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(BIEE AR BRI = Fe, Kb 410128)

O (W) R FRAFAENESBICE, ArAnT b BT T R A E T B R
iy, wEd aYEE. YRR R ARG O S, BT C SR EIRE (EPA) By —
RSB IS R e ASCIEHL T A3 B —IE VR sy IR = IR, KR, ZEhiA) o B8
YTy ORBRI-FERERR . ZMA-/KERD . SBA-EHE) . DL W(VINEARTFRE XN R, FH SEM.
XPS. ATR-FTIR. ITC. Uv-Vis. 3D-EEM AR5 7 W(VI){E T 0% HERURL b o0 ES & HL o
4 R

(1 XTHYMEZR, =TSR WV IR &R NBUY 9. S A- K 2 SR> S
F-AHERT B AR>S A, BRI pH (R RTEN . RO A S S WV K AEE )
A RN, B BATEERE Y HAE pH EBUR (pH<4) I 7] DIFE R T SUSIRER R &), FE
F I 1R AR A AL B SR S ORI 2 . AT B A A0 WOV IR I LR 2 R A ke
(FeOOH) TERFENEH

(2) XS TRFERR R R, & B WV R E R T B8R, Fed REILHEPIMA HLIXT W(VI)
AR (p<0.05) , T Ca?* &1 JL-FARERZ X —id#E (p>0.05) . MIBIRAE RS W(VI)NEi&
LA 73 0 Ja T TR S S R A S N7 o A BRI v AT DA 52 HH AR BRRR 2 73, T AE & R AT LA
YE H— R R BIRA Sy, XU S E W(VI)S FeS L EIAELE N RER A KR8, TN 1 W(VI)
FHIIN Ca?* 2 Ja JLP AN 51 I a2 73 AR AL .

(3) XFHV-IEHBE AR R, KR - IR S & R AKX WOV R PR &, ELR B 22 B
pH (XGRS, JEFERR 5 LLBR 2 /R I BRGR . WV RE 5K FK BRI J IR B & R & 1
EkFREE (Fe-OH) 1ERITERUN BIZSEY), (HAEJFIER FIAAAE T A 40%H W(VIIL 5 2 W(V). pH
THBAR AL AEA TR TERR IR 26 T B8 5 RIS IR 8 ZR 5 o W IR B 75T WOV R PR B e — AN T
BERCEpuR
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A preliminary study on the binding mechanisms of W(V1) at the interface

between typical soil minerals and organic colloids

Student:; Xu Zelin
Tutor: Du Huihui

(College of Resources and Environment, Hunan Agricultural University, Changsha 410128, China)

Abstract: Tungsten(W) is a naturally occurring heavy metal element, which can exist in the
natural environment in the form of soluble tungsten oxygen anion, and it can be harmful to the organisms
in the biosphere through the food chain and food web. It has been listed as the emerging pollutant by the
U.S. Environmental Protection Agency(EPA). In this research, we selected the single active component in
the soil(humic acid, fulvic acid, ferrihydrite, montmorillonite), and the complex active component
(ferrihydrite-humic acid, montmorillonite- ferrihydrite, montmorillonite-goethite). Besides, we took W(V1)
as the research object and studied the microscopic binding mechanism of W(V1) on soil active particles by
the techniques such as SEM, XPS, ATR-FTIR, ITC, UV-Vis and 3D-EEM, in order to get the universal
rule. The result shows:

(1) For the mineral composite active particle system, the order of adsorption capacity of the three
adsorbents for W(VI1) is as follows: montmorillonite-ferrihydrite complex > montmorillonite-goethite
complex > montmorillonite, and the adsorption capacity decreases with the increase of pH value. Single
montmorillonite does not have the complex complexation with W(VI). When montmorillonite is loaded
with iron oxide and the pH value is low(pH<4), polytungstate can be formed on the surface of
montmorillonite. As the time goes on, more and more polytungstate are generated. The adsorption process
of W(VI) by two mineral complexes is mainly played by the hydroxyl iron oxide (FeOOH).

(2) For the single organic active particle system, the adsorption capacity of fulvic acid on W(VI) was
higher than that on humic acid. Fe®* can promote the adsorption of W(V1) by the two organic compounds
(p<0.05), but Ca?* can hardly affect the adsorption process (p>0.05). The binding process of humic acid
with W(V1) belongs to exothermic reaction, while the fulvic acid is endothermic reaction. Two kinds of
humic acid-like component can be identified in the humic acid, and one kind of fulvic acid-like
component can be identified in the fulvic acid. These components can be quenched in the co-existence of
W(V1) and Fe®*, but the addition of W(VI) and Ca?* will hardly cause the change of these components.

(3) For the mineral-organic composite active particle system, ferrihydrite-humic acid complex can
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reduce the adsorption capacity of W(VI), and the adsorption capacity decreases with the increase of pH
value. The higher the proportion of humic acid is, the stronger the inhibition effect is. W(VI) can interact
with the groups of ferric hydroxyl (Fe-OH) on the surface of the ferrihydrite and ferrihydrite-humic acid
complex to form the inner-sphere type complex, but 40% of W(VI) is reduced to W(V) in the presence of
humic acid. Polytungstate are easier to be fond at the lower pH value and in the presence of humic acid.
The adsorption process of W(VI) by two adsorbents is an exothermic process of increased entropy.

