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KHHETHUKA COPBLIUU JEPHOBO-IIO/130JIMCTO MOYBOI HUKEJIS
LIYMUJIOBA M. A.

YamypTckuil GpenepalibHbIN HCCIeI0BaTENbCKUI IEHTP Y paibckoro otaeneHus PAH,
426067, r. xeBck, yn. T. bapam3unoi, 34

AHHOTAIMUSA. B mpencraBieHHoi paboTe B CTATUYECKUX YCIOBHAX HMCCIEIOBAaHA KWHETHKA aJICOPOIHMN
MOHOB HUKENS JCPHOBO-TIOJ30JIUCTON TOYBOW. YCTAaHOBJIEHO, YTO IMPOIECC COCTOUT U3 OBICTPOM cTaauw,
isiieiicss 30 MUHYT, ¥ MEIJICHHOM, KOTOpasi 3aHUMaeT He MeHee 575 wacoB. KuHeTuka agcopOuuu HUKEIs
JEPHOBO-TIOI30JINCTON TOYBOM YCIIENTHO OMHCHIBaeTCS MOAU(DHUIMPOBAaHHBIM ypaBHeHHeM DpelHuXa.
KoHcTanThl ypaBHEHHMs, BBIYMCICHHBIE METOAOM HaMMEHBIIMX KBaapatoB, K,C,=383.963 M vy
u 1/n=0.0033, yka3bpIBalOT Ha BBICOKYIO CKOPOCTh IMpOIEecCca U OOJBIIYIO CTENEHb CPOACTBA MOYBESHHOTO
MOTJIOMIAFOIIETO CIIOA K MOHAM HuKensd. M3meHeHne BenmunHbl pH ¢umbTpara BO BpeMeHH yKa3bIBaeT Ha
mpuOIKeHNe K BeanmdnHe pH MCXOIHOTO pacTBOpa HUKENS NMPU JOCTHYKEHHWH KaXKYyIErocs paBHOBECHS B
CHUCTEME IIouBa — MeTaul. VccleqoBaHWe KHHETHKH aJCOPOIMM HHKENs TBepaoi (a3oil IMOYBHI
MO3BOJISIET TMPOTHO3UPOBATh COCTOSHHE ITOYBEHHOTO IOKPOBa, pa3pabaThIBaTh METOABI W IPOBOJIUTH
MEpOTIPHUATHS TIO JIMKBUAANNN YPE3BbIUAWHBIX CHTyallMd MPOMBIIUIEHHOTO TPOU3BOJICTBA B OOBEKTaX
OKpY>Karolllel cpeibl.

KJIIOUEBBIE CJIOBA: mousa, HUKENb, ancopOIus, Monens OpeiHmmxa, KHHETHKA.

BBEJIEHUE

B Yamyprckoit Pecniy6nnke BelIMKO BIUSHUE HA OKPYKAIOLIYIO CpeAy U, B YaCTHOCTH, Ha
MOYBY NPOMBINUICHHBIX TpeAnpuatuil. B Poccun monst 3arps3HeHHbIX HuKeneM mouB (2.8 %) B
psany npyrux Tsokenbix MetaioB (TM) sBisercs pakTHuecku caMoi 3HAYMTENbHOM M yCTymaer
TOJIBKO 3eMIIIM, 3arpsiz3HeHHBIM Menbio (3.8 %) [1]. OCHOBHBIMU aHTPOMOTEHHBIMH MCTOYHUKAMH
MOCTYIUIEHHUST HUKEIS B OKPYXKAIOIIYI0 Cpeay SBISIOTCA MOPEJUpUSITHS — METaIypruu,
MAaIIMHOCTPOSHUSI U METAIII000pabOTKH, TPAHCIIOPT, CKUTAaHUE KAMEHHOTO YIiis U Ma3zyTa Ha TOL]
U KOTEJNbHBIX, CTOYHBbIE BOAbI [2]. Hukenb, mogoOHO IpyruM KaTHOHAM TSKENBIX METaJlIOB,
CIOCOOEH HaKaIUIMBaThCsl B IOYBE, CO3/7aBasi TEM CaMbIM HEOJIArONPUATHYIO HKOJOTHUYECKYIO
o0cTtaHOBKY. [IpuHSATHE NPaBUIBHBIX PEIIEHUH OTHOCUTENIBHO 3arpsA3HEHNs] HOHAMU HUKEJS TOYBbI
JTUKTYIOT HEOOXOJMMOCTh UMETh JOCTATOYHO MOJHOE MPEICTaBICHHE O MEXaHU3MaxX ero copouuu
B TEUEHHUE JJINTENBHOIO Mepuoja BpeMeHHu. [l MOHMMaHUS MPOLECCOB aacopOuuu TpedyeTcs
3HaHUE KMHETUKU peakiMii Ha MOBEPXHOCTH pas3zesia TBepAOH M KUIKOH (a3 MOYBBI, MOITOMY B
MPOJOJKEHHE M3Y4YEHHUS] TOTJIOTUTENIbHOM CHOCOOHOCTH JIEPHOBO-IIOJ30JMCTONM IMOYBHI IO
OTHOILICHMIO K HMOHAM HHKens [3] Ienplo MpeicTaBiIeHHOM paboThl SBISETCS HCCIEI0BaHHE
KMHETUYECKUX XapaKTePUCTHK JAHHOTO COPOIIMOHHOTO Mpoliecca.

