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[nsa copbumoHHoro pasgenenus n onpegenexus Fe(lll) n Fe(ll) npeanoxeH kpemHesem, nocneao-
BaTeNbHO MOANMULMPOBAaHHLIN nonurekcametuneHryaduanHom (MMM v nupokatexv-3,5-aucynedo-
kucnoTon (TanpoH) (copbeHTt SiO,~TIMMI—TaiipoH). MNokasaHo, Y4TO COPGEHT KONMMYECTBEHHO M3BneKaeT
Fe(lll) n3 pacteopos ¢ pH = 2.5-4.0, a Fe(ll) ¢ pH = 6.0-7.5 npu BpemeHn ycTaHOBNEHUSI COPOLMOHHOIO
paBHOBeCKS1, He MpeBbIaWweM 5 MUHYT. icnonb3oBaHne AMHAMUYECKOTro pPeXMMa No3BonseT Konmye-
CTBEHHO OTAenuTb 1 ckoHueHTpuposatsk Fe(lll) npu pH = 3.0, a Fe(ll) npu pH = 6.0-7.0. Alnnamnyeckas co-
p6unoHHasn emkocTb SiO,~MIMMI=TaiipoH no Fe(lll) coctasnsaet 1.5 mr/r, no Fe(ll) — 1.1 mr/r. OnTumans-
Has CKOpPOCTb NoToKa pacTeopa 1.5 mn/MuH. XXeneso aecopbupyetcs ¢ noepxHocTtn SiO,~MITMI=TanpoH
npu nponyckanun 10 mn 0.5 M HNO, nnin 5 mn 1 M HNO, co ckopocTbto 1 Mii/MuH. [NpeanoxeHsl MeTo-
avkun pasgenexuns Fe(lll) n Fe(ll) n nx nocneayroLero aTOMHO-9MUCCUOHHOTO C UHAYKTUBHO CBSI3aHHOWN
nnasmon (A9C-UCIH) onpeaeneHuns B AecopbupyoLmx pactBopax ¢ UCNOfib30BaHMEM OAHOKOFIOHOYHO-
ro 1 OBYXKONOHOYHOro BapuaHTta. OQHOKOMOHOYHbIV BapuaHT BKHOYaeT cOpOLIMOHHOE KOHLEHTPUPOBa-
Hue Fe(lll) npn pH = 3.0 B MuHMKonoHke, onpegenenue Fe(ll) B npoweawem yepe3 MUHUKONMOHKY pacTBO-
pe, aecopbumio Fe(lll) n ero ASC-UCIT onpeaenexune B fecopbupytoLlem pactsope. B 4BYXKONOHOYHOM
BapuaHTe aHanu3vpyomyto Body MPONycKakT Yepes cucTemy ABYX MUHUKONOHOK. B nepBov MUHMKOMOH-
ke npu pH = 3.0 copbupyetcs Fe(lll), a Bo BTopow npu pH = 6.0 — Fe(ll). CopbrnpoBaHHOe xene3o aecop-
GupyoT pasaenbHO C Kaxaon KonoHky nponyckaxduem no 10 mn 0.5 M HNO, 1 onpefgensioT B HUX coaep-
XaHue xenesa. PaspabotaHHas MeToauka anpobuposaHa npu onpegenenun Fe(ll) n Fe(lll) B npupoaHbix
CKBaXWHHbIX BOAAX.

Knroyeenie cnoea: pasgenenune Fe(ll) n Fe(lll), copbumoHHOE KOHLEHTPUPOBAHUE, KPEMHE3EM,
TanpoH, ASC-UCI1.
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Silica that was sequentially modified with polyhexamethylene guanidine and pyrocatechin-3,5-disul-
fonic acid (SiO,-PHMG-Tiron) was suggested for the sorption separation and determination of Fe(lll) and
Fe(ll). It was found that the quantitative extraction of Fe(lll) was attained at pH 2.5-4.0, while the quantita-
tive extraction of Fe(ll) was observed at pH 6.0—7.5. The time of attainment of the sorption equilibrium was
less than 5 min. Solid-phase extraction in flow on-column allowed for the quantitative separation and pre-
concentration of Fe(lll) at pH 3.0, and Fe(ll) at pH 6.0-7.0 respectively. Dynamic sorption capacity of SiO,-
PHMG-Tiron for Fe(lll) was 1.5 mg/g and 1.1 mg/g for Fe(ll). The optimal flow rate was 1.5 mL/min. Iron was
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desorbed from the SiO,-PHMG-Tiron surface by passing 10 mL of 0.5M HNO, or 5 mL of 1 M HNO, with the
flow rate of 1 mL/min. The procedures for the separation of Fe(lll) and Fe(ll) followed by the inductively cou-
pled plasma atomic emission (ICP-AES) determination in desorbing solutions using single-column or two-
column version were suggested. The single-column version comprised of pre-concentration of Fe(lll) at pH
3.0 in the mini-column, determination of Fe(ll) in the effluent solution, desorption of Fe(lll), and its ICP-AES
determination in the desorbing solution. In the two-column version, the analyzed water sample was passed
through the two-column system. In the first one, Fe(lll) was adsorbed at pH 3.0, in the second one Fe(ll) was
adsorbed at pH 6.0. Adsorbed iron was desorbed from the columns separately by passing 10 mL portions
of 0.5M HNO, through each column, and iron content in each of them was then determined. The developed
procedure was applied for the determination of Fe(ll) and Fe(lll) in natural waters.
Keywords: separation of Fe(ll) and Fe(lll), solid-phase extraction, silica, Tiron, ICP-AES.

