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1 AEFE K B R — W5 4 19 nT BB M K S Gk
AT RAHE S i  PRB AR AT B I 1
I 356 iR K TS e AT B ARG 2 B
MR AV BB TR G T FZEd 2 FUIR TR
SCHbL BT A5 S I /NGOG A I AF R i 1 R R
KERFHARMHF AL Z - PRB HEAM K
PR PRSI 035 VEIEORE, 0 5 105 PR IEDREAS (L fiE
MBS WA IR REAR BB R ACE TR INE 2
Hnl g AR T IRTE YL R

A=W s FH TS PR 2 — | B ARG 3F
BRI H 2 T6 BN R s, BRT, AW il & 5
B2 RS E Y TR CANFSFF S 2508 &
Wiskit S ) AT R BT I AR R B
KR B FLBREE#A  A K) HE 2 T ARURN A o Y 71 H A
REAS IR B 45 Al R 1 B 4 JB AN HLTS 4™ Bt
TS Y R FL BRAE 1A BRI XA e itk
AT 00 RO R i A W e X5 e ) 2B RE ) I —
WL A R B SO I I A ) AR A
FRMUER A5, % Cd( D) AT As (D) B R 2
BB T 27.2% M1 54.7% , Fan 56145 T
PIRFAMN R (nZV]) B F RS A o, HO K%
W V(V) AR E 1A 48.5 mg/g,

R T — ST EY BT KER T V(V) B
LBRBETT DA S v R 5 A W S b R 255 R R
A SCLALR S A Rk, (o I il 46 1 A, R
FHAAZZAN BT H AT 07 8 vk, IRk 7 1 Pk S
BT S 8 T VV) RBREUR 5 m
LT T E R PLEL, ASCRY SRR L TR
KL EBRIFFESE B2 I R S5 B AL
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1 S

1.1 SEIg#rat

S (eI BN T PE IS XA S5 50. 45 um JE
JIEE (R EAI ) | R TIT V1 S 56 18 25 A B A ) 5 f B
RN (NaVO,) , 4l 99% , B4 T30 A PR 2> 7 ; il
SAL4 (NaBH, ) , 405 98% , PHs WL RS A FRA 7
HREN — KA (Na, WO, -2H,0) , 4l i 98% |, K215
B 2R A PR B B R & 4 ( Na, HPO, ) , 43 BT
gl AL T ToK S, Ay Hral, KT & TR
L TABRA T Eh 1R (HCL) |, 43 b4l 24 5 A 4k
A FRA B BER (H, PO, ) |, 43 Hral, KAk 2R

FI s BRI (FeSO, ) (KR HN (Na, CO5) (EAILEN
( NaCl) FIE B AL AN (NaOH ) |, 34 20 4, 48 R Ak 2
WA BRAF

1.2 EHEEMNFESHEEENRL

1.2.1 AH R &

e WHE 1 40 B (i FLRT 0. 425 mm)
B100g BT 1L LBk ks, /£ 85 CF
TN b R ENE R TRIE B0 A B e R B
FHE THEAE T 60 °C 148 48 h, SR B % & 40
H , &S T 788 20 (SK - G05123K A, K
HERHL P A A RS FD) A1 4351 T 300 C 500 C |
700 CHE R 2 h, FHEEFEH 5 C/min, BRH)E
B A3 PR RITE K AR R BE K, T4
24 h, WS T IS B A et 200 H i (O LR
51 0.075mm) & H ., B AY RICH BC,
1.2.2 AMEGERAREMEK

B 5.85 ¢ A= ¥ s Jim A 100 mL FeSO, ¥
(0.25 mol/L) #1180 t/min ¥k % 24 h, #izE A A
REWEIA =S, R A& T i,
IIAS0 mLIC/K &1, 2% 1% 3 I 50 mL NaBH, ¥ ¥
(1 mol/L) , 3 30 min, B0 8, HEBE T/KH
ToIK CBEA M Mk 3 WA, T 60 CEZS T 12 h,
DI N R N R VRE S 7/ - T
nZVI@ BC,,

1.2.3  EHEAH &K e A

] 0.25.0.5.0.75.1.0.1.5 mol/L 1y
FeSO, AW , 7-L) n(NaBH, ) : n(FeS0,) =2: LKL #b
PAAEIA JFR) NaBH, 09 FH &, 4% 8 1. 2.2 15 19 J5 15 il
# nZVI@ BC, 7£ 100 mL 4N, i F Navo, it
il 50 mL B R 50. 0 mg/L B9 V (V) W, I
A 0.5 ¢/1.(25 mg) HH ARV BE FeSO, ¥ W il %5 1Y
nZV1@ BC(FAMFIREE T ) 700 C ) , [ 2 ¥ pH {H
A3, F25°C 180 t/min £ 7% 24 h, #HE 5B
WA 0. 45 pm JERETUESS M V(V) KR,
G V (V) FBRF 00 % H feAE 10 FeSO, 7 Wik
J& , 53 IFEAS [l A A I B2 (300 °C 500 °C #1700 °C)
T4 nZV1@ BC, #E 1T I IR B el
1.3 Mk 5RLE