JKCIIEPUMEHTAJIBHASA YACTD

Jlo71s1 1epHOBO-IIO/I30JIUCTHIX MTOYB B OOIIEH IUIOMIAIN 3eMeNlb Y IMYPTUH COCTaBIISIET MOPSIIKa
68 % [4], mMOATOMY MAaHHBIM TUN TMOYBHI ObLT BBIOpAH A HMCCIENOBAaHUS AJCOPOIMH HUKENS B
CTaTUYECKUX J1a0OpaTOpHbIX ycIoBHsIX. [IpoOOMOArOTOBKY MOUBEHHBIX OOPA3lOB U OMpEeSieHHe
arpOXMMHYECKHX MOKa3aTeIe MPOBOAMIIM 110 CTAaHAAPTHBIM MeToAaM [S5]. 3HaueHue pH nouBeHHbIX
(GuIbTPAaTOB yCTaHABIMBAJIM MOTEHIUOMETpUYeckd Ha HoHomepe W-160 MU c To4HOCTBIO
onpeaenenuss 0.001. Ha ocHoBe moiy4eHHBIX AAHHBIX YCTAHOBJIEHO, YTO HCCIIELyeMas I10YBa
ABIISiETCA  claborymycupoBaHHOM (cogepkanue rymyca 1.58 %) u cmabokucioit (pH coneBoit
BBITSDKKH 5.22).
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Havanpheiii ~ 0.1M pacTBOp HMKENs TOTOBWJIM PACTBOPEHMEM HABECKM KPHUCTaLUIOTHIpATa
NiSO4-7H,O kBamuduranmum «4.1.a.», TOYHYKO KOHIIGHTPAlMIO pPacTBOpa  OMpPEaessiin
CHEKTPOCKOIIUYECKH.

st Toro, 4roObl OOECHEYUTh COMOCTAaBHMBIC YCJIOBUSI B3aUMOJICHCTBHSI MOHOB HHUKENS C
no4yBeHHbIM noromaromum komriekcoM (I1TIK), a Takxke, 4ToOBI CHU3UTH 10 MUHHUMYMa BIIUSTHHE
peakiuii HOHHOTO 0OMEHa Ha copOIuto, ucciaeaoBanus nposoawan Ha ¢poHe 0.01M pactBopa CaCl,
IIPU COOTHOLIEHUHM NIoYBa : pacTBop — 1:10. 3menbuenHsie 10 pazmepa yactul < 0.1 MM Bo3ayIIHO-
CyXHe MOYBEHHbIe 00pa3iibl Maccoil 18 r momMemany B HeHTpU(yKHbIE KOJObI, K HUM JOOABIISUIH 110
180 M 0.0007M pactBOpa HuKens. Ilocie BcTpsxuBaHuS KOO C CYCIEH3MSIMH Ha POTAaTope U
B3aMMOJICHCTBUS TBEPAOH (pa3bl C pacTBOPOM BO BpeMEHHOM HHTepBaiie oT 0.5 1o 576 yacoB mpoObI
neHTpudyrupoanu B tedeHne 10 muH co ckopoctbio 2500 o6/MuH. B HamocamodHOM KHUIKOCTH
METOZIOM  aTOMHO-a0COPOLIMOHHOM  CHEKTPOMETPUM C  DIIEKTPOTEPMHUYECKON  aToOMU3aluei
ONpPENEJISTIM  PAaBHOBECHYIO KOHLEHTpAallMI0 HMOHOB HUKENS [0 CTaHJApPTHOM  METOJUKe
M-02-902-125-2005 [6]. PeaxkTuBbl, HCHONB3yeMblE U1 CIEKTPAJIbHOIO aHaNW3a, HMEIN
KBATH(UKAIHIO «O0.C..».

