAa0OCTH, TOII-
HOTE U MOTepH anmneTurta [2].

W3BecTHbIE TpaIULIMOHHBIE METO/IBI Y 1a-
JICHWS MBIIIbSIKA W3 BOJHOTO pacTBOpa
BKJIFOYAIOT KOAryJIsAlMIO, OCaXJIECHHUE, NOH-
HBI 0OMEH, OKHCJICHUE 030HOM. BoJbIImH-
CTBO ATHUX METOJOB CBSI3aHO C MOJYYCHUEM
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CUJIBHO 3arpsi3HEHHOTO 0CaJIKa, a TaK¥Ke Xa-
PaKTEepPHU3yIOTCS BBICOKOM CTOMMOCTHIO 00-
CIY’KWBAHUSl YCTAHOBOK, YTO HHUBEIUPYET
MPEUMYIIECTBA MPOU3BOAUTEIHLHOCTH U (-
dbexTuBHOCTH [3].

Ucnons3oBanue aisi OYUCTKUA BOJIBI al-
COpOIIMOHHBIX MaTepuajioB Ha OCHOBE TJIH-
HUCTBIX MUHEPAJIOB BHI3BIBACT BCE OOJBIITUI
unrepec [4]. K nanHomy Tuny marepuanoB
OTHOCUTCSI MOHTMopuJuioHuT (MM). MM
W3BECTEH CBOCH HU3KOM CTOMMOCTEIO, 00JIb-
LIOM IUIOLIAJbIO TIOBEPXHOCTH, BEICOKOH XU-
MUYECKOW  CTaOMJIBHOCTBIO,  BBICOKUMHU
COpPOIIMOHHBIMH CBOMCTBAMH K Pa3UYHBIM
COEIMHEHUSIM, HallpUMep, K OpraHu4eCKUM
KpacutensM [5], xpomy [6], cypbme [7], MbI-
mbdaKy [8-10].

B nacrosimeit pabore B kauecTBe UCXO-
HOTO MaTepuala JJis OYUCTKU BOJHBIX pac-
TBOpOB OT Heopranmueckoro As (III) u As
(V) 6611 BBIOpaH MM, CMEKTUTOBBIH TJIHMHU-
CTBI MUHEPAT, U ero Moaudukanuu — MM,
MOIU(UIIMPOBAHHBIN KAaTHOHHBIM IOBEpPX-
HOCTHO-akTUBHBIM BemiectBoM (KITAB) —
XJIOPUJIOM  JTOJIEUMIIUMETUIIOECH3UIIaMMO-
Hus1, MM, MoudunmpoBaHHBI HAHOYACTH-
namu FesO4, MM, MonudumupoBaHHBIA U
KITAB, u nanouactunamu Fe3Os. Ilenbro
JMaHHOW pabOTHI SIBISLIOCH M3YYEHHUE BO3-
MO>XHOCTH OYHUCTKH BOJHBIX PacTBOPOB OT
As (IIT) u As (V) ¢ ucnonp30BaHUEM MOJIH-
(GUIMPOBaHHOTO MOHTMOPHUJIOHUTA.

JKCNepUMEHTAIbHASA YaCTh

Marepuanbsl 1 MeTonsl. B kauectBe uc-
XOJTHBIX MAaTEPUaIOB OBUIH HCIIOH30BAHBIL:
MOHTMOPUJIJIOHUT (Na,Ca)o33(AlLMg)>
(Si4010)(OH)2'nH,O (MM) BP®-183-FJ
(Zhehejiang Feng Hong New Material Co.,
Ltd), comepkaHue OCHOBHOTO BEIIECTBA
98%, KITAB — momenminnMeTmiIOeH3UIaM-
moHust xyopun Cr H3sNCl (Jiangxi Simo
Biological Chemical Co, Ltd). Bce ocrans-
HbI€ peareHTbl ObUIM aHAJIUTUYECKOW YH-
CcTOThl. Ha mpoTsHKeHHH BCEro SKCIepu-
MEHTa UCMOJIb30BAIH BOY, OUHUILEHHYIO Ha
ycraHoBke YIIBA-S5.

