'Eﬁ%[lr‘é NS TEFIR E1TEEMH0BF11A

Eco-Environmental Chinese Journal of Vol. 17, No.11 Nov. 2023
Knowledge Web Environmental Engineering
@ http://www.cjee.ac.cn E-mail: cjee@rcees.ac.cn S (010) 62941074

MNEREE: KITEE
DOI 10.12030/j.cjee.202306061 52 X703 SCHRAREES A

=]
1

PE
=

o R, SR, WIMR, S5 HUMOREE SR AL 8/ MU A =80 Cr(V) RO EMERE)]. PRIE TR 24, 2023, 17(11): 3562-3567. [GAO Fengru,
GUO Hongmei, HU Jun, et al. Performance enhancement of Cr(Vl) reduction for Fe/Fe,0, by mechanical milling[J]. Chinese Journal of
Environmental Engineering, 2023, 17(11): 3562-3567.]

BB IR BE 5 AL 2R/ DU 48 AL = 8RA%F Cr(VI) B8 i
P RE

o RAe!, SR, RS, B— A2

LR E WS EROE B, HED 2610615 2. WL Tk K% &%, BHrMl 310014

# E  Fe/Fe,0, /EAMUMEREE BB Al w2 2Bk & i V5 4y, Eth i I 25 B B 551 R e W EAL R P A HE RS, MILARER B
JG ] Fe/Fe,0, BALEA RAFHT Cr(VI) i JEPERE . A58 3% T R IRAL R FH AN B PR REA BRI & U % 18, il ad BRI
MR & EAA B Cr(VI) R PERERY Fe/Fe,0, # k. 45K, HUMEREESRIL T Fe/Fe,0, BRHA Cr(V) IBJFEHERE, Cr(VI)
LR 26.19% BT E 91.3%, HUIWIERES T8 283 (2 dk Fe( 1) 2R AN Fe B T a9 & h5m Ak Cr(VI) i85, R HIER
J& Fe/Fe,0, i Cr(VD) i, Fe(1l) Bz sl Ui BHAUMER B2 2E T Fe( 1) 2R, 107 Fe(T) (54 i AN pH A K IE
L FHUBA Fe() 54464 Fe(I) . FIFHSRIEM A K Fe( 1), (HFERE Fe/Fe,0, MBIXT Cr(VI) B EBRFFEE 41.8%, X
FEW Fe(I) % Cr(VD) iR EEEH . 13 8 AR A A BRIE R 8] i) I 55 EREE Fe/Fe,0, 19 Cr(VI) R JEMERE, fefEBR
BESAE AR . BRI 30 ming Cr(VI) Z2BRR0CR S EKEE Fe/Fe,O, Nt R IEARX, M SWIMH pH Sk X.

KHEIR  Fe; Fe,0,; HUMEREE; Aif; HIEsRIL

B (Cr) RHALA YR TRE . B b, ek A 2L Cr(T) 1 Cr(VI) 77N, AT
Cr(1), Cr(VI) A RTIEBRHAEAR ., At i, WRe b BiHER R K R, S s m Ik K S35
B R, AT, KT Cr(VI) AORLEy ik 32 BRI EIAS S A2zl Rk 2 2R A
AR Gt . Bk . R TFRAW) # Cr(VD) MOKMIEER AR, 207k B A BB E . M
BRI ZAFEH, (HEEAE RIGYRS), Tl AT b B L, bk 3= Bl i A — e R AR J
F, TREs Cr(VI) B S5 AL W BEPEAR XA Y Cr(I), PR35 KRR pH A, {8 Cr(I) A2t iEy
B, SCRUKAARA Cr() 43S, A2 Cr(V) BB, o2 BRI s 2 i,