KonruecTBO MOTIONMIEHHBIX MOHOB HUKENS HAXOAWJIHU MO0 PA3HOCTH MEXKAY UCXOIHBIMH U
PaBHOBECHBIMH KOHIICHTPALUSAMH B JKuAKoW (aze. OmBIT TPOBOJWICS B JBYX Iapajulessx,
BCE OKCIEPUMEHTAJbHBbIE TOYKM TOJNYy4eHbl B TpPeX MOBTOPHOCTSX. IlpuBeneHHbIE TaHHbBIE
SBJIAIOTCS. UX CPEAHUMM BEJIMYMHAMHU; BEJIMYMHA OTHOCUTEJIBHOIO CTAHJAPTHOIO OTKJIOHEHMS
He npeBbimaer 6.0 %.

KonmgecTBo HUKENsI, COPOMPOBAHHOTO TTOYBOM, BEIYMCIISLIN 110 (popMyIIe:

(Cc,-C)yV
Cpo =, (1)
m
-1
rac Ca)lc — KOJHUYCCTBO IIOTJIOIICHHOTO MCTalllla KHWJIOTpaMMOM IIOYBbI, MOJIb'KIT ; C() u

C — HavanmpHas W PaBHOBECHAs KOHIICHTPAIIMM MOHOB HUKENS B PacTBOPE COOTBETCTBEHHO, M;
V' — o6bem pacTBopa, I[M3; m — Macca MOYBbI, KT.

PE3YJIBTATBI U OBCYKJAEHUE

AJcopOIIHsT TSKENBIX METAJIOB, €CTM OHa B OOJbBINEH CTENEHU SBISAETCS HOHOOOMEHHOM
peakiueid, ToKHa MPOTeKaTh OBICTPO, B TO BPEMs KaK PEaKIUU XeMOCOPOLMU OOBIYHO MPOUCXOIAT
MemneHHee [7]. Ha ocHOBe MakpOCKOMMYECKUX MapaMeTpoB (B YAaCTHOCTH, W3MEHEHHMH
KOHIIEHTpallui B pacTBOpPE) BPEMEHHYIO 3aBUCHUMOCTb copOimu moHa moepxHocThio [IIIK wacto
XapaKTepU3yIOT KakK MpoLecC ¢ ABYMS mmaramu [8, 9]: ObICTpoe MOMIIOIIEHHE U ME/IJIEHHBIE ITPOLIECCHI.

Ha ocHOBe mosyuyeHHBIX SKCHEPUMEHTAIbHBIX AaHHBIX (TaOauIla) BpeMEHHAas 3aBUCUMOCTh
a7IcCOpOITMU HUKEIIS IEPHOBO-TOA30JIMCTON MTOYBOM MMOKa3aHa Ha puc. 1.
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Puc. 1. CxopocTth agcopOumun HUKeJIs 1ePHOBO-TIOA30JIMCTOM MOYBOIi:
a) — KHHETHKA COpPOIMH; §) — cTeNeHb COPOINHU
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Taoauna

KoanyecTBeHHBIE MOKA3aTEIN COpﬁIIHOHHOl"O nmpouecca HoHa HUKEJIA
JePHOBO-N0A30IMCTOM MOYBOM

Ne | Bpemsat, | ¢ 10° C.-10° Crenenb K.Co,
n/n q ﬁlgl;?;M% j M(:;,.Kr-jl agcopouuu MOJTB M~ U R
1 0.5 4.714 6.532 0.932
2 1 4.611 6.543 0.934
3 2 4.422 6.562 0.937
4 24 3.966 6.607 0.943
5 48 3.840 6.620 0.945 0.00654 0.0033 0.985
6 96 3.744 6.629 0.947
7 240 3.563 6.648 0.949
8 408 3.238 6.680 0.954
9 576 3.043 6.700 0.957