Key words: Tungsten; Typical mineral of soil; Organic matter; Binding mechanism
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R 1 BKEEABRMTEIRELERN,. SRESYEREPENEE
Table 1 Tungsten content in organs of potted rice plants supplemented with different concentrations of

tungstate and Fe-Mn complex

KFEHHEHEE (mgkgh

Al Ak — ‘
I % i KR
0 mg kg? 0.40 0.07 0.15 0.03
5mg kg*Na;WO4 38.21 4.88 12.38 3.19
5mg kgNa;WO4. 0.2mM L1Fe?* 18.04 3.18 9.46 2.59
5mg kgNa;WO4. 0.2mM L-1Fe?*,
3.64 1.81 3.61 1.36
0.1mM L-Mn?*
50mg kg*Na, WO, 106.03 15.45 25.08 4.29
50mg kg*Na,WOs. 0.2mM L 1Fe?* 76.07 8.76 24.25 3.15
50mg kgNa;WO;. 0.2mM L1Fe?,
67.83 541 23.47 2.53

0.1mM LIMn%

1.2 TEEMA DX WV)RIREERE

TIEENEAE AR YD A VA, A A 4 2 Y B A K
(>95%) . HHEAREEERIR T . BB G WA EA 1 Z BTE S B -G WL
ER R R E w7 IR E ARG, EATE R BRI &R P AL
TERIRGAE—#E, 78 TR ERA =T, @R L& Rinie s 7
UM E &8 S LIRSS LR, BHEDIRESRENES. SRMAEYS
ROpER2A Rk, B E SRS IR AL 2 RO S S ALE], BB TR ES
JEAE TR AN TE, AV B B AR i R DL SR e IR S R B E
JeRORPTHE PO AR, IR LRI W S AR 25 28, SR, A NIR
55 J5 AR ) HUER AV A IR AN N IR B 7 B (i IR AR /D A BIF AL, BT LAER T WO.*
TE T IEEE A 7 E R SAT A T EERE
121 EBERFEBEERERT X WVHIEZE

JRRFEEATR Th2 L agerh d i WL o bR K BV R RS L), FEAR RAR S B
e 2 IS Y R B AR R 1P, AR, B R R R LR I SRR ER L T R
REERR 24 WV EIMR BT, Ruiping L 2528 A 2 13 B 2 2 W(VI)TE = s A b
Wt ZL R R, IR NaC A< P 3G T By W B & J0) St 25 38 0, 4 h s R AR
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(POS>) ¥R PSR IR B U A5 32 P44 . Sen T G 2520t R L T S B Ak WV
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i 71.9mg gt WO B, —fBokeit, WOLZ RN T BB pH (B3 A 1T AR 15 32,361,
Pl W BB AR Qi ST 2T A (ATR-FTIR) AT X SRR OGIE (XAS) #3 B WO
REFEAR AR T P B 25 54, I FLX R B VB B pH [ P41 iy 1 D34 36,371,
Cui M 225 51 45 L3R ] WOL2 F1 WSa2 5% 3 2k (KW B S B pH (R PRI 384 Jon v BAEAEG
7E pH {E% T 4.95 1 5.2 B IR RO, H I X WO W KT WSa?>, 1X
ot 2 5 T RE A2 BT EATIZE B Bk SR IR B 9 BB 248 S A A BT 53, Rakshit S 25124
YR JE AL ATR-FTIR $ARAR 78 K IAEIR VA A1 W02 23 5 R 2R 1 1 2 A
SRR BB RN, E pHAEARRYER, STERESRR N2 RY. ERR T, HfF
FE— S5 HH B35 4+ 1) 2 A BT B -1 POL> FI I WORS E SRS BRI B, Xu N 25158
RIVEH DRI e &A 5 Mo P AT W B 53 R B A7 250, STERAT IR T b WOL?
WAHEZ MR PO G, HRI AL, 3K T 05 Mo(VI) I HLF )
AR B B/ . Sallman B Z5B8@E 1 ATR-FTIR HiARRIE T PO /] LIS/ HITE 7R
Y R AR, FFUESE T 24 POSTAAERT W(VIVE AR R 148 & 7 RIGAEE R
XK WO SE 48 A M) LI 0T B AT i B8 S5 25 5038 R0 i AR ) vh 25 13T
BRALANETE . FHICRT I, Bk A5 45 7E 3 v () [ A7 R A% EE R
1.23 BHIx WVI)EE

AU (OM) RENHEVIE TR =), ——FERIRSFIREWEFE., OM
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AL, SR VR, AVFEFETAR T RRAHA (NOMD 5EEEMZSIEH,
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EATHN, RIUX P4 A AE AV 2 2] DOM 20 43 (1520 1L, 52 21 BH BH 25 -1 I 5
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D7 T Sb 5 DOM g & hLl, L5 RRIIEEEE1 5 Sh Z MA B Mk 7,
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T T RESAE B AR IE R AL . AR R AR A S B I

1.3 #izmEN. EXEAR

1.31 WxEm

AROCERLT LR —yE Ay (BABUR . = IR, K. WA BE
WS OKBE-JHIR . SEWA-KEA . FROA-EHE , BLBL WVDIENRFFE
G, IS OB FRTA WOVD)AREE . pH AR W BB [ RIAS [5] H 125 198 0 55 3R A5 05 B
B R BE R, A5 AR T BRI (SEM) T RIKERD . WA ME &k
IANSRAAE LA S X-S 286 B FREIG R R (XPS) « AL H-ZLAMERER AR (ATR-FTIR) .
AT WG AR R B (Uv-Vis) S5 TR € B AR UITC) . =4E52 65 R (3D-EEM)
BT WVI)TE L 30E PR b RO s A LE], BIER T WV ITE S B FIE R4
VILRIL T WVI)TE LISV HUR R ST i a5 A L], AuER T wW(VI)ZE L
gL DU B AR T R S A e SR AR, D te AR BN AN 2 4T et
(RSN RE
132 #HREX