Tk (Fe) HARIEMER . FRBEACUF LS, W T /KIRE S8 2Bk, (AUfFefikis ReE . Ko
AL, WAL =R (Fe,0,) S TR, | 0¥ Fe*'| Feo W ks S MR, Hb,
Fe(IN)([Fe* ) tiPiPU A B T07, Fe( 11 )([Fe*1,.,) 1 Fe(TN)([Fe**,o,) didli e/ AP 107, s fdifs
Fe,0, B 1] [ FER, IEJLAEK, Fe/Fe,O, #) 2 TS i fb 8k . MU it fe . —Jrim
Fe Alfigi#k Fe( Il )/Fe(Il) MUPEIR; 53— 5T Fe,O, AI{EH#ER 1L 515 S iid . FEE T3 — B Eh iy
LA R, 5 Fe Ml Fe,0, #HLL, Fe/Fe,0, ELA B & ILCR TR Y Rl 503

HUBRER S A FHES BRI R RS, (A ROSIIS AEREREAR . A RS YRt . ZERUBIERIES IS
Kt FEH, Fe/Fe,O, TE MBS AT gl BRI . R ELERE R T5 Yedl, HAE Fe/Fe,0, i N
3.7 BRUREAE. T Fe/Fe,0, LA AU TG RCR, FHAE Jy BhES IR ol B0k b (B BA( o
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G YT B ), (BT I B R R R S TR AL AR el 21 SR, AR Fe/Fe,O, A R
Uy Cr(VD) JstERE. HRT, AHFHRGE TR Fe A Fe,O, IR Cr(VI) &5 4 Cr(I), F7HJE
e Fe Ml [Fe'] o BAI AN [Fe? )Mo L, FHUIERES IS 19 Fe/Fe,0, BT Cr(VI) YL
i, eI LA A R0 .

K, AFRIET FelFe,0, BEFFFALHFHAETERE Cr(VI) i JER BT R BN 18, i BRESAR
il % Fe/Fe,0, #1K}, BFTEREE Fe/Fe,0, MRIXT Cr(VI) IS JFIERELA SHSRAHLEL ; FRGTHAEBRIE S50 (BR
JER SR R RIIRH[]) AGA IR A5 (BRES BRSO Al G pH), MIF5T Fe/Fe,0, BAMTIRALAFH LA SR ER
Fe/Fe,0, % Cr(VI) i RER2 i f it e Za8ds S % .

1 MR5REE

1.1 SEIeRd

Fe. Fe,0,. H,80, fil H,PO, SR T E 2 LM 2= A R AR . R, K,Cr,0,. ZBIEL 0k
TORBRTE RN NH,OH-HC1 &5 R T 122 5o A AL RHE A PR R . Pulverisette 7 17 BRI
(P RIAER A ) MR REAC ARSI BT (ARFh 80 mL).
1.2 SC7E

KH Fe Fll Fe,O, HIREEHI BRI Fe/Fe,0, MK} (BiiElbh 3:7, #3#% 600 rrmin™). Frf7 Cr(V) ifJ5
SIS A EAERE (AT (300 mL) FRHEFT: SEIA CrK,0, ¥ (100 mL), SREIMAEREREM RS T
Pt (200 rrmin'| 25 °C), ERTHHE | mL #1708, AEORSCIRZERARG M, LRSI E R ERIR
1)
1.3 SWEE

Kl Cr(VI) BB . B 1 mL RESYET 50 mL BEES LT, FIZEIBKIR B BARNI B ARG
UHMA H,80,(50%, 0.5 mL) Fl H,PO,(50%, 0.5 mL) JaiEfTiRAT; FILA 2 mL A7 CKF 0.2 ¢ —2RmRHEE
TIHAT 50 mL INERH) TR BRE 15 min J5, FSMOEEETHNERE S IAE 540 nm ARG
Bl Cr(VI) AR, ZhibrifErZE (1~50 mg-L™).

K Fe( 1) AFREMREE . B 1 mL AESLET 50 mL BSOS, 7B KRR SO S U
A 5 mL ZFR-LIREESE PR (10 mmol-L™") F1 0.5 mL 4RIEX A (5%) JGiR~); #E 15 min J5, HHG
TR E RS ATAE 510 nm ARG . Behl Fe( 1) FRuEam, ZhilbrErZE (2.5~100 mg-L ™).