CornacHO J1aHHBIM 3KCIEpUMEHTa B Te4eHHE MepBbIX 30 MHHYT IPOUCXOIUT ObICTpas
azcopOuus MeTajuia MOo4BOM, OOYCIIOBJIEHHAs, OYEBHHO, HAJIMYUEM CBOOOIHBIX COPOLIMOHHBIX
LIEHTPOB; 3aTe€M HacTymaeT 0ojiee MeUIEHHAas, KOTOPYIO MOXHO MHTEPIPETUPOBATh KaK pe3yibTar
IIPAKTUYECKH TOJIHOTO HACBINICHMSI AKTHUBHBIX PEAKIIMOHHBIX LIEHTPOB MOYBEHHOW MOBEPXHOCTH.
[Tocne mepBbix 30 MUHYT afcopOLMs HUKENs MPOTEKAET C YMEHbIIAIOUIEHCS CKOPOCTBIO;
Me/JIeHHass aacopOIus MpoaoJDKalach HE MeHee 575 4acoB; OJHAKO HCTHHHOE PaBHOBECHE HE
YCTAaHABIIMBAETCSA, a MOXHO JIMIIb TOBOPUTH O KAXYIIEMCS pPaBHOBECHUH, IpPU KOTOPOM
COpOLIMOHHBIE TPOIECCHl MPOAOIDKAIOTCS, HO € MajblMU cKopocTsaMH. CoderaHue OBICTPO U
MEJIEHHO UJIYLIUX COPOLMOHHBIX MTPOLIECCOB OJHOIO U TOTO Y€ BEIIeCTBA, B HAIlIEM IKCIIEPUMEHTE
MOHOB HUKEJISl, — CJIEICTBUE MOJIM(YHKIIMOHAILHOCTH MTOYBBI KaK COpOEHTA.

Kak Obl10 ycTaHOBJIEHO HaMM paHee, Mpolecc aAcopOLUU HHUKENs JEPHOBO-MOA30JIUCTOM
IIOYBOM HAXOJUTCS B IOJIHOM COOTBETCTBUU C ypaBHEHUEM HM30TepMbl DpeiiHannXa, I0ITOMY IIpU
W3YYEHUH KUHETHKU aJCOpOLMM BO3MOKHO MCIOIb30BaHHE MOIU(UIUPOBAHHOTO YpaBHEHUS
Opeitnanuxa [10]:

Cone= K.Co 1", Q)

r1e Caze — KOTHYECTBO COPOUPOBAHHOTO HUKEIS, MO KT 3 Co — HCXO/IHAS KOHI[GHTPAITHS HIKEJIS,
M; t — Bpems peakmun, u@; K,Co — KOd(P(HUIMEHT CKOPOCTH COPOLHH, MOJb AM a ;
1/n — KOHCTaHTA.

JluneapuszoBaHHbI rpaduk ypaBHeHus (2) — norapupm copbupoannoro Ni (II)
OTHOCHUTENIbHO Joraprudma BpeMEHH PEeakIUu — MPU BBOJAUMBIX MalbIX KOHIEHTpALUAX MeTaija
XapaKTepU3yeTcs JINHEHHBIM COOTHOLIEHUEM AJIs UCCIIEAYEMOro TuMma moussl (puc. 2). [lapamerpsl
ypaBaenus (2) K,Co u 1/n OblIn paccuuTaHbl METOJIOM HaMMEHBIIMX KBajapaToB [11]: (Tabnuia),
KO3 PHUIHMEHT KOppeNauuu R Takxke MpUBe/eH B TabHIIe.