FEHAESR,  E AT AN R PR A oy B L 52 B i 45 B 8 PO IR 44 45
TIE (R ATF 72 25 22 (2123 46571 | T ey i 1 6 K2 G F S 42 J@ PR 8 1 (Cu®* , Cd2* il Pb?*
) WM, RADEIRT WV . Ak, WVITE S —ZEE A E B 2% 5
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(1) ZWiAa WA KR E S A -5 =S A WOV R B 7
T3 AR FIET R, BRI Rk S W 5 (A H2 HE 5%. 20% 1 50% 1) L 4
i 4 T, B % S A TR PR R R, SR pH WP S, BT SR SRR
KRR S A AN SR A - BRAT B A AR WV IR B AT 9, TR i B SEMLATR-FTIR
F1XPS HUAR A3 BT 43 I O IR AL
(2) JEBAERT WOV [R5 PR 25 £ B S mm R 2
¥ HA FIFA 23 S A I ) 46 B, B IR INASRIVR R T (Fe®) L 51
(Ca?*) PHFHPHE ¥ 3R45 2 R, 3t — PRI A Uv-Vis, ITC Al 3D-EEM B
B AR 5 WV I B 28 5 R A
(3) JKERH-JR TR S 5 A0 WV IR BH A 7
1 R K 2R - JS FER 5% 15% 11 Lu I Ly il 2 s & 1R 5, s pH PR sizge |
SR SR, BT KR RIS TR - KR R A A WV I FRAT Ny, [ B
5B SEM. XPS. ATR-FTIR H1 ITC IAR /3t T BRI 5 WV IO B AL EE o
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oy ERIRINELR, 45 EEs
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2 HEiA. KRA-SKEBNIE SRR WVRYIR M
21 HIE

KT BEEBEFFT WAk LR R, 8RR E SRS,
BT LA T WV ) IITE ZREERR sh AN B A 2 Sk I s b O T SR G it 7t
WV TEF R P Ak BRI AT, JEEL T 3 2 A AE SR A ARR IR R
R, FREBOKERT . B AR LA SA ), B A R e R Ak,
IS pH TR PR SR M5 WV IR 2% AT NTESE A . S -KE . WA -5k
B B AESL, R SEM MER = Fh 8 M2 2 M AMIE SRR AE, @i XPS.
ATR-FTIR ZRAGI I WV BRI AR 7R WV I)FE 338 75 1 2H 75 01 a1 A
22 MRIERE
221 #kaR

S A E T2 [H Sigma-Aldrich A, FTAAGZE AR A aide. A
WK (182 MQ-em) Biil, DA KSR (Na2WO4 2H20, Aladdin) Jy ikt
8 WV B, 35 5T 0.1 gLt KNO VAR . I 58 200 25 e bR Al 5 [N 25 A
FHHTFHFS HNOs (1%) Peikizifl, FH7EA8 FH AT Ak k.
222 FBRARR $EUWPNRIRAEEESHHIE

5 W0 SRR 46 (R )46 7 R AR AR 1g S INGEAR AT, A 0.1 g L KNOs ¥
OB, B HL Ja A A 200mL.

A A 45 7 RAE AR S A AEAERT RN Fe(111), TR RTvE fl— & 21 Ak 22,
RN I

SRS Z Ak (Mont-Fh) = (1) BU=4r (% 29) Sl B 01gL?
KNOs VT, Fe S M 5008, JFkAb 18 h LA by (2D fEREFER M R i)
S AT BRI AR K Fe(NOs)s 9H20 ¥, 5 E &k Fe R &7 54519
5%- 20%F1 50%, WHIRAEEA I 2h; (3D B ZE M2 N 1 mol L NaOH,
HE pH A 75w 2h; (4 BEREC, JUEREMYE 3 WEAET I, BT
100 H i 5 R A7

S Z A (Mont-Goe) = il & 7 i 5 5 - KB Z 4 4KEL, R
SRIEHHTE (4) B2, BREGRBUNET 60T HRKB T2 3d, HEePRA L

[24]



2.2.3 pH IRHMIsLIE

W(VD)FRUERFR: FREL 1.7927g Na2WO4 2H20 [E 74k 5T 1000mL A&, A
AR TR TR A, 153 WV FRAERER K 1000ppm.

WV FR#E R 17 5 4 10mL 28 &= 0.01. 0.05. 0.1, 0.2, 0.5mLW/(VI)
PRUERR, FHHEAIKE RS 10mL 585, 15 30 RINEHORE N 1. 5. 10, 20,
S0ppmo

B B 5 (Mont. Mont-Fh. Mont-Goe) & T 50 mL 2.0 & JEHS, b
A 0.9 mLW(VIERE, 5/ 0.1 mol L™ KNOs IEUE RS 30 mL, [l e kiR & i &
pH 3~9. MRFHAR R WV PR 30 mg L8, W PHFIHE N 0.05 gLt K20
EETACPRERT RS 24 h JEEH, B0 15 min, _E3EHGEE 0.22 um JE B UM, FIH]
FELERE & 56 B TR R 63 (ICP-OES) MllE W IR, B30 s IUTIE YT XPS MIZE .
224 SEM F1 XPS

R BT BAEE (SEMD MERSERUA . SR -KYH FZERA-5H 0 — ok
ERIITES .