RSB BTV B . B 1 mL AESYET 50 mL BEES LU AAE T, FHZEIRKIR R 2R & ARUIIMA
1 mL 3REFRIE (10%). 0.5 mL ZRIED WA (5%) A1 5 mL BERRERZE W (10 mmol-L™"); FHE 15 min )5,
FHO IR MR ARTE 510 nm ZREIE . B SRbREATR, ZhlbriEriZE (2.5~100 mg L ™). &
BRI Z: Fe(Il) R HEEERN A Fe(IID) Fittik)F

PERERAE . T RAER A K-Alpha B X HF2 G H FREIE /0 BT (X-ray photoelectron spectroscopy,
XPS, Thermo Fisher Scientific). DA Al Ko A¥EIR, TAERER 12kV, (TZHFN 6 mA; iEa4im
AER 100 eV, KN 1eV, FEFGEREN 50eV, £KHR 0.1 eV, MBEMRA Ultima VI X SH2EA75H
HeiE AT (X-Ray diffraction, XRD, Rigku), A Cu-Ka A0, & EHR 60 kV, HIFN 55 mA, H
HEYEHE (20) M 10°~80°,

2 FR5ITR

2.1 Cr(VI) E£BptgE

Kl 1 /K Fe. Fe,0, Fl Fe/Fe,O, MY Cr(V) i JEPERBIRIL . SCI045414F: Fe. Fe,0, Fil Fe/Fe;0, # K
B 2.0 gL', BREEGUR 2SS, BREEMHE]Jy 60 min, Cr(VI) Bty 10 mg-L™', ¥4k pH 4 3.0,
ATLARIR, KEKES Fe. Fe,0,. Fe/Fe,O, BN Cr(VI) BYLBRECREZE, KW 120 min 5, Cr(VI) ZFR%50
Wk 29.7% . 24.0%. 26.1%. B, Fe/Fe,0, [l Cr(VI) ZBRBURE T Fe,0,, HAKT Fe, 1M Fe 5
Fe,O, Z AN 555 . BRES Fe, Fe,0,. Fe/Fe,O, A Cr(VI) [ LBRBCRIIA T, HHELAERES 144
Bh, BBRRESBIEINT 17.6%. 6.0%. 65.2%. XtF Fe, HUMERE ] L prILFREL)ZD>) Xt F
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Fe/Fe,0,, HUERE A58k Fe 5 Fe,0, Z A Lo
R BRI FelFe,0, (R SE MRS R R, 16 osl
120 min i Cr(VI) POZEBRATESS 1. 2 IR H) ool
M 41.3% F1 26.9%, FHIRBREES, Cr(VI) fyZ: g
FRE AN E1>90% 04
2.2 HAMEKEERIH IR - 02 (T2 £§304 BN

BKEE Fe/Fe,0, MPEH AU AITTR FRAELE AN o[ e it ¢ mmreo, L
Pl 2 iR . HIIE] 2(a) o XRD S5 5R AT 0L, BREE S 0 20 40 60 8 100 120
Fe ll Fe,0, A/l ; XPS 45K Fe® A fiHfil/min

B/, T Fe(I) &g Bt (& 2(b)). %45 1 Fe. Fe,0, 1 Fe/Fe,0, #1189 Cr(VI) IRIEREXIELE]
Ralge AT 2 HEFEEE . —HF, Fe 5% Fig. 1 Comparison of the performance of Fe, Fe,O, and
T (SRR Fe,0, BN 1R T Fe/Fe,0, materials on Cr(VI) reduction

AR Fe(IDEX (1)); 73—TJ71H, Fe 5 Fe,0, kAL AR, Fe(ID(3X (2)). Fe( 1) Eigalin
H Cr(VI) BT (38 (3)). 2RiMT, HU FRAEERES Fe/Fe,0, AHRHELA R/ NIRRT, Fe,0, 1E R FAkn]
JIH Fe BRI 1075 4l 1, R, MUKt ] BESR AL Fe 5 Fe,O, RYSLHEEAN, fNEE Fe B
BIEF]) Cr(IV) f&58, MIMERE Cr(IV) A (X @) FIxk (5)).