CuHTre3 MOIMGUIMPOBAHHOTO MOHTMO-
pwuiornta. CHUHTE3 COpPOSHTOB MPOH3BO-
IWIIA TI0O METOJUKaM, ONMUCaHHBIM B paboTe
[6]. OcHoBoIf cuHTe3a copbenTta MM:Fe304
ObLIO BHEJPEHUE YAaCTHUII XKelle3a B MEKCIIO-
€BOE MPOCTPAHCTBO copOeHTa. [ 3Toro
30110 MM 100aBIIsid CTEXHOMETPUIECKOE
KOJIM4YecTBO XxJopu0B xene3a (II) u sxenesza
(IIT) 1 mocIe TIIATENIBHOTO TTePEMEITUBAHUS
(dbopMUpOBaT B MEXKCIOCBOM IMPOCTPAH-
ctBe copbenrta a3y Fe3Os ¢ mcmonb3oBa-
HUEM pacTBOpa TuApokcuaa Harpus. s
cuHTe3a komno3uta MM:KIIAB ucnons3o-
Bamn 50% Boauwlii pactBop KIIAB. Jlns
cuHTe3a komnozuta MM:Fe3O4:1TIAB x 100
cM® pacTBOpa 3018 Kommosuta MM:Fe;Os
no6asisuin 50% pactBop I1AB B cooTHo1IIE-
Hum 10:1.

IIpuroroBienue pacTBOpoB. McCXOTHEIN
pactBop KoHueHTpauueir 1000 Mr/mm>, co-
JepKalluid apCeHUT-UOHBI, TOTOBHJIU pac-
TBOPEHHEM TOYHOW HaBecku AsxOs (4.,
00O «HoBele TexHOTOTHN») B BOJE B IIle-
JIOYHOM cpesie U TOBOJIUIN 00BhEM pacTBOpa
10 0.2 v’ B CTaHJAPTHOW MEPHOM KOJjoe.
Ucxonueiii pactBop koHieHTpanuein 1000
Mr/am>?, conepkamuii apceHaT-uoHbl, TOTO-
BWIM U3 cTaHnapTHoro pacreopa H3AsO4 B
0.5 M HNOs, (1000 mr/nm®, Merck) paz6as-
JICHWEM BOJIOW B CTaHIAPTHOW MEPHOM
xo16e o6bemom 0.2 1v>. 3nauenue pH ycra-
HaBJIMBAJIU Tpu nomomu nonomepa M160-
MU (OO0 «/M3mepurenbHas TEXHHUKA) T0-
cpenctBoM nob6asieHus pactBopoB 0.1 u 1
M HCI (o0.c.4., OO0 «CUTMA-TEK») u 0.1
u 1 M NaOH (u.n.a., OO0 «YdaXumlIpo-
eKkT»). M3ydeHue BIHMSHHUS KHCIOTHOCTH
pacTBopa U Macchl COpOEHTa Ha U3BJICUECHUE
As (IIT) u As (V) U3 BOZHBIX pacCTBOPOB 00'b-
eMoM 25 cM’ IPOBOIHIIN TIPU TeMIIepaType
25°C. V3yuyeHue BIUSHUS BpEMEHH COPOIIIH
As (IIT) m As (V) mpoBOIMIIN B CTATHYECKUX
YCIIOBUSX METOJOM OTPAHHYEHHOTO 00beMa
npu pH 4.

JlJis TOCTpOEHUsT HM30TEPM  aJICOPOITHN
ObUTM TPUTOTOBJIEHBI PACTBOPHI, COIEpXKa-
e As (II1) u As (V) B nnanazoHe KOHIICH-
tparmeit ot 1 10 200 mr/mm® mpu pH 4.
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Puc. 1. 3aBucumocts ctenenu agcopoumu As (11I) (a) u As (V) (6) Ha MM u Moauduim-
posarrHoM MM ot pH pactBopa; 25 cM? pacTBopa ¢ KOHIIEHTpAIUEH
As (II1)/As (V) = 10.0 mr/gm?, t = 30 MEHYT Meopsenta = 0.10 T,
—*—_MM; —+— - MMKIIAB; —®— — MM: Fe;04; —— — MM:KIIAB:Fe;04
Fig. 1. Dependence of the degree of adsorption of As (III) (a) and As (V) (b) on MM and
modified MM on the pH of the solution; 25 cm?® solution with concentration As (III)/As (V) =
10.0 mg/dm?, t = 30 min, Msorbent = 0.10 g

Jis w3ydeHus BIUSHUS METAJIOB Ha
crenenb u3BneueHust As (II) u As (V) us
BOJIHBIX PAaCTBOPOB OBUIM TIPUTOTOBIICHBI
pactBopsl, conepxkarue As (III) wm As (V)
¢ xonuentparumeii 10 mr/nm® u Fe (11I), Ni
(D), Cu (II), V (V), Co (II), Cr (III) ¢ xon-
uentpanueit 1000 mr/am> npu pH 4.