BeBepeHue

XKeneso oTHOCKTCS K BUOAKTUBHBIM MeTarnam 1
Urpaet BaxKHyt0 BMONOrMyYecKkyto posb B KU3HU pacTte-
HWI, XMBOTHbIX 1 YenoBeka. B npupogHbix obbekTax
)Keneso Haxo4WTCS B BYX CTEMEHSX OKUCTEHMUS: +2 1
+3. VX COOTHOLLEHME 3aBUCUT OT psga hakTOpPOB: NH-
TEHCMBHOCTM COMHEYHOrO CBETA, HAaNMM4ns NPUPOSHbIX
okucnutenen (O,, H,0,, O, n np.) unu BocctaHoBuTe-
nen, KOMMIeKcoobpasyoLLMX peareHToOB — OpraHnye-
CKMX KUCIOT. B npupoaHbIx HaseMHbIX Bogax coaep-
xaHwue Fe(lll) 3HauMTenbHO NpeBbIWaeT cogepKaHme
Fe(ll), B TO Bpems kak, B NoA3eMHbIX BOAAX Xenes3o
NPeuMyLLIECTBEHHO HAaXOAWUTCS B CTENEHU OKUCTEHNS
+2. B 3aBMCMMOCTM OT CTENEHM OKUCMEHUS Keneso
no-pasHomy yvyacTsyeT B MeTabonuame u umeet pas-
Hoe Bo3aelcTBMe Ha YenoBeka [1]. OgHoBpemeHHOe
onpegeneHne xenesa, HaXo4sLWErocsi B pasHbix CTe-
NeHAX OKUCNEHUS, SIBNAETCS akTyanbHOW 3aaden B
obnacTu oxpaHbl OKpyXatoLLen cpefbl, CENbCKOro Xo-
3aKcTBa 1 buonormu.

LLinpoko ncnonb3dyemble MeToAbl ANs onpeae-
NeHns MOHOB MeTarnnoB He NO3BONAIT pasdernsHo
onpegenutb Fe(ll) n Fe(lll) 6e3 npeaBapuTtenbHomn
NOAroToBkM Npobbl. [Ans ux pasgeneHns NpuMeHsiioT
COpBLUMOHHOE KOHLEHTPUpOBaHue [2-4], N(POTOYHO WH-
XKEKLMOHHBIN aHanu3 [5-8], noHHy xpomaTorpaduio
[9-11] c nocneayoWnM cnekTPodoTOMETPUYECKUM
onpegeneHvem. lNpeanaraeMble METOANKM UCMOSb-
3YI0T OpraHMyecKkne peareHTbl CeneKkTUBHbIE UMK No
oTHowweHwto K Fe(ll) (Hanpumep, 2-aMUHO-4-(3-HUTpO-
deHnnaso)nnpuanH-3-on [2], depposuH [3], 1,10-de-
HaHTponuH [11]), nnu k Fe(lll) — 3-rngpokcu-4-nmpu-
OVHOH [6], cynbdocanuuunosagd kucnota [7]. Mpwu
MCNoNb30BaHUN peareHToB, 00pasyoLnX KOMMNIEeK-
cbl ¢ Fe(ll), koHueHTpaumto Fe(lll) HaxogaT kak pasHu-
Ly mexay obwum cogepxaHunem xenesa n Fe(ll). B
cnyyae npuMeHeHus CEeNnekTUBHbIX peareHToB Mo OT-
HoweHwuto K Fe(lll), koHueHTpauwto Fe(ll) onpegensiot
Kak pasHuuy mexgy obwmum cogepxanHmem u Fe(lll).
K nogobHbIM npuemam npuberatoT 1 npu onpegene-
HUM Pa3NNYHbIX XMMUYECKMX DOPM XKenesa no 3aTy-
XaHWIo MIOMUHECLIeHLMM copbeHTa Nocne KOHUEHTPU-
posanus Fe(lll) [12].

KomnnekcoobpasytoLume opraHmieckme peareH-
Tbl, CENIEKTUBHBIE K Pa3fINYHbIM XMMUYECKUM (hOpMam
enesa, MCNonb3yoT 1 NpY COYETaHUN NpegBapuTeb-
Horo copbuwnoHHoro pasgenexus Fe(ll) n Fe(lll) Ha no-

BEPXHOCTM KpemHe3demoB [13-19] ¢ ux nocnegyroLimm
aTOMHO-CMNEeKTPOCKONUYECKMM onpeaenexHvem. B pa-
6otax [16, 17] npegnoxeH MeTon pasaenbHOro onpe-
nenenus Fe(ll) n Fe(lll), ocHOBaHHbIA Ha KOHLEHTPU-
poBaHum Fe(ll) B BUAE ero komnnekca ¢ eppo3nHOM
Ha kpemeHeseme C, 1 onpeaeneHum, OCTaBLLEerocs B
pactsope Fe(lll), MeTogom nnameHHom atomHo-abecop-
BGunoHHol cnekTpomeTpun. ns copbUMOHHO-aToOM-
HO-3MWUCCMOHHOTO C UHAYKTUBHO CBA3AHHOW MI1a3MoMn
onpefeneHus xenesa npUMEHSOT KpEMHE3eMbI C (OyHK-
LMOHanbHbIMK rpynnamm KypkymuHa [18], 8-rugpokcu-
xuHonuHa [19], npon3BogHbIX CanuLMNOBON KUCMOTbI
[13-15], nssnekatowme n3 pactesopos Fe(lll). Ucnonb-
30BaHMe B Ka4ecTBe MaTpuLibl COpPOEHTOB KpeMHe3e-
Ma onpefensieTcsa ero xapakTepucTMKaMm: BbICOKOM
MeXaHU4eCcKoM NPOYHOCTbIO, OTHOCUTESTBLHO BbICOKON
rMAPONUTUYECKON YCTONYNBOCTBIO, OTCYTCTBNEM SB-
neHusa HabyxaHus B BOAHbIX pacTeopax. [pu moam-
dmunpoBaHmn KpeMHE3EMOB (DYHKLMOHAMbHbIE FPyM-
Mbl PacMnosIoXKeHbl HA MOBEPXHOCTM OKCMAA KPEMHUS,
41O 0becnevmBaeT BbICOKME CKOPOCTU YCTAHOBIEHMS
COpBUMOHHOIO paBHOBECHUS U NTETKOCTb 3NIOMPOBaHMS
COpOMpPOBaHHbIX 3NIEMEHTOB.

B HacTosLwel paboTe Ans co3gaHms copbeHTa
ansa pasgenenus u onpegenenus Fe(ll) n Fe(lll) B ka-
4YeCcTBE OPraHNMYecKoro peareHTa BblbOpaH nNMpokaTe-
XWH-3,5-gucynbdokmcnoTa (TanpoH), obpasyownin B
BOAHbIX pacTtBopax komnnekcol ¢ Fe(lll) npu pH = 3.5-
9.0, c Fe(ll) - pH = 6.0-9.0 [20]. HesaBucumo ot ucxoa-
HOW CTEeMNEeHW OKMUCIEHUS B NMPOLIECCE B3aMOAENCTBUS
Fe(lll) n Fe(ll) c TanpoHoM 06pa3ytoTca KOMMIEKCHbIE
CoeMHEeHUs Xernesa B CTENEHN okucneHus +3 [21].