2Fe+0, = 2Fe(1) (1)

2Fe +Fe(Ill) = 3Fe(1T) 2)
3Fe(1) + Cr(IV) + 8H* = 3Fe( Il ) + Cr(1l) + 4H,0 3)
Fe—2e™ =Fe(Il) “

2Cr(IV) + 14H" + 6~ = 2Cr(Ill) + 7H,0 &)

AR E T Fe(ll) Ml Fe(lll) £ Fe/Fe O, Ff it Cr(VI) i Jit 5o F2 mf 9 A B0 Ol o S8 56 4% 1 -

Fe
e l

Fe,0,
| ,L TR W W

A l BRI Fe/Fe,0,
A N,

Fe® 25.1%

Fe(I): 24.6%

Fe(IID): 50.3%
1 1 1 1

10 20 30 40 S0 60 70 80 702 708 714 720 726 732 738 744
20(°) sE ORIV
(a) XRD (b) XPS

2 BKEE Fe/Fe,0, #1H}H) XRD F XPS RAEE
Fig.2 XRD patterns and XPS spectra of the milled Fe/Fe,0,

Fe/Fe,0, MEN 2.0 gL', &SR M FERESRTE] R 60 min, Cr(VI) Fifk il 10 mg- L™, #I4H pH A
3.0, JEGFWBRERIE Cr(VI) 1884, Fe/Fe,0, #ih Fe( 1) Al Fe() M4, /kaeEre 8.2 mg- L' il
1.5 mg L7'(&l 3). 4l 4(b) FFo, KHBRES Fe/Fe,O0, itJ5t Cr(VI) B, SOV pH K BF. XZ2MT H'S
5T (VD) B & (3). FIRGEHBIHT, MUMEREIEHE T Fe(ID) A%, M5 Cr(VI) WG #AE N
Fe(IM),

SHAO 25124 3316 F AR IEM k] LI Heisd K Fe( 1), BHET Fe(11) 5 Cr(VI) 2 AIAYE AR R
I, AFFEE AT EERIEPIAE N Fe(11) B, 8T Fe(1l) ZEEREE Fe/Fe,0, i) Cr(VI) i BEH Y
VER . S5 (K 4(a)), IIASBIEBMIS, Fe/Fe,0, XF Cr(VI) HIRFPEREA BT R, 285 120 min S0
&, RIBREE Fe/Fe,0, X% Cr(VI) By EBRZFH 26.1% (%% 6.8%, 1MiEREE Fe/Fe,0, % Cr(VI) i F H
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91.3% [% & 41.8%., Z 45 B F W, Fe(ll)7E 8
Fe/Fe,0, it Jit Cr(VI) i B AT EZAEH, il

—<—Fe(ll): Fe/Fe,0O,

DRERBE TSRk Fe(TT) B/ AR, (EASVE SI0R, X A Lt s,
Fe(Il) #i ¥ K5, HAREREE Fe/Fe,O, M1 FHH L, ;_D 4l —>— Fe(Ill): Fe/Fe 0,
BRI Fe/Fe,0, Xt Cr(VI) (9 MR3-ARE RS . R = v Fe(llD): BRiFFe/Fe,0,
Wi pH - FHIRRESREA, SXBLINURER ISR T 3 T +

b Fe( ) MERZ AN, 586 T Fe 5 Fe,0, FHHI o
MR T4k, Fe BCIILT, Fe,0, fE4 Mol R T ]
T4y Cr(V), M T Cr(V) i85 (=X (4) i )/ min
= (5))s 3 Cr(VI) iTEidi2e Fe(1l) %1 Fe(Il) HI%ERL
23 EhEZE Fig. 3 Production of Fe(II') and Fe(Ill ) during
AR R T BR B A B A Bk BE i) [E] X the reduction of Cr(VI)
—>— Fe/Fe,0, —A— LRI BRI Fe/Fe,O, —»— Fe/Fe,0, —A— SRRk BRI Fe/Fe,O,
—v— BRjEFe/Fe,0, —<— Z{4EMNE.Fe/Fe,O, —v— ERfE+Fe/Fe,0, —4— ABIEMH . Fe/Fe O,
48
44
o 4.0
S z
3.6
3.2
(O o S T T S SR Y. — L L L L L L L L ,
0 20 40 60 80 100 120 (] 5 10 15 20 25 30
[+ [6]/min [} ] /min
(a) Cr(VD)it )i (b) pHZEL