F] ] KRATOS Axis Ultra X (Thermo Fisher Scientific, USA) A 1A & # W it
BOHT S IR XPS i fEMERT, R ORFEAE N2 SUAUT A S RS g, e i AR
KB 0.05 eV, “FHEMEEM IR 10 K. R4 W4AF (5p) . Ols. Fe2p. Al2p.
Si2p Mi, 45468 (BE) A Cls I (284.8eV) KIE, XPS B4 1E XPS PEAKAL
AT, Rtk (FWHM) fREFAAS .

225 JR{ ATR-FTIR SCi&

JFEAL ATR-FTIR SLIRTERCE A ATR R4t (ZnSe fifk, 45° f1) [ PerkinElmer 41
AMEREA AT, B B SR S 1 mL R RS (Mont. Mont-Fh 1
Mont-Goe) ¥ HHUA £ ZnSe SRR, #F— & T1 5 ¥ S IR BHE R AIB I S 2 .
R HMR (0.1gLtKNOs) L 1mL mint RN RNAR, HITIMESFEE
SINH I # 10 WV BER,  RERE 40 min idst— Ok, W BIRFIELL /MRS, 3 4R
17 1400~700 cm™ JE P, ATR-FTIR 246 % 5& pH 4 F1 7 264
23 HRE7H
231 FREAMZEMRA-HKEUY_TE SHTIRIFE

Bl 2 RZEMA SEWA- KB RIS A A0 — o A IS . Bl UG 3
SRR BN, HARMRRS, 2EREUTIRGS ), S5 AR A, 78 52 WA -k ik
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W e B AR R DUR KRR 45 dh i 22, T BUE K, IEAMESI A -EH R —
TCE A A AR R B EH R UL S A IR AR 000, S8 A SR AT — i ) L HL
(O, TR BRI A IE HL 02, BT DAAE S Al R b S A S B R A B OR
MIFF ] 77, EEMR A B aE i, nIES A MR R I 5 — L2240/ [
PRRORL, X5 BT N BT 70 K 2 - S Bk S A AR 00—, S A T ) Bk SR A P L
I ARANE ST, SRR, ARG K T 2 SRR BRI AR AT SRR A, BEHS A W(VI)
RIRRBf o

Mont-Goe

2 EBA. RBRAKKT MXRA-$H%T £ 674 3ERE
Fig2 The SEM images of montmorillonite, montmorillonite-ferrihydrite and montmorillonite-goethite
complexes
232 pHXZIE SRR W(VI)EIFZ M

SGWA - SRR G AR5 A - SR A R WV pH R B &5 5
3, EETEM pH JEH (3~9) 1, B BiA WV R EE pH HAZLA K,
W TS WA LA RE ARG, 5 WV Z A7 FEBOR 70 845 52 A 0
WV IR B B AN o TS24 - /K BR ™ — e B SR DL R S I A - BB — e B & Rt
W(VI) I B e b B — S i 7y K, HLBEE pH (B R N sl 30 RO B AL
VIR A K= IE A, (R AR pH EIER, W ERE T2, AT
SR A T 2 B SE 4, YRR I A 2, WV 5502 18] i fL 5 70
oK [0 641,

B 3 Xt bR PR A iAot WV IR B B KNI A S A - KR — e R &
>S5 A -5 e B A, RN Z AR TR 14 SRR Tk, HoK
BB — AP R EARCR e E AR B, AL DN ROy T, RIS
VU AR 2540 BT, X RCREALIRGESINZ LER IAUR . 45 BB ST i, KB HAT
S AR PR B e 9105 001,
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AT ANFHZ ST H pH (pHeze) SRR WVI)ST PHIsER IR/, B K
pHpze AR pH AERZIA S AR FEHGET M) pHeze K/ANMBT R SBiA (2.5)
<EMERA (7.8) </KEA (8.1) [97 €81, pHpzc MRt W(VI)FISEFRI ST K, pHpze AR
B Bty SR R 22, BOK T S e S R BRI B TR B LR . A
BTS2 = ) AR B pHeze 5%, Fit LUK BB 2 D0BE pH (B8 KT i, X5
GIPNGRLT SR S

a) 500 - 500
) A 0  Mont-Fh 5% b) O Mont-Goe 5%

450 | O  Mont-Fh_20% 499 | O Mont-Goe 20%
_ ZA & Mont-Fh_50% - & Mont-Goe 50%
“en 400 |- v Mont Sig, 0 [° v Mont
on o0
& g 97
E 350 E
3 Z« 496
= 30 f © = I
o “= 495 )<
*2 250 |- & 2 ad
2 ¢ E [T

(@) =
E 200 | T g 150 |- o}
3 . o & T LI
2 150 | £ o g
S o 5 S ' [m) fa
= 100 - @ > © : 2 = o v L = %
- o ®
50 1 1 1 1 L 1 1 1 3 50 1 L 1 L 1 L 1 L 1 L 1 n 1
3 4 5 6 7 8 9 3 4 5 6 7 8 9
pH pH

B3 WA, KEA- KK FEBE-$HAE S AR pH=3~9 T3 W(VI)EI IR M
Fig3 W(VI) adsorption at pH=3-9 on montmorillonite. montmorillonite-ferrihydrite composites

(Mont-Fh_5%,20%and 50t%) and montmorillonite-goethite composites (Mont-Goe_5%,20%and 50%)

2.3.3 JR{L ATR-FTIR SCi&
FIH EAL ATR-FTIR HiARBE— B0 7t WV 5 i —Z A o SR EARH pH

6 (4 A7) FRaR AR S RFE. B 4-a F1 b 2 ZBALEH A pH 241 TR
Bt WV ILE AN ERE R, 45 BRFAE R B /E 800-1400 cm %1, 950 cm™ #1 895¢cm™ 7=
AR — AN, XRE WO W-O IR 4adikahigP, 45, @he KIMF pH {E