fifi 39 4 f 7 f2 0 BE (SEM) ( ZEISS Gemini
300, RIREE A A 28 vl ) AR L I OO T 35 ;
4 A 3l R T A3 AL (BET) (ASAP2460 , 3£ [
2 s AN W) DUE R L Y H R T AR FL AR ; B
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{H L5 31 27 AR 563 A (FT - IR ) ( Bruker ALPHA
11, 35 [ A 6 v 38 7R 2 ] ) D S A i 3% T 1Y) T g
T X Bt HL FRETE{X (XPS) ( Thermo Scien-
tific K- Alpha, #EBR CH/RBHEL 24 R 43 HkE i i o
RUL A0 T 450, R IRN Al Ka 28
(0.6eV) LA C 1s(284. 6 eV) NEESATAL IE ;31 ]
X FHEATHHMY(XRD) (Ultima 1V, H AR BE2E 8 7] ) 43
MrEE I TC R AT
1.4 ZFERWRHHLE

53 M ECHI 50 mL BTV E A 10,20 ,40 50,100
200mg/L 1 V( V)W, MA 0.5 g/L(25 mg) )
nZVI@ BC(T, =300 °C ,¢(FeSO,) =1.0mol/L) . [
A fC ] SO mIL B F v A 15,20 .40 .80 ,100 mg/L Y
V(O V)BT 0.5 g/L(25 mg) 9 BC (T, =
300 °C ) T T 25°C 180 r/min Ik 3% Wt 24 h, &
EE S mL EVE W, 4 0.45 wm JE B, I E
V(V) w40 Langmuir | Freundlich yil|
Sips BLEIXT V (V) Ze B i Gt 4T 804, 0 i ff

Langmuir FER Sy

k.

Q.= ?l“;‘klce
K. Q WFEARIFI GG BT R BT V (V) N IRRHA
FIPA V(V) B EBRE, mg/g; Q,. KT IR
K ERE R, mg/g; CNTERFVIG =R R V
(V) TRk EEATRE V(O V) B BE T, mg/L;
k,"A Langmuir 77 F2 % %0, L/ mg,

Freundlich #5174 Ay .

0. =kCr
A H kN Freundlich 77 2 & %, mg (=) L%/g; n
A Freundlich J7 T2 28 AH 58 %5

Sips PR

(k,C)™

Q.= QIHT)
Ak A ROV 5 B, L/mg s n AR TR
1.5 WEHizhh=E

Bl 100 mL 5 s ¥ BE ok 50 meg/L 19 V( V) iF
W, A3 A 0.5 ¢/L(50 mg) 19 BC(T, =300 C ) Al
nZV1@ BC(T, =300 °C ,c(FeSO,) =1.0 mol/L) 1
HORE, F 25 °C 180 r/min 41 37 W I, 43 51 78 AN ] st
[ HC 5 mL EYE W, 3 0. 45 wm D8RI 385 E V

(V) EBpit, WM 2 0 B T E, Kl
W B 3 et e

HE— B 2 RN

In(Q,-0,) =nQ, -kt
A Q, IR HEBTRIE ¢ 2000 V(V) 25, me/g;
key R E— G B ) AR Y R B 3 4 min

HE B 15 R

t 1 t

0. k0" 0.
T by T Gl e 1R A R R AR A
g/(mg-min) ,

Elovich #5171y .

1 1
Q= aln(ab) + alnt

A, @ A1 b H Elovich FERI [ 244,
1.6 A% pH MATSHBEFXF V(V)EBRBRMZN
1.6.1 A& pH

Fic il S0 mL R R 50. 0mg/L 1Y V( V) IF
W, A 0.5 g/L(25 mg) B nZVI@ BC( T, =300 C,
¢(FeSO,) =1.0mol/L) ,7E pH K 2 ~10 B &M F,
T25°C 180 r/min 4 77 W Ff 24 h, ¥ & 5 43 i) J
S5mL EVEWR, 0. 45 wm JERRE, M5E V(O V) LR,
1.6.2 %571

B il S0 mL iR BE R 50. 0 mg/L A9 V( V) I
W, AMA 0.5 g/L(25 mg) [ nZVI@ BC(T, =300 °C,
c(FeS0,) =1.0mol/L) J& , 7 BB BAS R 155 5+
BT (Cl S0y ,CO;™ (HPO; ™) fili c (5B ) :
¢(NaVO,) =8.16.32 .64, £ pH J 5.0 IR K
25 CHISAMET, T 180 t/min 3§ 7 Wt 24 h, & 8 5
SHCS mL LIS, E 0. 45 wm JEE, MIE V( V) 2
1.7 V(V)EBRZEMEBRENE

it B R — 29 TR 40 4 D66 B R D e b v
(V)& WRIBGE & M KFET 10 mL @i,
WOMA 1.0 mL LB 5 /KL 1: 17 BB HCL,
1.0mL FHZEBF/KLL 3: 18K H, PO, 2. 0 mL it
HUE N 50 g/L (1) Na, WO, 1, FH 255 T /K Fi B¢
B0 ). T35 CHEIEIR Y B (5 30 min,
PIZKRZ L, #E 420 nm A AL FH 2840 AT 0L 430560
JETH(TU-1900 , 46 5 38 B 38 F XA BRTTAE A ] )
DEMOGREE . LAV (V) By BT i BE R R A bs RO
JE PR, L hbrE e S5 R 1 iR, WA
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LB R® =0.99906, FBHTE0. 5 ~30mg/L M I,
WOLEES V(O V) Bri e B Z ARG R R AT,