Llenb paboTbl - paspaboTtka MeToaMKu pasgene-
Hua Fe(lll) n Fe(ll) n ux aTOMHO-3MUCCUOHHOTO onpe-
AeneHus B ogHow npobe BoAbl C MCMONb30BaHNEM
KpeMHesema, nocnegoBaTtensHo MoaNnULMPOBaHHO-
ro NnonurekcaMeTuIeHryaHmanHom 1 TaipoHOM.

OKCMNEPUMEHTAJIbHAA YACTb

PeareHTbI 1 pacTBOpbI. Cunoxpom C-120 (ppakums
0.16-0.2 mm, yoenbHast noBepxHOCTb 120 M2/, cpeaHni
avametp nop 45 Hv) OO0 “TMommHodop” (CTaBponons)
MCMOMb30Banu B ka4ecTe OCHOBbI copbeHTa. fmgpoxno-
pvg nonurekcameTunenryanmgmHa (M) (7.5 %—Hein
pacTBOp) rOTOBWIIM PACTBOPEHUEM HABECKM KOMMeEpYe-
ckoro npenapata buonar (MHCTUTYT 3KOMNOro-TeXHOo-
rmyecknx npobnem, Mocksa) ¢ unctoTton 6onee 95 %.
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Fig. 1. Scheme of the sequential modification of silica surface by polyhexamethylene guanidine and Tiron

WNcxogHein pacteop TavpoHa (1.6 mM) rotoBunm pac-
TBOpeHWeM HaBecku npenapara (Aldrich, lepmanus) B
AenoHupoBaHHomn Bode. VicxoaHele pacteopbl Fe(lll)
n Fe(Il) (0.5 mr/mn) rotoBunmn pacTBopeHnemM HaBeCcok
npenapatos FeSO, 1 Fe,(SO,), kBanmdukaumm «x.4.»
8 0.1 MH,SO,. PacTBopb! C MEHLLUMMU KOHLIEHTpaLIM-
amu Fe(lll) n Fe(ll) rotoBunmn pasbasneHnem McxogHbixX
pacTBOPOB AEVOHUPOBAHHOM BOAOW HENOCPEACTBEH-
HO nepea NpoBefeHneM akcnepumeHTa. [ins npenot-
BpaLleHus okucnenus Fe(ll) go Fe(lll) ncnonb3oeanu
0.1 M pacTBop rugokcunamuHa rugpoxnopuaa. ns
€03aHnsa HeobxoamMmMoro 3HaYeHus pH ncnonb3oeanm
pacteopbl HCI, NaOH un aueTtaTHbIn GydepHbin pac-
t80p (0.1 M CH,COOH 1 0.1 M CH,COONa).
Annaparypa. CnekTpbl NOrMoLEeHNs 1 onTuye-
CKYI0 NJIOTHOCTb PaCTBOPOB TalpoOHa perncTpupoBanu
Ha cnekTpodoTomeTpe Cary 100 (Varian, ABcTpanus).
KoHueHTpaumio xenesa B pactBopax Ao U nocrne co-
pbunn onpeaenanu aTOMHO-3MUCCUOHHBIM C UHAYK-
TUBHO cBA3aHHou nnasmon (AAC-UCI) meTogom npu
AnunHe BornHbl 238.204 Hm Ha npmbope Optima 5300DV
(Perkin-Elmer, CLLA) ¢ pacnbinuTensHOn kaMepom KOH-
cTpykummn CKoOTTa, M3roTOBMIEHHOM M3 MnacTuka Ray-
ton, c nepekpecTHbIM pacnbinntenem Game Tip Cross-
Flow. OnepaumnoHHbIe napameTpbl npubopa BbIOpaHbI
B COOTBETCTBMU C pEKOMEHAaUNAMU PUPMbI-N3rOTOBM-
Tensl ANs AaHHbIX pacnblnuTens u kamepsl. MiloHomep
Seveneasy (Mettler-Toledo, NcnaHwns) ¢ kombrHMpoBaH-
HbIM anekTpoaoMm InLabExpertPro ucnonssosanu gns
nsmepeHus pH pacteopos. [1na npokaynBaHus pacTBo-
POB Yepe3 MUHUKOITOHKY C COPOEHTOM MCMONb30Banu
MHOrokaHanbHbIA NepucTansTuyeckuin Hacoc Boading
Longer (Precision Pump Company, Kutan).
MeToauka akcnepumeHTa. NMony4yeHune cop-
6eHra SiO,—MIMI-TanpoH B cTaTU4ECKOM M ANHA-
MUYeckoM pexume. [NocrnegosartensHoe moanuum-
pOBaHVe KpeMHe3eMa NonurekcameTUIEHryaHuanHOM
v TanpoHom (SiO,~lMI—TaiipoH) B cTaT4eckom pe-
XMMe NPOBOAUNN MO METOAMKE, ONMcaHHOM B [22]. [ins
nonyyeHus copbeHTa B AgMHammyeckom pexumve 0.1 1
npeaBapuTenbHO MOANMULIMPOBAHHOIO KpEMHE3eMa
nonurekcametuneHryaduanHom (SiO,~MrMr) nome-
LLann B MUHUKONOHKY (BHYTPEHHMUI AnameTp 3 MM 1
BbicoTON 2 cM) n nponyckanu 10 mn 0.8 MM pacTtBopa

500

TanpoHa ¢ pH 3. CteneHb n3BnevYeHnsa TanpoHa onpe-
Aensany no aHanusy BoAHoM asbl HOTOMETPUYECKUM
MEeTOAOM MO XapaKTePUCTUHHOWN Monoce noroLeHns
peareHTa ¢ makcumymom npu 290 HM. Cxema moam-
dmumpoBaHusa KpeMHe3ema NpeacTaBneHa Ha puc. 1.