FAF T NaaWO, Y 2 (A ok R 2 ISR () ir B B AR — B, IXR B W(VI)REAESE
Fit A R T AT LAES IR Sk AR I U A Bl 4 S, IR RAEE R MR A IS 1A
B2 &4, 7E 0~200 min N, Bl IR B IRD 7840, 20 MBSO AR Bkl B 2, 7T 60
W(VITESE A R AE UM 28 SR % . K] 4-a. b BiFh pHESKMHT (41D
(I £T ARG B AR 2 B 52 B X WOV DRI B 52 pH (E RIS, IX 5 pH TR P& 3
—3.
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a)| mont pH 4 b)| mont pH 7
200min

160min

120min

80min

40min

Na, WO,

1400 1300 1200 1100 1000 900 800 1400 1300 1200 1100 1000 900 800

Wave number/em! Wave number/cm™!
4 pH=4 7 FHTREAE—ERBERRM WV)BILIINEEE
Fig4 ATR-FTIR spectra of absorbed W(VI) on montmorillonite (Mont) in a certain time at varying pH
values of 4 and 7
& 5-a. b. ¢ fil d /& Mont-Fh 1 Mont-Goe — CHE S RLERF pH 18 54 T Wt
W(VI)ILLAMEE K], 930 em™ Zo 45 b5 — A5, /£ 810~830 cm™ 72 45 b — AN T I,
73 A W-O BRIk S0 A il AR o), X2 W(VIE e & A B AW b 2
IAEH R L SIS . £E 0~200 min iX—W BRI Py, ELBE I (] 42 4,
LLANEE ORI, X RWIE R4 S YBORZ . 18] 5-b. d Fi7E 840~860 cm™
RERIL T BSIR B R B IR GO, TRi/E K] 4-a. b AN 5-a. b HIRAEEAUGHE. P
EARRWIAE pH<A I, S -/KERD ISR AT -5 — e B SRR AR IR E6 56
Y, AR ST AL Al pH A B R R ISR SRR &), IX UL WIAS IR i
REMIAAEAT 58K pH JOBE . BT AT IRIE 2 pH=4 It , 31L& L E L0
PR £E [HWeO20]> Rl 5 2 £ [HoW12040]> F7AE, 24 pH<4 IR I LAY 544 HI [W100s2]* i 2
S, HEER R R G YKL . AR PRSI LU AL e S
i H. pH BRI T
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a)|mont-Fh_50% pH 4 b) [mont-Fh_50% pH 7

40min

841808
935
)
240min : % .
)
" ) 200min . 1
200min ' T 160min - !
' Y y
' 4.1 \ : :
160min r ' ~¥
i ' [ : ¢
120min /T 120min $ ey
. 1 ]
80min , A 4 | 80min + .
40min ' " ' ' '
. [ ' [
¢ " ' []
' ] ' )
' ] ] [

1400 1300 1200 1100 1000 900 800 700 1400 1300 1200 1100 1000 900 800 700
1 Wave number/cm'1

d) [mont-Goe_50% pH 7

Wave number/cm”
¢)|mont-Goe_50% pH 4 848 g7
8
200min
200min 160min
160min

120min
120min

80min
80min

]
]
]
i
]
]
i
40min :
)
]

i i

s 1 s 1 N 1 N 1 PP | L1 s s 1 s 1 s 1 s 1 LI : 1 N |
1400 1300 1200 1100 1000 900 800 700 1400 1300 1200 1100 1000 900 800 700
1 1

Wave number/cm” Wave number/cm”

5 pH=4F7 ZFUTERRA- KK ESFMRBEA- T ESGEE—ERBRRHM WVIEIL
ShETE
Fig5 ATR-FTIR spectra of absorbed W(VI) on montmorillonite-ferrinydrite composites (Mont-Fh) and
montmorillonite-goethite composites (Mont-Goe) in a certain time at varying pH values of 4 and 7
234 XPS 7R
A X B 206 B 7 BERE T 7 W(VIVE — e B SRS Sl 1K 6 £~
A WVDFIHTS Fe2p K. 15l 6-a #1 b 7T %1 Fe LEAUHE 711 eV A% 2k
(Fe-O-Fe) Fll 713 eV IR A YFEHE (FeOOH) "2 73, Mont-Fh — o & &AW
W(VI)J5, FeOOH MIETHIFRHH 44.34% HGhn% 49.07%, & iX—"1L7E Mont-Goe
TOUEARTINRINE 44.44% HINE 49.71%. DL LSS RRAF G S AERTM
FeOOH 25 1 W(VI) 28 £ S S HLREF il 3 Bl 2% 547 -

14



a)| Fe2p b) Fe2p
Mont-Fh FeOOH Mont-Goe FeOOH Fe-O-Fe

44.34% Fe-O-Fe 6
. 2\ 55.66% 44.44%

Mont-Fh+W Mont-Goet+tW r.00H
Fe-O-Fe 49.71%

(/1/50.93%

FeOOH
49.07%

RN IR AR N N N NS PR N NS (R N M S SR
740 735 730 725 720 715 710 705 740 735 730 725 720 715 710 705

Binding energy/eV Binding energy/eV
6 KBA-KKT ESFMRRA- ST ESERM W(V)EITE Fe 2p B9 XPS Hti&
Fig6 Fe 2p XPS spectra of montmorillonite-ferrihydrite composites(Mont-Fh) and
montmorillonite-goethite composites(Mont-Goe) before and after the binding of W(V1)