CogepxaHue MBbIIIbSIKA B PacTBOpPax
OTIPEACIISIIN  METOJIOM aTOMHO-IMHCCHOH-
HOM CHEKTPOCKONHUH C UHAYKTHBHO-CBSI3aH-
HOHM IMJIa3MOi Ha CIEKTpoMeTpe «Spectro
Blue» ¢upmer «SPECTRO  Analytical
Instruments». CnekrpanbHas auHuA: As [
189.042 uM. PacTtBOpBl 1711 KanuOpOBKH
CIIEKTPOMETpPa TOTOBWIIN pa3OaBIeHUEM aT-
TECTOBAHHBIX CTaHAAPTHBIX 00pa3loB pac-
TBOPOB HOHOB As C KOHIeHTparmeii 1 Mr/cy’.

DKCHEepUMEHTHI 0 OYMCTKH BOJHBIX pac-
tBOpoB OT As (III) u As (V) npoBoauiu c
ucrnonp3oBanueM MM u mMoauduimpoBaH-
Horo MM (MM:Fe;04, MM:KIIAB,
MM:KIIAB:Fe304), ucnonb3oBamu 0.1 T
copbenTa Ha 25 cM® pacTBOpa ¢ KOHIEHTpa-
umeit As (III) nmu As (V) 10 mr/mv?®. Cop6-
IIUI0 U3YYaJId B 3aBUCUMOCTH OT KOHIIEHTpa-
muu As (III), As (V) B pactBope, pH pac-
TBOpa, Macchl COpOEHTa U BPEMEHH KOH-
TakTa copOeHT/pactBop. CTeneHp M3BeUe-
uus (R, %) As (II), As (V) paccuutsiBany,
KaK OTHOUICHHE PA3HUIIbI MEXKIY UCXOIHBIM
(Co, mr/am*) u pasHOBecHEIM (Cp, MI/am’)

coJiep>kaHueM As B pacTBOpe K UCXOAHOMY
COZEPIKAHUIO:
R = M- 100%
Co

KommaectBo aacopbupoBannoro As (I11)
nmu As (V) Ha 1 r copOeHTa (a — KOTHIeCTBO
COpOMPOBAHHOTO BEIIECTBA B MOMEHT JIO-
CTHKEHUSI COPOIIMOHHOTO PAaBHOBECHSI, MT/T
paccYUTHIBAIIM 1O opMmyJIe:

R CEeSY @
m

rie V — o6beM pacTBopa, IM’; m — Macca
copOeHTa, T.

(1)

O0cy:xnenne pe3ybTaToB

®opwmbl HaxoxseHus As (I11), As (V) B
pactBope u BiausHue pH. Biusuue pH nHa
crenienp usBnedenust As (III) u As (V) u3
BOJIHOT'O pacTBOpa C MCMoJb30BaHueM MM
u MoaudumpoBanHoro MM, uccnenoBanu
B auanaszone pH 2-8 (puc. 1). B nuamnazone
pH ot 2 no 7 neopranndeckuii As (III) mpu-
CYTCTBYET TOJIbKO B BHJI€ HEUTPAIbLHON MO-
nexynsl H3AsOs. Ilpu 3nauenusx pH, 6maus-
Kux K HeuTpanbHbIM (pH 7-8), MemieHHO
HauynHaeTcs nucconnanus H3AsOsz ¢ oOpa-
3oBaHueM HoHOB H>AsOs". Heopranuye-
ckuii As (V) ipu pH 2-7 cymectByer B Buje
SKBUMOJIAPHBIX KosmuecTB H3AsO4 1 noHa
H2AsOq4, a ipu pH 7 HaunHaetr oOpa30BbI-
Batbest HAsO4> [11].
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Haubonpiias creneHb wus3BiaeueHus As
(IIT) m As (V) na MM nHabmtoaeTcst pH 1o-
BbilIeHUH pH 10 4 1 cocTaBisier nmopsiaka 25
u 18% COOTBETCTBEHHO, C JAJIbHEUILIUM PO-
croM pH 10 8 crenenpb U3BJICUEHHUS U3MEHS-
eTcsl He3HauuTeNbHO. [loyyeHHble JaHHbIE
COTJIACYIOTCSl C JINTEPATYPHBIMHU JaHHBIMHU,
rJe OTMEYaroT, 4to ¢ poctoM pH crenenn
u3BneueHust As (II1) va MoHTMOpHMIITIOHHTE
yBenuuuBaercs [12].