U3yueHune copoumm Fe(lll) u Fe(ll) cop6eHTOM
SiO,-Tr'MI-ranpoH B cTaTU4eCKOM ¥ ANHAMUYECKOM
pexumax. [Mpu nsyyeHun copbumm B cTaTU4ECKOM pe-
XXUMe B rpagympoBaHHyo npobupky ¢ nputepTomn npob-
kon emkocTbto 20 mn BBoaunun 1.0 mn pacteopa Fe(lll)
unu Fe(ll) ¢ koHueHTpaumen 5 mkr/mn, 1.0 mn 0.1 M ru-
ApoKkcunamumHa npu ndydenum copbumm Fe(ll), NaOH,
aueTaTHbI BydepHbI pacTeop (pH = 3.8-6.2) ans cos-
AaHus Heobxoammoro 3HaveHus pH neoay o 10.0 mn.
Brocunun 0.1 r copberta SiO M MI—TaitpoH ¢ nosepx-
HOCTHOW KOHUEeHTpauuen peareHTa 80 mkmonb/T, npo-
BuUpKy 3akpbiBanv Npobkon 1 nepemelLnBanm B Teve-
Hue 1-30 MnHyT. PacTBOpbl AeKkaHTUpOBanNw.

Mpu n3yyeHun copbuum B AMHAMNYECKOM PEXM-
Me 4yepe3 MWHUKOITOHKY, 3anornHeHHyto 0.1 r copben-
1a SiO,~Ml—=ranpoH, npokadnsanu ot 10 4o 200 mn
pactBopa, cogepxatiero 1.0 mkr/mn Fe(lll) npy pH =
3.0 unn Fe(ll) B npucytcteum 0.01 M rugpokcunamuHa
npu pH = 6.0, co ckopocTbto 0.5-3 MN/MUH.

KoHTponb 3a pacnpefeneHvem xenesa ocyLiecT-
BMANW No aHanuay BoaHou asbl metogom ASC-ACTT.

PE3VJIbTATbl U UX OBCY>XXAEHUE

WccnepoBaHue BoamoxHocTu pasaenenus Fe(lll)
v Fe(ll) c ucnonbaosaHnem copbenta SiO,~MIMI-ran-
POH M3yyanu B CTaTU4ECKOM U AMHAMWYECKOM PEXMMaX.

KoHueHTpupoBaHue u pasgenexue Fe(lll) n
Fe(ll) B ctatnyeckom pexume. CopbeHt SiO,~IMI—
TanpoH konuyecTBeHHO (98—-99 %) ussnekaet Fe(lll)
13 BOAHbIX pacTBOPOB B Anana3oHe pH = 2.5-4.0 (puc.
2, kpuBas 1). CHuxeHue cteneHu nasnedenus Fe(lll)
npw pH > 4 cBa3aHo ¢ ero rugponusom. KonnyecteeH-
Hoe unssneveHve Fe(ll) copbeHtom SiO~MIMI-Tan-
poH gocturaetcs npu pH = 6.0-7.5 (puc. 2, kpusas 2).
CTteneHb nsnevenus Fe(ll) us pacteopos ¢ pH = 3.0,
npu KOTOPOM JOCTUraeTCs KONMYeCTBEHHOE u3Breve-
Hue Fe(lll), He npesbiwaeT 3 %. Bpems, ycTaHoBNeHNs
COpOLUMOHHOro paBHOBECKSA MpU 3HaYeHMAX pH konu-
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Puc. 2. 3aBncmmocTb cteneHn nasnedexms Fe(lll) (1) n
Fe(ll) (2) cop6enTom SiO,~MNIMI-TanpoH ot pH:
0.1r copbeHTa; ¢, = 0.5 mkr/mn; V=10 mn

Fig. 2. Recovery of Fe(lll) (1) and Fe(ll) (2) by SiO,-PHMG-

Tiron adsorbent vs. pH: 0.1 g of the adsorbent;
C.,=0.5ug/mL; V=10mL

YECTBEHHOrO U3BIEYEHNS MOHOB METassoB, He npe-
BbILaeT 5 MUHYT (puc. 3, kpusble 1, 2). MNpu copbumm
Fe(lll) n Fe(ll) Ha noBepxHocTu copberTa SiO,~MIMI—
TanpoH 06pasyoTCs KOMNIEKCHbIE COeQUHEHUS], UMELD-
LLMEe MOEHTUYHYI0 OKpacKy 1 doopmy cnekTpa auddys-
HOrO OTPaKeHWs, MakCMMyM KOTOPOrO PacrosnoXeH Npu
500 Hm. B cnekrtpax 3P copberta SiO,-MIMl-Tan-
poH nocne copbuun Fe(lll) n Fe(ll) HabnogaeTcsa uH-
TEHCUBHBIN curHan ¢ g = 4.27, cBuaeTenbCTBYOLLMNA
0 HaxoOXJeHWM Xernesa B MNOBEPXHOCTHOM KOMIMIEK-
ce B CcTeneHun okucneHus +3. Taknum obpasom, B npo-
Lecce B3anMOLENCTBUSA C TaWpOHOM Ha MOBEPXHOCTU
SiO,-MrMr-taipoH nponcxoaut okucnenve Fe(ll) oo
Fe(lll), 4To 0O BACHAET NAEHTUYHOCTL CNEKTPOB An-
dy3noHHoro otpaxeHus (CAO) NnoBEpXHOCTHbLIX KOM-
MNeKcoB xenesa, nonyyeHHbIx npu copbuum Fe(ll) n
Fe(lll). Mpouecchl Bzanmogencteua Fe(lll) n Fe(ll) ¢
TanpoHOM B BOAHbIX pacTBopax, npusogsiime K ob-
pasoBanuto komnnekcos Fe(lll) ¢ TanpoHom, onuca-
Hbl B paborte [21].