4 Fe(Il) FXRAIEH Cr(V) iEEK pH T
Fig. 4 Reduction of Cr(VI) before and after quenching of Fe( 11 ), and the corresponding variation of pH

Fe/Fe,O, M ELAIRMERENT BE/ =L 5EmT . [&] S(a) LM T EREESUBIREMm, SC%f4: BREE Fe/Fe,O, #iNiE
2.0 g L7, ERESHTER 60 min, Cr(VI) FiiEikEEd 10 mg-L™', #I4h pH K 3.0, BKEE Fe/Fe,0, FEAIRIEK
BEGUEF IR SRR REAR TR AR>S 285> A5, ROV 120 min J,  Cr(VD) EBRFR 514 100% ., 91.3% Fil
76.9%. WRISCHTA, AILLGEE 2 s Fe(ll): —& Fe 55 Fe,0, MW A Fe(ll); — /& Fe 5
O, WA Fe(1l). HHr, Fe 5 Fe,O, B Fe( 1) AR F 2GRN, TER QS P TaREERT, o
AR SW AN Fe( 1) 2548400 Fe(I), MIMREICERES Fe/Fe,0, X Cr(VI) A JRPERE >,

K] 5(b) St TERESHE] Cr(VI) il IEPERERIEMT . SEERI%1F: RIS Fe/Fe,O, BEIE N 2.0 g L', BREER
Bl A<, Cr(VI) Bk 10 mg- L', #J4h pH M 3.0 BREERSEIGAN, BREE Fe/Fe,0, MR LIS
R SR g AR, MEREENEI A 10 min B50ZE 30, 60, 120 min J5, £ 120 min J20, Cr(VI) %S
HH 88.2% ., 97.9% . 91.3% . 82.4%. Uit AFA]AYEREE 2 S8 Fe il Fe( 1) AUt AL, AFITERES
Fe/Fe;0, Xf Cr(VI) IARGAIRNS . £5 LA, BKEE Fe/Fe,O, MANIRAEERES &4k ZUAR]. BREE 30 min.

AWFFRIER T HANE MBS pH X EREE Fe/Fe,0, X Cr(VI) i R MERE Al fiE P2 A= (9520 . &1 6(a) Ky
Fe/Fe,O, BRIEM R INE R, SCIAR: 25 URF FEREERTEY 60 min, Cr(VI) BTN 10 mg L™,
WIh pH HERIZE N 3.0 Cr(VI) IR HEREREE BRES Fe/Fe,O, AR NG MM AW TR . S8
0.5. 1.0, 2.0, 3.0 g}, Zid 120 min 2, Cr(VI) EBR51M 44.9% . 70.4% . 91.3%. 100%., BKEE
Fe/Fe,O, NNt T 204 Fe Ml Fe( 1), MminlfEdExt Cr(VI) Bif,

1 6(b) Ap1ls pH XF Cr(VI) iR EHERRIM . SCIGF&1F R BKES Fe/Fe,O, Bl 2.0 gL', &K
BBl R EREEMITE] N 60 min, Cr(VI) BifEdkE > 10 mg L', EREE Fe/Fe,0, MUMRFIEREREE WA pH B INTTA
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1.0
i —w— BREE10 min
08 —=— RJFE30 min
i —&— FREE60 min
B _oer —A— 3kF120 min
2 Q [
&} O 041
02
O —
1 1 1 1 1 1 1 1 1 1 1 1 ] 1 1 1 1 1 1 1 1 1 1 1 1 ]
0 20 40 60 80 100 120 0 20 40 60 80 100 120
[ [E]/min [ [a]/min
(a) BRI (b) BRI A]
El5 IREERFIIKES Fe/Fe,0, MRHERAE RIS
Fig. 5 Effects of milling conditions on the reduction performance of the milled Fe/Fe,0,
1.0 1 ] 1.0 —=—pH=2.0 —@— pH=3.0
L —%—05g-L' —A—10g-L | A pH-40 —¥— pH-5.0
08 -—e—20g-L' —®—30g-L" 08}
0.6 0.6
T s F
= §)
S 04rF S 04+
021 02}
ok L
[T N T S S S N T R o 4 L L P, !
0 20 40 60 80 100 120 0 20 40 60 80 100 120
] /min [ [&]/min
(a) Fefmt (b) #4fipH