Crenens u3BnedeHust As (V) U3 BOIHBIX
pactBopoB ¢ ucnoias3oBanuemM MM: KITAB,
yBenuuuBaercs ¢ 18 no 54% B nuanazone
pH 2-4, a 3arem wu3MeHseTCS HE3HAUM-
tenbHO. Crenenb usBneueHus As (III) us
BOJHBIX PACTBOPOB C HCIOJIb30BAHUEM
MM:KITAB npakTuuecku He U3BMEHSAETCS BO
BceM auanasoHe pH. MakcumanbHas cre-
nenb u3BieueHuss As (III) u As (V) ¢ wuc-
nonb3oBanneM MM:Fe3O4 Habmomaercs B
nuanasone pH 2-3 u cocrasmsier 95% u npu
pH 6 pe3ko magaetr no 61 u 55% coorser-
crBenHo. [ns MM:KITIAB:Fe;04 crenenb
uspnedernst As (1) u As (V) u3 BOgHBIX
pacTBOpoB cocTaBisieT 6oiee 95% B quana-
3oHe pH 2-8, T.e., mporecc copOum mpak-
THYeCKU He 3aBucuT oT pH. Jlnsa naneHei-
IIMX KCCIEAOBAaHUNA MO OYHCTKU BOJHBIX
pactBopoB oT As (II1) u As (V) 6b11 BEIOpaH
copoent MM:KIITAB:Fe3O4 ipu pH 4.

YcTaHOBIEHO, YTO CTENEHb U3BJICUCHUS
As (III) u3 BOIHBIX PacTBOPOB BHIIIE, YEM
creneHb wu3BiedeHust As (V) ma MM wu
MM:KIIAB, 310, MO-BUAMMOMY, CBSI3aHO C
dopmamMu HaxokIeHHs ajncopbara B pac-
TBOpe. Kak oTMeuanocsk BhlllIe, YTO B UCCIIE-
nyemoMm auanaszone pH As (V) cymiectByer
B Busie H3AsOs 1 mona HoAsO47, a As (I1) B
JaHHOM Jnuamna3one pH Toibko B BuUIE
HeuTpabHbIX  MoJekyn H3AsOs.  Ilo-
CKOJIBKY MOBEPXHOCTh MM oTpuLaTenbHO
3apsKeHa, OH IJI0X0 COpOMpYET aHHWOHBI, B
tom uncie HxAsOq4 [13]. AncopOrus anumo-
HOB Ha MM mOTEHIIMAJILHO BO3MOKHA OJia-
rojapsi HUTMYUIO Ha OOKOBOI MOBEPXHOCTH
QIIOMOCUJIMKATHBIX CJIOEB TEPMUHAIBHBIX
(KOHIIEBBIX) CHJIAHOJIBHBIX U QIFOMHHOJIb-
Heix rpynn (Si-OH; Al-OH), koropsie B 3a-
BUCcHUMOCTH OT pH cpensr MoTyT HecTu 160

MTOJIOXKUTEIBHBIN, JTMOO OTPUIIATESIIBHBIN 3a-
psn. B xuciont cpeae unm nociie npeaBapu-
TEJIBHOTO MNPOTOHHUpPOBaHUSI MM aHUOHBI
MOTYT aJicopOupoBaThcs Ha HeM Onarogaps
ANEKTPOCTATUYECKOMY MPUTSHKEHUIO K MIPO-
THUBOIIOJIOKHO 3apsSHKEHHOM TMOBEPXHOCTHU
pEOep amOMOCHUITUKATHBIX CIIOEB [ 14].

BrusHue maccel copOeHTa Ha CTENeHb
m3BaeueHus As (II) u As (V). Dddextus-
HOCTh HW3BJICUCHUSI MBIIIbSIKA W3 BOJHBIX
pacTBOPOB € HCcHoJIb30BaHUEM MM u Moau-
¢unupoBanHoM MM wuccrienoBaiv B 3aBU-
CUMOCTHU OT Macchl copOenTa, pH pactBopa
IIPU 3TOM IOAJIEpP>KUBAIN Ha ypoBHE 4.0.