24 g

SR — AR T R IRROR Y, S SR R Y SR AR REAN
& mE T B, ZXMFEEFERIR > FEGN A R L, Brel i 2
— ] A 8 ) B S RSP A, KA A5 SR A RO A B T A N, T
W(VI)TER T DS IR 35 P B T NAE e, B R AR R M FR R g, FTbA s — 2l
A R RORIEA IR . KR —ATR E S TRENY), R T B ) i
& KRB %02\ TR S5 M (B AR A AE DY AR S5 8, IR AR AP A B AT 8
U RV PR PERE 0BT U H AR IR B A BEAR B AR S ), WP PR RE R BRA 22
S SR AR IR s B AR, SRE R T AL B (FeOOH)
T S BT AR T FLLOSY, RS S e ) SR T T A A R A 4 ST i A P
XA, WD 45 K] UG S i - K — e E SR80 — e R &
PRI G SEHE R 10 WV IR R £

LIS G RWIAT Ge P AR BRAE R, 1 3% pH AE X B 5 G I e A AN AR
AR R R EERER . EEae L Eh A PIEE, BilE el gEh A
TS 45 R A A SR AR S S B 1, 1338 pH (B RE s B IR TR S, — IR0
BIR B (WOLP) FETR M L3 B 5 L, TR IR ok S AR IR Mk 3 v 5 32 (2 8,
X IR SR BB 7 BAT BRI pH MOBE, BT LIRS B Wb WOL2, W] BA D
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W(VITE IR s R, (H WOV FEG M 3 s R o, 1 H AR 3 AR R 3R
TR Gy WA RIS oL, DR, AT ST T4 S AR A PR s B R A T — e B iR
FERl, WO R CAA . BPERERLSE) 2= sErh, mTRRf W(VI) B R
ANEVERE SR, HOK WVIFE LS fmshte, IWminR 285 4 LI S MR . it
Gb, R EAE YL EATITIE B B R e 5 W(VI) &A% R 48 & [ M
i H WV)TETIEREEZERNNES, el RigEd i A 5 ey . A
BTSSR A B AL SR [ N IX — I GR35 50, B AR 75 ZOR R 3 Ah 21
oy RHE AN WV RIS .

LB KR A T AR E R, £E—5E pH E iR DU AR 2 255 1 N R R AR 45
AL AOY, A I S B SR I, QOENERET . RERET. REERET. SR,
AT S G 52 PR T S50 26 A 43 A T T KR AR I RR SR, R BELK R 45
mn S R E R WVDIEDE . BBOR SRR HEATIE R, TR K
53— D T W) i BRI S AR A R R S B SR W(VI) 2 [ B A BAE G R,
1M HAR N Z o0 R H AR BT (R FERR . BHFH S 758 g AR P45 il AL 1)
SN DA SAE I R A E B e WV IR D
2.5 INgh

KRBT T ESREYIBIAEE T WVIFES A 3R 10 E R A . SEM RS
A AR SR A R T A K R R T A A S B L ey, AE IR AT A LR G
FH A A . pH W B &5 SR W R S D 55 Bt A 20 T 1 SR A T 4 R L 38 T ) W B sz
wo WVIZER ) E IR N pH B RGNS, T K BR A 4G d B 22 BRI A7
TEANVUFN S5 A6 5 58 AT - KR — e S G0t WV 8 B 2 B S vy T S Tt A - k™
“ILE A ATR-FTIR 45 REK B W(VITES i A R 1 LA IR 3 F AR e AR AE, TRk
B2 G0, AN BEEANTE R E SR BAE pH B (pH<4) B 7] DAAE H R [ TE R
IR EY), HEEER KA SR RSk . XPS 4t — P RKINE &1k
KB (FeOOH) 2577 WV E ML RN B%& &Y. ik, B
PLE IR IE AL . VA B TE IS S R SR R
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3 BIEERXT W(VI)RI IR LS & K& E &=
31 ®IE

IR A U A iR . BLER S X 4 J  [ E R HEE EELNAER
TR ARG R, RHAKFRERZHAMRE T, ANYRTSEAL HRER, W
DA I S [T BH 5 (0 R A AR A 22 RS, (RIS T B L) -5 o 4 [ 1 R B
AR, FTUAE NIRRT VR L e AT R T R A S E A S 1 CR
U8, DN T AP T WOVIDE S — A SR 7 E R BAT S, R E T AR
B RRARRART A IZAAENRRENY, LRI E Fe®t. Ca? Al 5 24 1
TIERYGE, AT, (5B 1TC 13 BB AA VLI WV EIF 45 1E,
[F] I FH Uv-Vis Al 3D-EEM X 43 BT 45 3 A WL 0 J5 (42 284, SRS A NS
W (V1) RIS B 45 5 R ALE AR 78 WV PE 33 LTS A 20 20 1) 5 i AR
32 #MRERE
3.21 kARt

BHEER I E T Sigma-Aldrich (R A F], & HLERIE T B iR S AL )
HIRAFE, FTHACSRFRFI A T 4. FrE i AR (18.2 MQ-em) AL
#, PAKESEREN (NagWO4 2H20, Aladdin) NJEREHI % WV ERE, 55 HMAERAN
0.05 mol L1 NaCl ¥, Fe® . Ca*"#ilisr i H/S/K& =&k (FeCls 6H20) Al
IKEFAAG (CaCla 2H20) il % o T 58 LM 2 bR S 30 25 25 48 FH i F A HNO3 (1%)
PRIRIE, AR AT AR Al K e .
322 ABEMEERRRRRSIE

FABER (HAD : % 0.5 g BB [E /AR &% T 100 mL (0.1 mol L) NaOH i,
ISR R 24 /N, KSR R IR SR, BTSRRI Bk, e RE 3] 200mL e
M 4T UKFEIRAZ % . HA BEBIRIZE N 59 Lt

R (FA) : B 7 FRECRES G T 100 mL gtk g, HaRE/ER E. FA RRE
WEHNS5gLL,
3.2.3 L= MRHIsELE

WV BB BRI T 2R 70V PR A 2%V I | — 2215 2.1.3.