Takum o0pazom, OM3Kast K €IUHUIE BeTUYrMHA KOd(PPUIIMEeHTa KOPPESIUN JOKa3bIBaET,
4T0 MOAM(DUIUPOBAHHOE YypaBHeHHEe @DpelHAIMXa YCIENIHO ONUCHIBAET KHHETHUKY COpOLUU
HUKENS JIEPHOBO-TOJI30JIMCTON MOYBOM ISl MCCIECTOBAHHON KOHIIEHTpAlMyd METajia U BPEMEHU
peaxkuuu.
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Puc. 2. I'padguk ypaBHeHusi @peifHAINXa VI KHHETHKH COPOLIMM HUKeJIsI
JIEPHOBO-NIOA30JIUCTON MOYBOM

Hcxons w3 ypaBHeHUS (2) MOXHO 3aKIIFOYUTh, YTO CKOPOCTh pEaklud B (PUKCHUPOBAHHBIN
MOMEHT BpEMEHHU MPSAMO MPONOpIHOHaIbHA 3HaueHU0 K,Co 1 OIpeiesieTcsl ypaBHEHUEM:

dc,, 1 ]
=K Gyt 3)

CnenoBatenbHo, uyem Oonbmie K,Cp, TeM BBIIE CKOPOCTh IMpolecca aacopOLuH.
CorjnacHO HAIIMM SKCIIEPUMCHTAIBHBIM JaHHBIM CKOPOCTh IIOTJIOIIEHUS HHUKEIs JIEPHOBO-
HOH3OHHCTOI>1 HO‘IBOﬁ OOCTATOYHO BBICOKA W B KOJIHUYCCTBCHHOM BI)Ipa)KeHI/II/I COCTaBJISICT
383.963 Mram 4.

7 - pH

5,5 4 1 1 1 1 1 J
0 100 200 300 400 500 600

Puc. 3. pH knHeTUKH cOPOLUM 1€PHOBO-NIOA30JIMCTOM MOYBOH HUKEJIS

PesynbraThl uccnenoBaHus U3MEeHEHUs BelnuuHbl pH mouBeHHOro ¢uiibTpara B mpolecce
COpOLIMM HUKEIS JIEPHOBO-TOA30JIUCTON MOYBOM MpeACTaBIEHbI Ha PUC. 3, U3 KOTOPOTO BUHO, YTO
B T€YECHUE IIEPBBIX YETHIPEX CYTOK MJIET MOHOTOHHOE HE3HAYUTEIBHOE IOBBIIICHUE BEIUYUHbI pH
IIOYBEHHOTO pPacTBOpa, KOTOPOE MOTOM OCTAETCsS INMPAKTHYECKH HEW3MEHHBIM. JlaHHOE sBIICHHE,
KaK Mbl I0JIaraéM, MOKHO OOBSICHUTH IMPOTEKaHHEM JIOCTATOYHO OBICTPOH CTaguu aacopOIHH,
KorJa WAeT akThBHas (a3a mporecca W MPOUCXOAMT B3aumojeicTBue moHoB Hukens c [ITIK,
YTO NPUBOAUT K YyBedndeHuto pH mouBeHHOro ¢umisTpata oT 5.22 COJNEBOM  BBITSKKH,
npuompkasch K pH 6.84 uMcXomHOTO pacTBOpa HUKENS B XJIOPHAC KalbIUs, MPHU JOCTHKCHHUH
Ka)KyLIEToCsl PaBHOBECHS.
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BbIBO/IbI

B crarnueckux 1abopaTOPHBIX YCIOBHUSIX MPOBEACHO MCCIIECIOBAHUE KUHETHKHU aicopOmuu
MOHOB HUKEJISI TyMYCHPOBAHHBIM CJIOEM JEPHOBO-IIOA30JIUCTON TIOYBBI.

YCTaHOBJIEHO, YTO OCHOBHAs 4acTh BHECEHHOI'O IOJUTIOTAHTAa COPOMpPYETCs B TEUECHUE
nepBbix 30 MUH, ITOCJIE Yero HacTynaeT MeuieHHas dasza ajcopOumm, msamascs He MmeHee 575 d.

[Tokazano, 4TO0 MOIU(UIIMPOBAaHHOE ypaBHeHHE @DpeWHUIMXa YCICIIHO OMUCHIBACT
KHUHETUKY COpPOLMK HUKENIsl NEPHOBO-MOJ30JIUCTOM MOYBOM MAJSl MCCIEAOBAHHOM KOHLEHTpaLUU
MeTaJula U BPEMEHH peakiuu. Beruncnenusie mapamerpsl Moaenu dpeliHainnxa cBUAETENbCTBYIOT
0 BBICOKOM CKOPOCTH MOMIOUIEHUSI METaIA JEPHOBO-IIOA30IMCTON TOYBOM.