Ha puc. 2 npeacraBieHa 3aBUCHMOCTh
crenienn u3BneueHus As (III) u As (V) B 3a-
BHCHMOCTH oT MaccChl copOeHTa
MM:KITAB:Fe304. YcranoBieHo, 4TO I
W3BJIEYEHNs U3 25 ¢cM’ pacTBOpa ¢ KOHIIEH-
tpanueii 10 mr/nm> 6onee 99% As(111) Heob-
xonumo 0.25 r copbenta. B ciyuae As (V)
HauOOJbIIIAs CTETIEHb W3BIICUCHHSI TOCTUTA-
etcst yoke ipu 0.15 T copOeHTa u cocTaBiseT
96% u mnpu JanbHEWIIEM POCTE HABECKU
cOpOEHTa CTENEeHb W3BJICUEHUS U3MEHSETCS
HE3HAYUTEIbHO.

BiusHue BpeMeHM KOHTaKTa Ha CTENEeHb
m3BaeueHus As (II) u As (V). Dddextus-
Hocth u3BneueHus As (II1) u As (V) u3 Box-
HBIX  pacTBOPOB C  HCIHOJB30BaHHUEM
MM:KIIAB:Fe304 uccnenoBanu B 3aBHCH-
MocTH OT BpeMmeHH, pH pacTBopa moniep-
*uBanu Ha yposHe 4.0 (puc. 3).

Crenens uzBneuenus As (I1I) u As (V) u3
BOJIHOT'O pacTBOpa npu Macce copoenta 0.25
I yBenu4uBaeTcs ¢ 96 u 97% B TeueHue Bpe-
MEHHU KOHTaKTa 5 MUHYT U 10 99% B Teue-
HUM 60 MUHYT, a 3aT€M OCTAaeTCs MOCTOSH-
HOM no 120 MuHYT, npu AanbHEHIIEM yBe-
JINYEHUW BpEMEHM KOHTakTa A0 150 MuHyT
crenienp u3BieueHuss As (III) u As (V) na-
naet 10 98%. DTo cBsI3aHO ¢ TEM, 4TO COpO-
uMs Mblbsika Ha MM BBI3BIBAaET CxKaTue
ClI0eB COpPOEHTa U YMEHbIIEHUE MEXKCIoe-
BOro mnpocrpanctBa. C TeueHHEM BpPEMEHHU
MPOUCXOJUT CTPYKTypHasi IepecTpoiika
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Puc. 2. 3aBUCHMOCTE CTETICHH aJICOPOITNT
As (IIl) u As (V) nra MM:KITAB:Fe;04 ot
Maccel copOenTa; 25 cM® pacTBOpa ¢ KOHIIEH-
tpamwmeii As (II1)/As (V) = 10.0 mr/nm?,
pH 4, t=30 mun; *— As (II); *— As (V)
Fig. 2. Dependence of the degree of adsorp-
tion of As (III) and As (V) on MM:CS:Fe;0,4
on the weight of the sorbent; 25 cm? solution
with concentration As (II1)/As (V)=10.0 mg/dm’
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Puc. 3. 3aBUCHUMOCTE CTETICHH aJICOPOITNT
As (IIT) u As (V) nra MM:KITAB:Fe;04 ot
BPEMEHHU KOHTAKTa; 25 CM> pacTBOpa ¢ KOH-
uenrpanueii As (II1)/As (V) = 10.0 mr/am?,
pH 4, mcopserma = 0.25 T; *— As (II1); ® — As (V)

Fig. 3. Dependence of the degree of ad-
sorption of As (III) and As (V) on
MM:CS:Fes;04 from the time of contact; 25
cm? solution with concentration As (III)/As

(V) = 10.0 mg/dm’?

0
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C,, mr/am®
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Puc. 4. TeopeTnueckn pacCUUTaHHBIE M SKCIIEPUMEHTAIBHBIC H30TepMBbI ancoporuu As (I11)
(a) 1 As (V) (6) na MM:KITAB:Fe;0s; 25 cm® pactBopa ¢ xonnentpauueii As (II1)/As (V)=

10.0 mr/nv®, pH 4, t = 60 MUHYT Meopsenta=0.25 T; * — DKCIIEPHMEHT;