KonnyectBeHHas aecopbums copbrpoBaHHbIX
Fe(lll) n Fe(ll) pocTuraetcs B cTaTU4ECKOM pexume
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Puc. 3. Ctenenb nssnederus Fe(lll) (1) n Fe(ll) (2, 3) cop-
6eHToM SiO,~MIMI-TaipoH OT BPEMEHMN KOHTaK-
Ta @as: 0.1 r copbeHTa; ¢, .= 0.5 mkr/mn; V=10 mn;
pH=3.0(1, 3); pH=6.0(2); 0.01 MNH,OH-HCI (2, 3)
Fig. 3. Recovery of Fe(lll) (1) and Fe(ll) (2, 3) by SiO,-PHMG-
Tiron adsorbent vs. phase contact time: 0.1 g of
the adsorbent; ¢, = 0.5 ug/mL; V=10mL; pH=3.0
(1,3); pH=6.0(2); 0.01 M NH,0H-HCI (2, 3)

Tabnuua 1
Paspenenue n onpepenexne Fe(ll) n Fe(lll) B moaens-
HOM PacTBOPE B CTATUYECKOM pexunme: V, =10 mn;
V....= 10mn(n=5; P=0.95)

HNO3

6pasua

Table 1
Separation and determination of Fe(ll) and Fe(lll) in batch
model solutions: V=10mL; V_ _.=10mL(n=5; P=0.95)

HNO3

BBepneHo xenes3o, MKr HanaeHo xeneso, MKr
Fe(lll) Fe(ll) Fe(lll) Fe(ll)
5.0 5.0 8.0+0.1 2.00+0.04
5.0 3.0 6.3+0.1 2.75+0.04
3.0 5.0 4.57 £0.09 3.54+0.07

10 mn 1 M HNO, nnn 1 M HCI npu BpemeHm koHTakTa
das, He npeBsbILLaoLLLEM 5 MUHYT.

Insa copbumoHHoro pasgenenus Fe(lll) n Fe(ll),
HaxoAsALWmxcs B oaHow npobe, k 0.1 r copbeHTa SiO,~
MrMI=TaipoH gobaensanu pacTBop, coaepXallni
Fe(lll) n Fe(ll), c pH = 3.0 1 nepemeLwinBanu 5 MUHyT.
PacTteop otaensanu ot copbeHTa gekaHTauunen, go-
6asnsanun 1 mn 0.1 M rugpokcunaMmmnHa, aueTaTHbI
BydepHbin pactsop Ao pH = 6.0, BHocunu 0.1 1 SiO,—
MrMr=rampoH 1 nepemewwmsann 5 muHyT. Nocne oT-
OeneHnst pacTBOPOB K Kaxaomy copbeHTy gobasns-
nvno 10 mn 1 M HNO, u nepemewmsanu 5 MuHyT. B
Jecopbupyomx pacTeopax onpeaenanu cogepxa-
Hue xenesa metogom AQC-UCI1. B npouecce gecop-
OummM XKenesa c NOBEPXHOCTM copbeHTa gecopbumpy-
€TCA U TalpoH, 0QHAKO, ero NPUCYTCTBUE B pacTBOpe
00 KoHueHTpaumm 1:10-*M He okasbiBaeT BNUSAHMSA Ha
WHTEHCMBHOCTb 3MUCCUOHHbBIX NMHUI xene3sa. [Npu
TakoM pexume pasfgeneHusa u nocnegytowem A3C-
WCI1 onpenenennm B MogernbHbIX pacTBOpax nonyya-
nu 3aBbiweHHble pesyneraTel Ansa Fe(lll) Ha 30-50 %
Mo CpaBHEHWIO C UCXOAHbLIM KonudecTBoM, Ans Fe(ll)

— 3aHWXeHHble (Tabn. 1). 3To cBA3aHO C TEM, YTO B OT-
CYTCTBWM rMapOKCUIaMmnHa npu nepemMeLLnBaHnm npo-
WCXOAMT HacbILLLEHEe pacTBOpa KMCIOPOAOM BO34yXa,
koTopbii okmucnseT Fe(ll) go Fe(lll).

Mpouecc okmcnenunsa Fe(ll) npn pH = 3.0 npwu
npoBefeHnn copbunn noaTBepxaaeTca pesynerara-
MU, NONy4YeHHbIMY ANd cTenenn naenevexus Fe(ll) Ha
SiO,~MIMI" TanpoH B NpUCyTCTBME rMOPOKCUNIAMM-
Ha B TeYEeHWe ONUTENbHOro BPEMEHN KOHTakTa a3
(puc. 3, kpuas 3). CteneHb ussnevexus Fe(ll) Bos-
pacTaeT Cc yBenuyeHmem BpemeHu copbumm n npu 30
MuHyT gocturaeT 18 %. Mpu copbumm n3 obesraxeH-
HbIX pacTBOPOB UM B atmocepe MHEPTHOrO rasa
(aproHa) cteneHb ussneyexus Fe(ll) n3 pactesopos ¢
pH = 3.0 B oTCYTCTBME rMOpOKCHMIaMmnHa He npesblLla-
eT 1-2 %. MNony4eHHble pe3ynbTaThbl NOKa3blBaOT He-
BO3MOXXHOCTb MCMOMb30BaHNE CTAaTUYECKOrO pexnma
cop6umnoHHoro pasgenenus Fe(lll) n Fe(ll) n nx nocne-
aytowero ASC-UCTT onpegeneHns u3 ogHon npobbl
pacTBopa B 00bIYHbIX YCIIOBUSIX.

AvHamuyeckoe mogudcumnpoBaHue copbeHTa
SiO,~MNIrMrI TainpoHoM. [1na n3y4eHns BO3MOXHOCTU
MHOFOKpaTHOro UCnonb3oBaHusa copbeHTa B LuKknax
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Cpa% H/ Cuex
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Puc. 4. iuHammyeckas BbIxoaHasa Kpusas Tainpora Ha Si0,—

MM 0.1 r copbeHTa; ¢ ;.. = 0.8 MM; pH =3.0
Fig. 4. Dynamic curve of Tiron on SiO,-PHMG: 0.1 g of the

adsorbent; ¢, .= 0.8 mM; pH=3.0
copbums- necopbumns MOHOB Xenes3a B NOTOKe Uccre-
AoBaHO MoanduumposaHme TanpoHom SiO~MIMI™ B
AVHaMUYeCKOM pexxume. [luHammnyeckast EMKOCTb COp-
6enTa SiO,~IIMI" no TapoHy, onpeaeneHHas us au-
HaMM4eCKOWN BbIXOAHOW KpnBOW, cocTtaBngaeTt 80 Mk-
Monb/r (puc. 4, kpyeas 1), 4TO COOTBETCTBYET EMKOCTU
copbeHTa, MoNy4YeHHOro Npy copoLmn TakpoHa B cTa-
TUYECKOM PEXMME.