HA SR 9250 4 0.3mL HA WP E T 5 4> 50 mL B0, s 5
OE A 0.9 mLW(VDERR, Fordr 1A BAE S AN AN B AL 2], IR 4 e

T NI — E B Fe® . Ca?t VA AR IR 4 & H n(Fe):n(W)EK n(Ca):n(W)F51y 1:1 Al
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5:1(Fe:W=1:1 Al 5:1 8¢ Ca:W=1:1 A1 5:1), /5 A 0.05 mol L NaCl ¥ € % % 30 mL,
Y BT A RE IR AR 22 pH=7.8. TR B4 R b WOV WIAEHREE Dy 30 mg L8, IR BRIk 2
N 0.05 gLt KR OEE TR B 24 h JEECH,  FHBYE R0 B0 15 min
(4000r mint) , _FiEWIE 0.22 um JE R PERR, B BB G S AR SR
(ICP-OES) llZ W(VI)ik EEll,
FA #EEW P sLEs: Br T pH 8 6.3 #1 3.2 4, HARDEIYFE E.
324 FREEEWE

8 TAM 1 HGR I 248 (TA Instruments, US) 34T IR I 220 E, % A&
GUAC& A 1 mL VAT 500pul iy 4%, 7ENE 2 A7, % 0.7 mL5g Lt 4 HA. FA
FAANIN T — 52 & FeS Al Ca® [ HA. FA VR E fE RN HE TR E, el BN
120 r min, DASZELE A E R, K4 54.34 mmol L W(VI)EW LA 0.5 pL s iR
5 B PRFRA R, ESC SRR (uWD o JERSE 26 WK, 5 1 VR SE 2 ul
BBy, SRR E 10 pl, [AIRE 900 s. o R SIS ok WV B R € B AR H
R, HEBRAE WOV IR SR R RER . HA I 7E pH 7.8 FHEAT, FA JIIEZE pH 6.3
THHT, BT SCIRIITE 298 K N iEATEEL,

325 Z=HEREERNHESKRW

N T A HEBRAE S A B (BRI RN, 7R = 4k S IR BT TS AT LA R BRI 1
% 10mg Lt bL R,

HA = 2552 67 K 58 9256 - % 0.09mL 5g L1 HA BN A F 4 A 50mL B0,
Forf 1AM REAS TS 0 G A B8 46 J 5 BH B I, 0 R 3 MBS L E NN 0.45mL
WV BER, F ) AR N B0 2 il il — € & Fe® 1 Ca? I VIR IIE n(Fe):n(W)EL
n(Ca):n(W)#129 5:1, H—NEOE IR T8 B 5 0.05 mol L NaCl ¥ &
23 30 mL, KA RE AR SO E pH=7.8. MR 2 WV WG E N 15 mg L.,
R B FRIR B 0.015 g Lo KBS O B T /K PFRRIR P RN 24 h JEEUHE B T 4T UKFfF
I, A RE G IAE R 2 T ARAF, B SmL BE L 2e 34T 240 AT WO AR 494 (Uv-Vis)
ME, BfEFEE SmL 3T =485 661 (3D-EEM) JII%E.

FA Z4EO K E LS : BR T pH Wy 6.3 4, HARDEREFE L.

3.2.6 I EIEATHFI = SRS AL NIE

il FPE 4 AR AR 1 B0 ER T ML 28 40 42 1 R OUAR e 0 5 43R 470 52 R 4 ]
WA S W B (5 76 K G 1y 350~800 nm,  [FIEY FH 1 em (194 B85 EL
EITE 24T TNIE, SEERFFURTTRE B AR /R 2 AR R AT AR 1 J5 P AT AL
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YRR HCREAE D ek (F-7100, HITACHD W52, A 150 W FI )T
VERAXZR R EIR, PMT HLE N 500V, UK (Ex) JEHY 200~550 nm, A&t
P (Em) {5 4 250~600 nm, 3 [BJFFY 9 Snm, $94# 3 B2 15 2400nm min 8081,
33 HRESH
3.3.1 PABSFEMBHAITT W(VI)EIIR 547

Fe®*. Ca? i HA. FA St WV IR B 5 SRR 52 28 1 23 4 B o0l LI 7 ik 1
HI& 7 AT DA & H HA X WV IR BT AT FA, H HA 1 FA X WV EIIR 5
pPH AR KIER, B pH HARIR Sk . WOV TER R DL S 3 T e,
B pH ERE, WP EE T (HD SR 2 A REREFEWRMIRTE, A
IV B 75102 THI P9 1 R AT, 308 T Rt s 7 r P 5 S B 8 (RO P