— ypaBHEHHE

®pelHnuxa; === — ypaBHeHue JIeHrmiopa
Fig. 4. Theoretical and experimental adsorption isotherms of As (III) (a) and As (V) (b) on
MM:Cs:Fe;04; 25 cm? solution with concentration As (III)/As (V) = 10.0 mg/dm?®, pH 4, t = 60
min’ Msorbent — 0.25 g

cioeB MM, koTopas ¥ PUBOJUT K AeCOpO-
[IUU MBIIIbsIKA CIa00CBsI3aHHBIMU C TEPMHU-
HAIBHBIMU TpyINnamMu moaudukaropa. Ta-
kuM oOpazom, coporus As (III) u As (V) Ha
MM:KIIAB:Fe;O4 pe3ko Bo3pacTaer B
HavyaJbHOU (pa3e sKcrepuMeHTa, 4TO CBS-
3aHO C OOJBIIUM MEXKCIOEBBIM PaccTOs-
HUEM, KOTOPOE CHUKAETCS C TEUEHHUEM Bpe-
MEHU U TIPUBOJUT K 3aMEJUICHUIO JaIbHEH-
U COpOITHH.

Uzorepma agcopbuuu As (1) u As (V).
Ananmuz uzorepm ancop6ruu As (II1) u As

(V) na copbente MM:KIIAB:Fe;04 mpoBo-
IUIM 1[0  YpaBHEHUSAM  aacopOnuu
Jlearmiopa (ypaBHenue 3) u Dpeitnanmmuxa
(ypaBHeHue 4).

C 1 C
p p
- = + ©)
a KLamax lamax
Ina = InKg + HlnCp 4)

rne Cp, U a — KOHILEHTpALUsS B PacTBOpeE
(Mr/amM>) 1 KOJIMYECTBO COPOUPOBAHHOTO Be-
miecTBa (Mr/T) B MOMEHT JOCTHUXKEHHS COpO-
[IUOHHOTO PAaBHOBECHS, COOTBETCTBEHHO;

863



ISSN 1680-0613

Copbyuonunwvie u xpomamoepaguuecxue npoyeccot. 2023. T. 23, Ne 5. C. 858-867.
Sorbtsionnye i khromatograficheskie protsessy. 2023. Vol. 23, No 5. pp. 858-867.

Tabmuua 1 PaccuntanHsle mapameTpsl Moaenu u3otepmsl ancopOuuun As (III) u As (V) Ha

MM:KITAB:Fe;O4

Table 1 Calculated parameters of the adsorption isotherm model of As (III) and As (V) on

MM:CS:Fe;04

Mopnens [Tapametp Mmogenu As (1II) As (V)

K, av3/Mr 0.10 0.11

Jlerrmiopa Qmax, MI/T 9.9 7.6

r? 0.96 0.96

K, (Mr/r)-(am*/mr)'m 1.07 0.79

Opelinanuxa I/n 0.55 0.53

r? 091 0.88

Ta6m/1ua 2. C0p6I_II/IOHHI:Ie XapPaKTCPUCTUKU INTUHBI 1 KOMITO3UTHBIX MaTCPUAJIOB HA OCHOBC I'NIMH

no otHouenuto K As(IIl) u As (V)

Table 2. Sorption characteristics of clay and clay-based composite materials in relation to As (I1I)

and As (V)
CopOeHT Hon Amax, MI/T Ccpuika
MM As (1IT) 2.5 JlaHHas pabora
MM As (V) 1.3 JlaHHas pabora
MM:KIIAB:Fe;04 As (IIT) 9.9 JlaHHas paboTa
MM:KIIAB:Fe;04 As (V) 7.6 JlaHHas paboTa
N,N MeTuneH-ouc-akpunaMmu As (V) 53 47 8]
MOHTMOPHJUIOHUT
MOHTMODHILITOHHT Ha TOJUIOXKKE U3 HAHO- | (IIm) 0.49 [9]
YaCTHIL XKeJie3a
MOHTMOPHJUIOHUTOBBIE MAarHUTHBIC As(V) 9 [10]
MaTepHabl
MOHTMOPHJUIOHUT MOJIA(DUIIMPOBAHHBIH As (ITT) 385 [12]
THIPOKCHIIOM JKene3a
NpUpOAHas TIuHA/KoMIo3uT Fe—Mn As(V) 86.86 [16]
MIPUPOHAS TITUHA As(V) 120.7 [16]
TIIMHA, MOAM(UITUPOBAHHAS OKCHIIOM Ke- As(V) 5 [17]
Jie3a ¥ AKTHBHPOBAHHEIM YTIIEM

AQmax — MaKCHMalibHasi COpOLMOHHAS eM-
kocTh (Mr/r); KL — xoHcTranta JIeHrmiopa;
Kr 1 1/n — koHCTaHTBI U30TEpMBI DpeiiH-
auxa.