3akpenneHue TaipoHa Ha copbeHTe SiO,~TMI
NPOUCXOOUT 3a CYET 3MEKTPOCTATUYECKMX B3AMMO-
OEeNCTBUI CcynbdOorpynn peareHTa n NpOTOHMPOBaH-
HbIX aMWHOrpynn NOBEPXHOCTU. Ha ycTONYMBOCTb
3aKkpensieHnsa TanhpoHa Ha NOBEPXHOCTU copbeHTa
SiO,~MI'MI" okasblBalOT BIMAHWNE KNUCIIbIE U BLICOKO-
conesble pacTeopsl. MNpu o6paboTke copberTa SiO,—
MrMr—ranpox pacteopamu NaCl, HCI, HNO, B anHa-
MUYECKOM PEXMME MPOUCXOaMNT AecopbLums TanpoHa.
CTteneHb gecopbunn TaipoHa He 3aBUCUT OT NPUPO-
bl KNCNOTbI M BO3pacTaeT C yBENMYEHNEM €€ KOHLEH-
Tpauum (Tabn. 2), 4oCcTUras MakCuManbHOro 3Ha4eHNs
npu nponyckaHum 10 mn 1 M HClunu 10 mn 1 M HNO,.
MrMI™ npo4HO 3akpensieH Ha NOBEPXHOCTU KpEMHE3e-
Ma 1 He flecopbvpyeTcs aaxe npu ncnonb3oBaHum 6 M
HCI [23], uTo AenaeT BO3MOXHbIM MHOrOKpaTHOE MO-
AnduumpoBaHme noBepxHocTu copberta SiO,~TMNIMIM
TanpoHoM. [InHammyeckasn BbIxogHas KpuBas Tanpo-
Ha, nonyyeHHas npu pH = 3.0 nocne ero gecopbumn
1 M HCI (puc. 4, kpuBasi 2), \GEHTUYHA AMHAMUYECKOW
BbIXOZHOM KpMBOW Ha McxoaHoM copberte SiO,~TIMI
(pnc.4, kpusas 1). CopbeHt SiO,~MNIMI" He TepseT

Tabnuua 2

CteneHb gecopbumn (D, %) TapoHa C NOBEPXHOCTU

Si0,~-MIrMr-ravipoH ot koHueHTpaumu NaCl, HCI nHNO,

Table 2

Degree of desorption (D, %) of Tiron from the surface of

the SiO,—~PHMG-Tiron adsorbent using NaCl, HCl and
HNO, solutions

NaCl D, % HCI (HNO,) D, %
11/n 1 0.01 M 39
5 r/n 43 01M 75
10 t/n 62 05M 98
100 r/n 99 1M 99
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R, %
100 [+—a—a—o—a

80
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Puc. 5. 3aBncumocTb ctenenn nasnedexms Fe(lll) (1) n
Fe(ll) (2) ot o6bema pacTeopa, NpoLlenLero 4ye-
pe3 MUHMKoNOHKY: 0.1 T copbeHTa; ¢, = 1.0 MKkr/MJT;
pH=3.0(1); pH=6.0(2)

Fig. 5. Recovery of Fe(lll) (1) and Fe(ll) (2) vs. volume of
solution in the flow analysis: 0.1 g of the adsorbent;
Cp,= 1.0 ug/mL; pH=3.0 (1); pH=6.0 (2)

CcOpOLIMOHHbIE CBOMCTBA MO OTHOLLUEHMIO K TAUPOHY Kak
MUHUMYM nocne 10 umMknoB «copbumsa-gecopoums».

Cop6uus u pasgenenue Fe(lll) n Fe(ll) B anHa-
MUYECKOM pexnme. Ha KOHUEHTPUPOBaHNE 3neMeH-
TOB B IMHAMUYECKOM pexXunme OKasbiBaeloT BNusHue
CKOpPOCTb NMOTOKa pacTeBopa u ero ob6beM, nponyckae-
MbI Yepe3 MUHUKOMOHKY. [N onpegeneHns BNnsHAA
CKOPOCTU NOTOKa Ha cTeneHb ussneyexHne 1.0 mkr/mn
Fe(lll) n Fe(ll) yepes MuHUkonoHku, cogepxatime 0.1
SiO,~MIMl—=TaiipoH, nponyckanu 50 mn pactsopa ¢
pH = 3.0 u pH = 6.0 cooTBeTCTBEHHO. AI3MEHEHNME CKO-
pocTtu noTtoka ot 0.5 4o 1.5 Mn/MyH He oka3biBaeT BNN-
AHWA Ha cTeneHn nssnedexuns Fe(lll) n Fe(ll), kotopble
OCTaloTCs MOCTOSHHBIMM M cocTaBnsAlT = 99%. YBe-
nnyeHne cKopocTu NoToka pacteopa Ao 2.0 Mn/MuH
1 3.0 MIN/MVUH NPUBOOUT K CHMKEHUIO CTENEHN U3BIE-
yeHus Fe(lll) 0o 96 % 1 82 % n Fe(ll) 1o 92 % 1 76 %
COOTBETCTBEHHO.

Mpu ckopocTu notoka 1.5 MN/MUH KONUYECTBEH-
Hoe n3BneveHmne Fe(lll) coxpaHaeTcs npu NpoxoxaeHnm
Yepes MUHUKOMNOHKY 150 mn pacTBopa C KOHLeHTpa-
une 1 mkr/mn, a Fe(ll) — 110 mn (puc. 5). InHamnyeckas
copbumnoHHas emkocTb SiO,~MIMI-TalipoH cocTas-
nsiet 150 mkr Fe(lll) n 110 mkr Fe(ll) Ha 0.1 r copbeHTa.

KonunuyectBeHHas gecopbuus xenesa B AuHa-
MUYECKOM peXMMe JOCTUTaeTCs Npy NponycKaHnm ve-
pes konoHky 5 min 1 M HNO, unu 10 mn 0.5 M HNO,
CO CKOPOCTbIO MOTOKa 1 MIN/MUH.