6 RRNFMIITRE Fe/Fe,0, ML RMERERIFNT

Fig. 6 Effects of reaction conditions on the reduction performance of the milled Fe/Fe,O,

WA, 249044 pH b 2.0, 3.0, 4.0 F1 5.0 I, £33 120 min U, Cr(VI) EBR4351H 100% . 91.3% .
42.7% 1 27.8% . pH SCWAVSR TS IAAAEEAS . Y pH 7E 2~4 B, % FEZLL Cr,0,” il HCrO, 777E; 4
pH 7E 4~6 I}, 8% FELL HCrO, # CrO, e, —Jri, MAEREME e, EMRMESAMT, (M) 5
Fe, Fe(Il) AR HA 3w i EALR A AN N B3R 8 1 (AE)GER (4) Al (5)); 75—, 1 pH SRR
M Fe( 1) BrEyk s, MIMAFITF Cr(VI) ALJE,
3 g

1) HUAEBREE W I R 1L Fe/Fe,0, 1Y Cr(VI) i JEPERE . S 120 min J&5, Cr(VI) ZEBE%RM 26.1% $2
A 91.3%,

2) Fe( ) i &t Cr(VI) i85, MUMEREErTSRIL Fe( ) A, fEit Fe HF&16,

3) Fe/Fe,O, FtfEERBE S5 F AN T« AR, BREE 30 min. o 5 4800 4 3R sf 1] 2 1) 555 s
Fe/Fe,0, 1] Cr(VI) i) MERE

4) Cr(VI) Z<BRECR SEREE Fe/Fe,0, FOM 2 IEAHCE:, MiS5HI4G pH 2 FAHG

% %
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Performance enhancement of Cr(Vl) reduction for Fe/Fe,0O, by mechanical
milling
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Abstract Fe/Fe,O, as an additive for mechanical milling can efficiently degrade halogenated pollutants, but
the reutilization of additive tailing is a problem. The Fe/Fe,O, tailing has a good performance on Cr(VI)
reduction. In this study, the Fe/Fe,O, material with high performance of Cr(VI) reduction was prepared by
mechanical milling simulation based on the dual consideration of tailing reutilization and material development.
The results show that mechanical milling enhanced the reduction performance of Fe/Fe,O,, and the removal ratio
of Cr(VI) increased from 26.1% to 91.3%. The enhancement of mechanical milling was primarily through the
promotion of Fe(Il) generation and transfer of Fe-released electrons. When the milled Fe/Fe,0, was used for
Cr(VI) reduction, the high formation of Fe( 1) implies that the mechanical milling promoted its yield, and the
high generation of Fe(Ill) and rise of pH indicate the conversion of Fe(Il) to Fe(Ill). After the quenching of
Fe( 1) by phenanthroline, the removal ratio of Cr(VI) by the milled Fe/Fe,0, decreased to 41.8%, indicating that
Fe(Il) played a major role in Cr(VI) reduction, and the mechanical milling enhanced the transfer of electrons
released from Fe. Excessive oxygen and milling time weakened the reduction performance of the milled
Fe/Fe,O,, and the optimum conditions were nitrogen atmosphere and a milling time of 30 min. The removal
ratio of Cr(VI) was positively correlated with the dosage of the milled Fe/Fe,O, material, while was negatively
correlated with the initial pH.

Keywords Fe; Fe,0,; mechanical milling; Cr(VI); reduction enhancement
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