Monens uzorepMmsl JIeHrMopa ocHOBaHa
Ha TOM, YTO Ha MMOBEPXHOCTU COPOEHTOB 00-
pa3yeTcsi MOHOMOJIEKYJISPHBIH COpOLMOH-
HBII CJIOi, U Bce COPOLIMOHHBIE LIEHTPBI 00-
JAJal0T PaBHOW SHEPrUed W HHTAJIbIHUEH
copbmmu. Mozaens @peifHIIXa UCIONb3Y-
eTcsl JUIS ONKCaHUsl COPOIMU Ha reTepOreH-
HOU moBepXHOCTH. COpOIMOHHBIE LEHTPHI
10 ATOM MOJEININ XapaKTepU3YyITCs pa3iny-
HBIMHU BEJIMYMHAMU HHEPTUHU, TO B MEPBYIO
ouepellb MPOUCXOJUT 3aloIHEHHE copOLu-
OHHBIX LIEHTPOB C MAKCUMAaJIbHOM dHEPrUeu

[15].

Ha puc. 4 npencraBieHbl 3KCIEpUMEH-
TaJbHO TOJYYCHHbIE U TEOPETUUYECKH pac-
curTaHHbie U30TepMbl agcopoumu As (I11) n
As (V). B tabnurie 1 npeacraBneHsl paccyu-
TaHHbIE 3HAYEHUS aJCOPOLMOHHBIX Mapa-
MeTpoB Mozener Jlenrmiopa u ®OpenHa-
nuxa. [Iponecc ancoporuu As (II1) u As (V)
Ha MM:KITAB:Fe304 ntyunie Bcero onucsl-
BaeT Mojenb Jlenrmiopa (HanOONbIIMIA KO-
> UIHEHT KOPPEIALMH 1> IS 3aBUCHMO-
CTEH MOCTPOCHHBIX B JIMHEHHBIX KOOPJHUHA-
Tax). Copb6uuonHas €MKOCTh
MM:KITAB:Fe304 st As (III) u As (V) co-
ctaBmwia 9.9 u 7.6 MI/T COOTBETCTBEHHO.

B Tabmuue 2 mpencraBieHbl 3HAYCHUS
MaKCHUMaJbHOW  COPOIIMOHHON  €MKOCTH
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Table 3 Effect of metal ions on adsorption on As (III) and As (V)

Meramn RAS (11D), % R McETaia, % RAS V), % R Mmeraiia, %
Fe (IIT) 69.70 20.67 69.14 23.43
Ni (II) 98.01 23.54 99.31 62.72
Cu (II) 96.40 99.39 97.32 99.78
V (V) 99.64 19.10 99.64 18.98
Co (II) 98.05 12.40 99.16 9.94
Cr (IIT) 40.29 29.32 25.62 13.47

TJIMHBI U KOMIIO3UTHBIX MaTEpHUaIoB Ha OC-
HoBe riuH 1715 u3BiedeHus As (1) u As (V)
U3 BOJHBIX pacTBOpoB. Ha ocHOBaHWM naH-
HBIX TaOJHIIBI MOKHO OTMETUTH, YTO COpPO-
nuonHasa eMKocTh MM:KITAB:Fe3zO4 o o1-
Homrenuto K As (IIT) u As (V) Boitme, uem aiis
MM, Moau(UIHPOBAHHOTO TOJIBKO COEIH-
HEHUSIMU Keje3a (HAaHOYACTHIIbI >KeJesa,
OKCHJI Kele3a, THApokcun sxenesa). [Ipu
stom copbeHT MM:KITAB:Fe304 obnamaer
MarHUTHON BOCHPUUMYHBOCTBIO, YTO MMO03-
BOJIIET DPAa3/eisATh COPOEHT M pacTBOp Ha
MarHUTHBIX (MJIBTPaX M MArHUTHBIX Cera-
paropax. CopOIimoHHass eMKOCTh COpOeHTa
MM:KITAB:Fe304 HUXE, yeM A TPUPOJI-
HOM TIIMHBI [16], olHaKO TPUMEHEHUE MPHU-
POIHON TJIMHBI B pEAITbHBIX MpOIeccax
OUHCTKU BOJBI 3aTPYJHEHO BCIEJCTBUE €€
BBICOKOW JIUCIIEPCHOCTH U CIIO)KHOCTBIO B
pazzeneHun copOeHTa u pacTBOpa.
BiiisiHYe METaIINIOB HA CTENEHb U3BJIEYC-
Husg As (IIT) u As (V). beuto uzydeHo Biwusi-
Hue nonoB MetamioB (Fe, Ni, Cu, V, Co, Cr)
Ha crerieHp u3BnedeHus As (III) u As (V).
JlaHHBIC METAILIBI HAPSITY C MBIIIBSIKOM MO-
T'YT NPUCYTCTBOBATh B CTOYHBIX BOJAX, BBI-
OpachIBaeMbIX METALTYPTrHYECKUMH TIPE.I-
npustusMu. B Tabmuie 3 mpencraBieHbl pe-
3ynbTathl crenenu u3pneueHus As (1) u As
(V) U3 MOmEnbHBIX PacTBOPOB B TPHUCYT-
CTBUU HOHOB METAUIOB. M3 TOIydeHHBIX
JAHHBIX MOXHO BUJIETh, YTO B MPUCYTCTBUU
nonoB Fe (III) crenens u3Bneuenus As (I11)
u As (V) na MM:KIIAB:Fe;04 ymensim-
nach 10 69 %. Haubonbliee BIusiHIE HA CTE-
nenb u3BieueHus As (III) u As (V) ¢ wuc-
nonb3zoBanneM MM:KIIAB:Fe3O4 oka3bl-
BaeT Cr (III). Crenens u3Bnedenust As (I1I)
u As (V) B ero npucyTcTBUM yMEHbILIAETCS