CopbunoHHoMy KoHueHTpupoBaHuto 1 mkr Fe(l11)
n3 100 mn pacteopa ¢ pH = 3.0 He MewwatoT (B KpaT-
HbIx konndecTBax): Na*, K, Sr2*, Ca?*, Mg?* (1000), Pb?*,
Ni?*, Zn?*, Hg?* (300), Sn?*, AI**, Cr®*, Cu?* (100). Co-
pbunoHHoMy KoHUeHTpuposaHuto 1 mkr Fe(ll) ns 100
mMn pacTtBopa ¢ pH = 6.0 He MewatoT (B KpaTHbIX KO-
nuyectBax): Na*, K*, Sr?*, Ca?*, Mg?* (1000), Pb*, Ni*
(200), Zn?* (150), Hg?* (100), Sn*, AP* (50), Cr*, Cu?
(10). KoHueHTpuposanuio Fe(lll) n Fe(ll) He mewaeT
coneson ¢oH - go 10 r/n no NaCl u 5 r/n Na,SO,. bo-
nee BbICOKasA cenekTMBHOCTb ussrnedeHus Fe(lll) no
CPaBHEHMIO C CENEKTUBHOCTLIO naeneverHuns Fe(ll)
CBsi3aHa C TeM, YTO ero KonmyecTBeHHOE M3Bneve-
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Ta6bnuua 3
Pesynbtatbl pasgenenunsa Fe(lll) n Fe(ll) n nx onpeae-
JIEHMS B MOAENbHbIX PACTBOPAX B AMHAMNYECKOM pe-
xume: V. =100 mn; ckopocTb notoka 1.5 Mn/MuH;

obpasua

V.,...= 10mMn (n=5, P=0.95)

HNO3
Table 3
Results of the separation and determination of Fe(lll) and
Fe(ll) in the model solution in the flow analysis: V=100
mL; flow rate 1.5 mLmin™; V., _.=10mL (n=5, P=0.95)

HNO3

BBeaeHo, Mkr HanpgeHo, mkr
Fe(lll) Fe(ll) Fe(lll) Fe(ll)
- 5.0 0.005 £ 0.001 4.99 £ 0.06
5.0 5.0 5.05+0.06 5.07 £ 0.06
5.0 - 5.00 £ 0.06 <no

Hue copbeHTom SiO,~TMI—TainpoH gocturaetcs npu
pH = 3, npu koTopom oTcycTByeT copbuus AP, Cu?,
Pb?*, Zn%, Ni#*, Cd?*, Co?, LLLenoYHbIX U LLenoYHo-3e-
MErbHbIX MeTanmnos [22, 24].

[nsa NnpoBepkn BO3MOXHOCTW KONMYECTBEHHO-
ro copbuuoHHoro pasgenenus Fe(lll) n Fe(ll) B guHa-
MUYECKOM peXume co3gaBanu Cepuio pacTBOPOB C

Obpaszey Fe?*, Fe** 100 mn

pH=3.0, 1.5 mn/MuH

0.5 M HNO, 10 mMn

1 mn/muH

pH = 3.0 06bemom 20 M1 ¢ pa3nNUYHbIM CoAePXKaHNEM
Fe(lll) n Fe(ll) n 100-kpaTHbIM N3BbITKOM LLENTOYHBIX U
LLIeN0YHO-3eMenbHbIX MeTannoB. PacTteopbl npony-
ckanu noovepenHo Yyepes ABe MVHUKOMOHKKN. Yepes
nepBylO KOMOHKY NMPOMyCKanu NCXOOHbIN pacTBoOp C
pH = 3.0, kK npoweawemy pactesopy gobaensanu aue-
TaTHbIM BydepHbin pacteop Ao pH = 6.0 n npokaynsa-
nn Yepes BTOPY MUHUKONOHKY. XKeneso gecopbupo-
Banuv NponyckaHmem 4Yepes Kaxayto MUHUKOMOHKY No
10 mnn 0.5 M HNO, n onpeaensanu ero KOHUEHTpauuo
meTogom ASC-UCTI. Pesynbrathl cOpOLMOHHOrO pas-
aenenns Fe(lll) n Fe(ll) n ux onpegenexuns npusege-
Hbl B Tabn. 3. Kak BugHo u3 tabnuuel, npu nposeae-
HUK copbunM B AMHAMUYECKOM PEXUME KONUYECTBO
Fe(Il) okucneHnHoro go Fe(lll) MuHMMansHo.

Cop6LUNOHHO-aTOMHO-3MUCCUOHHOE onpe-
penenue Fe(lll) n Fe(ll) B npupoaHbix Bogax. Cop-
BUMOHHO-aTOMHO-3MUccoHHoe onpegenexve Fe(lll)
n Fe(ll) B ckaxnHHbIX Bogax KpacHosipckoro kpas no-
clne VX pasgeneHus ¢ ucnosfb3oBaHueM copbeHTa
SiO,~MNIMI-ranpoH npeanoxeHo B ABYX BapUaHTax:
O[HO- 1 ABYXKONOHOYHas copbuus.

1

)SiO.{_\-I'II'MI'-TaﬁpOH >_, A3C-MUCTT
Fe

Puc. 6. Cxema pasgenenus u onpegenenuns Fe(lll) n Fe(ll) ¢ ncnonb3oBaHnem 0gHOKOIOHOYHOIO BapmaHTa: MUHUKO-

noHka (1), kpaH (2)

Fig. 6. Scheme of the separation and determination of Fe(lll) and Fe(ll) in the flow analysis using the single-column ver-

sion: mini-column (1), tap (2)

Tabnuua 4

Pesynbratel onpegenenuns Fe(lll) n Fe(ll) B ckBaxunHHbIX Bogax KpacHosipckoro kpasi ¢ ucrnosnb3oBaHuem copbeHTa
SiO,~MIMI-TanpoH B 0AHOKOMOHOYHOM W ABYXKOMOHOYHOM BapuaHtax rnpu pasfnnmyHoM BpEMEHW BblAEpXUBaHUA

npo6 nocne ot6opa: V, =100 mn; ckopocTb notoka 1.5 mn/muH, V. .= 10 mn (n=5, P=0.95)