TakuMm 00pa3om, UCCIEIOBAHUE HAKOIUICHUS MOHOB HUKEJS B TIOYBE U CIIOCOOHOCTH €ro K
MUTpallMd B CHCTEME TBepjAas (a3a — MOUYBEHHBIH pacTBOp SBJSETCS BaKHEHIEH 3anadeit,
pelieHue KOTOPOM IMO3BOJISIET MPOTHO3UPOBATH M OIEHUBATH COCTOSIHUE IMOYBEHHOTO MOKPOBA,
pa3pabaTbiBaTh METObI U MPOBOJUTH MEPONIPUATHS 110 CHUKEHHUIO MOCTYIUICHHS MOJUTIOTAHTOB U
JUKBUJAIIUN YPE3BbIUAUHBIX CUTYAIlUN TPOMBIIUICHHOTO MPOU3BOJICTBA.
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Kinetics of Sorption by Sod-Podzolic Soil of Nickel

Shumilova M. A.

Udmurt Federal Research Center, Ural Brunch of the Russian Academy of Sciences, Izhevsk, Russia
SUMMARY. The share of soils contaminated with nickel (2.8 %) in Russia is very significant. Nickel,

accumulating in the soil, creates an unfavorable ecological situation. Making the right decisions regarding
soil contamination with nickel ions requires an understanding of the mechanisms of its sorption over a long
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period of time. To understand the processes of adsorption, it is necessary to know the kinetics of reactions at
the interface between solid and liquid phases, therefore, the purpose of the presented work is to study the
kinetic characteristics of this sorption process. A laboratory experiment to study the adsorption of nickel
under static conditions was carried out on sod-podzolic soil, which is the most widespread in the territory of
Udmurtia. To reduce the effect of ion exchange reactions on sorption, the studies were carried out against the
background of a 0.01M CaCl, solution at a soil : solution ratio of 1:10. Air-dry soil samples weighing 18 g
were placed in centrifuge flasks, 180 ml of a solution with a nickel concentration of 0.0007M were added to
them. Then the flasks with suspensions were stirred on a rotator and taken in the time interval from 0.5 to
576 hours, after which the samples were centrifuged. The equilibrium concentration of nickel ions in the
supernatant was determined by atomic absorption spectrometry. The amount of adsorbed metal ions was
calculated from the difference between the initial and equilibrium concentrations in the liquid phase. All
experimental points were obtained in triplicate, the value of the relative standard deviation is within 6.0 %.
According to the experimental data, during the first 30 minutes, the metal is rapidly adsorbed by the soil, due
to the presence of free sorption centers. Then a slower stage begins, lasting at least 575 hours, which can be
interpreted as the result of almost complete saturation of the active reaction centers of the soil surface.
However, true equilibrium is not established, but one can only talk about an apparent equilibrium, in which
sorption processes continue, but at low rates. When studying the kinetics of nickel adsorption by sod-
podzolic soil, it is possible to use the modified Freundlich equation: C,4s= K,Cy t'™ where C,4 is the amount
of sorbed nickel, mol-kg'l; C, 1s the initial concentration of nickel, M; t is the reaction time, h; K,C, is the
sorption rate coefficient, mol-dm™-h™"; 1/n is a constant. The linearized graph of the equation at low metal
introduced concentrations is characterized by a linear relationship for the studied soil type. The parameters of
the equation K,Cy=0.00654 and 1/n=0.0033, as well as the correlation coefficient R =0.985, were
calculated using the least squares method. The value of the correlation coefficient close to one proves that
the modified Freundlich equation successfully describes the kinetics of nickel sorption by sod-podzolic soil
for the studied metal concentration and reaction time. According to our experimental data, the rate of nickel
absorption by sod-podzolic soil is quite high and amounts to 383.963 mg - dm™- h™'. The results of studying
the pH value of the soil filtrate during the sorption of nickel by the sod-podzolic soil showed that during the
first four days there is a monotonous insignificant increase in the pH of the soil solution, which then remains
practically unchanged. Thus, the study of the accumulation of nickel ions in the soil and its ability to migrate
in the solid phase-soil solution system makes it possible to predict and assess the state of the soil cover,
develop methods and carry out measures to reduce the intake of pollutants and eliminate industrial
emergencies.

KEYWORDS: soil, nickel, adsorption, Freundlich model, kinetics.
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