u coctaBiasgeT 40 u 25 % COOTBETCTBEHHO.
Bwmecte ¢ As (III) u As (V) u3 pactBopa
MPAKTUYECKHU TOJHOCTHhIO u3Biekaercs Cu

(ID).
3akaroueHue

B03MOXHOCTH OYUCTKU BOJIHBIX PacTBO-
poB ot As (IIT) u As (V) ¢ ucnonb3oBanueM
MOHTMOPWJIJIOHUTa W €ro Moaudukauui
ObUTa M3y4YeHa MPHU PA3TUYHBIX 3HAUYCHUSIX
pH pactBopa. MoHTMOpUIITIOHAT, MOAU(DH-
LIUPOBAHHBIN OJHOBPEMEHHO KAaTHOHHBIM
ITAB u Fe;04, mokazan JIiydniyro CTENEHb
W3BJICUCHHS] HEOPTAHUUECKOTO MBIIIbsKA AS
(IIT) 1 As (V) 1o cpaBHEHUIO C IPYTUMH MO-
nuuKausIMU, B OHa cocTaBuiia 6onee 95%
B nuana3zone pH 2-8. [Iponecc mpakTuyecku
He 3aBucHUT oT pH pactBopa. OntumainbHas
Macca copoenTa auis uzBieuenus As (I11) co-
craBuna 0.25 r Ha 25 cM® pacTBOpa P HTOM
CTeTeHb U3BJIeYeHHsI cocTaBuiia 6onee 99%.
B cnyuyae As (V) mauOounbinas cTeneHb U3-
BJIeUeHMS Jocturaercs yxke npu 0.15 r cop-
OeHTa u coctaBisieT 96%. Bpems koHTakTa
pactBopa ¢ copbeHToM aisg 99% wu3zBneye-
uug As (III) u As (V) u3 25 cm® pacTsopa ¢
KoHIeHTpauueir 10 Mmr/am° coctaBuiio 60
MuHYT. IIpn ontumaneHOM 3HaueHuu pH
OBUTH MTOCTPOEHBI SKCIIEPUMEHTAIIbHBIE U30-
tepmbl aacopbuuu As (III) u As (V) Ha
MOHTMOPWJIJIOHUTE, MOJAU(DUIIMPOBAHHOM
onHoBpeMeHHO kaTuOHHBIM [TAB u Fe;0s.
[Tponiecc aacopommu As (III) u As (V)
Jqydile  BCEro  OMNHUCBHIBAET  MOJENb
Jlenrmiopa. MOHTMOPHIUTOHUT, MOAU(HUIIN-
POBaHHBI  OJHOBPEMEHHO  KATHOHHBIM
ITAB u Fe3O4, MOKHO pEKOMEHJIOBATH JJISI
OUYKCTKHU BOJbI OT HEOPTaHUYECKOTO MBIIIIb-
ska As (II) u As (V).
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Konduukrt narepecon

ABTOpBI 3asBIISIOT, YTO y HHUX HET W3-
BECTHBIX (PMHAHCOBBIX KOH(IMKTOB HHTEpE-
COB WJIM JIMYHBIX OTHOUICHUH, KOTOpBIE
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