6pasua HNO3

Table 4
Results of determination of Fe(lll) and Fe(ll) in well water from the Krasnoyarsk Krai using SiO,—~PHMG-Tiron adsor-
bent by single-column and two-column procedures after the various times of sample storage: V. =100 mL; flow rate

sample

1.5 mLmin”, V,, ,,=10mL (n=5, P=0.95)
HawnpeHo xenesa, MKr/mn O6wee conep-
O6pasel Fe(lll) | Fe(ll) XaHue, MKr/Mn
BpeMs BblAEPXXMBaHUS nocre oToopa npob
0.5y 6y 0.5y 6y

O[OHOKOMOHOYHbIN BapyaHT
noc. HosocTpoiika, Kosynb-
CKMWI p-H 0.302 £ 0.006 1.34 £ 0.02 1.84 £0.03 0.91+£0.02 212+0.04
4. KpyTtas, EMenbaHoBckui p-H 0.112 £ 0.002 0.65+0.01 0.95+0.02 0.363 + 0.007 1.05+0.02
[BYXKONOHOYHbIN BapuaHT
noc. WyweHckui, WyLweHckunia
p-H 0.010 £ 0.001 | 0.228 £0.004 | 0.329 +0.006 0.110 £ 0.003 0.335+0.006
a. M. KanTar, bonbwemypTuH- 0.018 £0.001 | 0.206 £0.004 | 0.218 £0.006 | 0.033 £ 0.002 0.237 £ 0.006
CKWIA p-H
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Memoduka onpedeneHus Fe(lll) u Fe(ll) e npu-
pOodHbIX 800ax 8 00HOKOI0HOYHOM 8apuaHme. K 100
M ckBaxkmHHOM BoAbl Aobasnanu HNO, ao pH = 3.0
N NpoKa4MBanm co CKopocTbio 1.5 MN/MUH Yepes Mu-
HUKOMNOHKY, coaepxatumi 0.1 r copberra SiO,—-IIMI—
TanpoH. B npowweawem 4epes MUHUKOSOHKY pacTBope
meTogom AQC-UCTT onpeaensnu cogepxaHue xene-
3a, KoTopoe cooTBeTcTBYeT coaepxaHuto Fe(ll) B uc-
XO0[HOM pacTBope. 3aTeM Yepe3 MUHUKOSOHKY Npony-
ckanu 10 mn 0.5 M HNO, (puc. 6) v B aecopbupytoLem
pacTeope onpeaensany cogepxarue Fe (C), KoHUEH-
Tpaumio Fe(lll) B ucxogHom pactesope paccuntbiBanu
no cpopmyne:

10- C;
o6beM obpasna, M

B noa3eMHbIx Bofax xeneso npucyTCTBYET npe-
WMYLLECTBEHHO B CTEMEHMW OKUCIIEHUS +2 1 NPU KOHTaK-
Te C KNCNopoaoM BO3yXa NPOMCXOANT ero OKUCneHne
oo Fe(lll). C yennyeHnem BpeMeHN B3aUMoAEeNCTBUS
CKBaXMWHHbIX BOA, C KUCNOPOAOM BO3yXa KONMYECTBO
Fe(lll) B HMX Bo3pacTaeT (Tabn. 4).

Memoduka onpedeneHus Fe(lll) u Fe(ll) e npu-
PpOdHbIX 800ax 8 d8yxKor1o0HOYHOM 8apuaHme. 100 mn
CKBaXXMHHOM BoAbl nogkmcneHHon o pH = 3.0 npony-
CKaloT Yyepes CUCTEMY ABYX MUHUKOMOHOK (puc. 7) co
ckopocTbio 1.5 mn/MuH. B pacTtBop, npolueawnin Yye-
pe3 nepBy MUHUKOIOHKY (1), yepes kpaH (2) BBogAT
BydepHbI pacTBop ¢ pH = 6.0, KOTOPbIN NPOXOAMUT Ye-
pe3 BTOPOW KpaH (3) 1 BTOPYI0 MUHWUKONOHKY (4). MNo-
cne NpOXOXAEHUs1 pacTBopa Yepes3 KaKayH KONOH-
Ky nponyckatot no 10 mn 0.5 M HNO, co ckopocTbto
1 MN/MWH 1 ONpeaensitoT B HUX COAEPXKaHME Xeresa.
CopaepxaHue xenesa B gecopbupytoLem pacteope,
npoLuelwem Yyepes nepsByto KOMOHKY, COOTBETCTBYET
copepxanuio Fe(lll), a npowweawem Yepes BTOPYHO KO-
noHky — Fe(ll). NMpumeHeHne OBYXKONTOHOYHOrO Bapu-
aHTa no3sonsieT He Tonbko pasgenutb Fe(lll) n Fe(ll),
HO 1 ckoHueHTpupoBaTb Fe(ll) Bo BTOPON MUHMKOMOH-
Ke, Npu ero copepXaHuun B NPUPOAHbLIX BOAaxX MeHb-
we npeaena obHapyxeHus metoga ASC-UCIT. Mpu
gecopbuumn co BTOPON MUHUKOMOHKM KOHLEHTpaLums
Xernesa B gecopbupyloiemMm pactBope yBenMymMBaeT-
€S NPONOPUMOHANbLHO UCMNOMNb3yeMOMYy 0bbeMy aHa-
NM3npyemow BOAbI.

Obpazey Fe?*, Fe* 100 mn
pH=3.0, 1.5 ma/mMuH 1

1.5 mn/muH

Pesynbratel no onpegenexuto Fe(lll) n Fe(ll) B
CKBaXXWHHbIX BOAax B OAHOKOMOHOYHOM W JyXKOMO-
HOYHOM BapuaHTax npuBeaeHbl B Tabn. 4. Obuwee co-
aepxaHue xenesa B obpasuax npupogHbIX Bog, noa-
kucnenHblx HNO, o pH=1, onpegenanu metogom
AJSC-UCIT po nposegeHns npouecca pasgeneHms n
koHueHTpupoaHus Fe(lll) n Fe(ll).

Pa3paboTaHHble METOAUKM NO3BONSIOT OCyLLe-
CTBUTb KOHLIeHTpupoBaHue u pasgenerue Fe(lll) n
Fe(ll) n3 ogHowm npobbl pacTBOpa C UCNONb30BaAHUEM
ofHoro Buga copbeHTa — KpemMHe3eMa nocrnegosa-
TeNbHO MOANMULUPOBAHHOIO MONUTrEeKCaMEeTUNEHTY-
AHWAMHOM 1 TAPOHOM.
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