AN, F 2 0 PLRIL, 1E pH=7.8 I HA X+ W(VI) WK &4 40.33 mg g1, 51Kk
FE Fe¥* (Fe:W=1:1) FIEIKE Fe (Fe:W=5:1) AbFZH dr HA X W(VI) IR B B s
HRENEER (p<0.05) , 5 EKE Ca®* (Caw=1:1) FIEKE Ca®* (Ca:W=5:1)
REERL A HA X WV TR B 38 B g 2R (p>0.05) o 7F LA BH B8 Ik EE Xt
HA B WVDSZI I &, P Fedt (Fe:W=1:1 Fl1 5:1) AbFRLE R 2 B A 5%
MZER (p<0.05) , MPAIKSE Ca?t (CaW=1:1 f1 5:1) AbFREEHE 2 (A1 %A B &M
Z5 (p>0.05) . [FIHE, FA £ pH=6.3 IR RIS FiRS5 10— . (HAE pH=3.2 i} FA
X WV FIT B 22 156.07 mg g1, X540 FHRE Fe3*F1 Ca** 4b3 5 FA X W(VI)
(I B B A 2 22 SR (p<0.05) TR R ot B 5 % 1 1 79 2L Ak 2 2 I A 3 85
REEEAT B EMEZ R (p>0.05) o L EEERE AT IR — @ pH (G, RRWE
Fed oz i E HA HTFA XT WOV, 7T g2 T HA I FA ST 5T 1B AR
FERERIBER Fe(I) KELE S, WINHSSERP] A TIE M W-Fe-OM KRB G146 %, Fe(lll)
FEHC AT R BH 25 R T 5 WV ZS &1 82, A FIRZ ) Ca®t L P A2 2
HA 1 FA X WV, TTiiX 5 Zhang F 254D B 7045 SR, AT RS BT AR se s
(K] CaZ ¥4 S AN 2 B2 B HLDRE i 26 5 5
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7 Fed*. Ca?/Md HA. FA X W(VI)BIUEM (HA: pH7.8, FA: pH6.3 13.2)

Fig7 Fe® and Ca?* affect the adsorption of W(VI) on HA and FA(HA: pH7.8, FA: pH6.3 and 3.2)

%2 Fed. Caz*xt HA. FA IR W(VDBEIRZM0

Table 2  Effect of Fe®* and Ca?* on the adsorption of W(VI) by HA and FA

% B &= /mg gt
AS[F] b 2R
HA(pH7.8) FA(pH6.3) FA(pH3.2)

Alone W 40.3344.04c 67.6746.03c 156.0747.79c
Fe:w=1:1 146.3345.56b 526.3449.70b 591.1345.60a
Fe:W=5:1 436.3343.51a 590.3648.99a 595.3643.61a
Caw=1:1 36.0044.58¢c 74.9845.86¢ 227.9740.21b
Ca:W=5:1 34.5344.05¢ 80.7944.80c 234.0348.60b

e RPHEENFME EREE, AR AREEES (p<0.05) .
Note: Datas in the table are mean *standard deviation, and the different letters in the same column indicate

significant differences (p<0.05).
332 ITCHAIOESN

ITC HITEF AR T HA F1FA WZFT WV #1225 4E . B 8 S HA I FA
LR E ARG, SRR RAE TAM NI 9N BLEIE T AT E 1), TR IR ERIR R
LR TEEANR,  WETR A) T s OB R . B AT LR 3 HA TR B W(VI) 2 —
ANTBEFAIRRE, T FA TR WV — DR R AR N . £EK] 8-a. b AT ¢ H1A] LU I
B—HA 5 W(VI) B SN #8726 AE O B aTigesh, i AEED BAEEE ,
MININT Ca?t 2 JESRTC I ARk, H NN Fe* 2 J5 HA 5452 8] R A R Z i e it
SOVTBOH KR E R, BB R EEBAN R e 24T, maER 8-d. e
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Fig 8 Isothermal titration calorimetry data for the titration of W(VI) solution into HA. FA with the

influence of Fe3*. Ca?*(HA: pH7.8, FA:
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HA normalized differential absorbance
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Fig9 Normalized differential spectra of HA and FA samples interaction with W(V1), Fe®*, and Ca?*
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11 JKERET R 5 70 15 wioork $kAT-TRERR S & 1R SR A
Fig 11 The SEM images of pure ferrihydrite and ferrinydrite-HA coprecipitate at 5 and 15 wt% OC
loading
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Fig 12 W(VI) adsorption at pH=4-11 on ferrihydrite(Fh) and ferrihydrite-HA composites (FNHA, 5

Wt% C and 15 wt% C)
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Fig 13  W(VI) adsorption isotherms on ferrihydrite (Fh) and ferrihydrite-HA composites (FhRHA, 5 wt%
C and 15 wt% C) at pH 6.5
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Fig 14 O (1s) XPS spectra of ferrihydrite and ferrihydrite-HA composite (FNHA_15% C) before and
after the binding of W(VI)
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Fig 15 Tungsten (4f, 5p) XPS spectra of ferrihydrite and ferrihydrite-HA composite (FhRHA_15% C)
before and after the binding of W(V1).
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Fig 16 ATR-FTIR spectra of sorbed W(VI) on ferrihydrite and ferrihydrite-HA composite (FhRHA_15%
C) at varying pH values of 4.5, 6.5 and 8.5
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Fig 17 Isothermal titration calorimetry for W(V1) binding to ferrihydrite and ferrihydrite-HA composites

(FhHA, 5 wt% C and 15 wt% C)

#*3 7 pH A 6.5 BF W(VI)ZE Fh #1 Fh-HA E &4 ERIIRFHGIIE S
Table 3 Adsorption calorimetry parameters for W(V1) adsorption on ferrihydrite (Fh)

and ferrihydrite-HA composites at pH 6.5

AG(kJ mol?) AH(kJ mol?) AS(J K mol?) Ka(M1)
Fh -20.64 -16.1 15.08 380
FhHA_5% wt% C -14.31 -10.12 13.93 312
FhHA_15% wt% C -19.33 -15.43 12.96 226
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