1.0

I ¥=0.030 21x+0.006 63
0.8 R*=0.999 06
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V(V)i 5T e i/ (mg - L)
BT OGRS V() B e 2 ) bR 2

Fig. 1 Standard plot of absorbance against mass
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AR B R OGRS

FB TR V(O V) B

Ao _Al

0=06.030 21m
R R VV) EBRE, meg/gsm NiEMEHURHG#
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(a) BC (2 pm) (b) BC

(d) nZVI@BC (200 nm) (e)
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AR (1 pm)

2 HR 5tk

2.1 EMEERMRLE

B2 2 BC(T, =300 C) 5 nZVI@ BC (T, =
300°C,c (FeSO, ) = 1.0 mol/L) & & 1% 1k 51k} i
SEM [l , 35 iAWk 28 60k AR [ 44 BC 3% T 4%
e, R i A —E B ALIE (K 2 (a) Fl (b)),
nZVI@ BC 1, f 4 nZVI EE /0616 BC K1, 1,
HOREE M B B AE , X IE T nZVI B EME HAS)
e IFREREIE D nZVI BT RGO (E 2(c) ), [F]
i, —34> nZVI BELE BC (LA T, 5 T BC
() FL B 25 # v, mT A By Ik 4y Fe® Bt A Ak
(El2(d)) .2 nZVI@ BC &A=k AT, BC i
A R B FR 25 R Fe® EARE B T Fe, O,
(E2(e) (1)),

1 4 BC Al nZVI@ BC 1 e 1m0 BRI FL A%,
nZV1@ BC 19 b # 1H FLKF BC, X A REJ& il T4 1k
A Fey O, 76 BC RIETE LR IREEH B K T 4K}
fI LR, FE, nZVi@ BC BfLAR LA KT
BC, Z5REM, EYk & Rk IG , a5/ F
TR AT R P B BN RCR

S T W 5E 45 B nZVI@ BC FTH nZVI B 17148

TH0 5 B M L, #HFT -IR#FT 08T, 45

200 nm
—

(1) 4EAL34(200 nm)

2 BC I nZVI@ BC fJ SEM [&]
Fig.2 SEM images of BC and nZVI@ BC
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%1 BC Ml nZVI@ BC [ FLEE S5

Table 1 ~ Micropore structure parameters of BC and nZVI@ BC

IR R EA/ (m?eg!) FLR/nm LA/ (emd-gh)
BC 27.9197

5.9177 0.00751

nZVi@ BC 93.4451 14.2167 0. 04924

WE 3 Fis, 689.6 cm ™ ZbEI LIS Fe—O {45
PRBhIEPY 1389, 6 cm ' Ab A IR IR S T C—0—
C TR 5;1974.9 2032. 1 2160. 9 em ' AL H 31
C—H,C=C .C =C—N MM i 3f FLI s i
BE FR R R IR G A, SRR AR R
RN E T Fe, IR Tk 30, A4 %k
T ) B BE 5 S 5m BERG R R R R AR ARk

21609 50321
2344.1 1974.9
23642
(FeS0,)=1.50 mol/L. "\ 13896 6896
L A

L g

¢(FeS0,)=1.00 mol/L
Al 'I--' J
¢(FeS0,)=0.75 mol/L A A ’\
M
¢(FeS0,)=0.50 mol/L “
c(FeS0,)=0.25 mol/L ’\ A

4000 3500 3000 2500 2000 1500 1000 500
W/ em™
K3 RIARREE FeSO, 5T #) nZVI@ BC () FT-IR /4]
Fig.3 FT-IR spectra of nZVI@ BC prepared with different

concentrations of FeSO, solution

2.2 EMHERSEEERRLER
2.2.1 FeSO, ik K E

K4 e e (BRI T, =700 °C) 22 AN [R]k
JE FeSO, WM MEG X V(O V) I EBRZE, ¢(FeSO,)
J90.25mol/L F10. 5mol/L I, V( V) F= i F ML {74
TEBARAK 5 24 0.5 mol/L<c¢(FeSO,) <1 mol/L
B, V(V) BBRFBELM F Y c(FeSO,) =
I mol/L B, V( V) BERFIRBI R A, HAEkaTE
RS (¢(FeSO,) =0.25 mol/L) , 76 S i i3 2 h
T P YEURL 2R A9 nZ VT 75 2 B[R] I 4R AL, I AR S
HAH BC BRI >, T4 ¢(FeSO,) =1.5 mol/L
B, BC AR nZVI (%14 AT Rl H 30 57 200 i 25 114
nZV1 A BEAG T BC AW S A7 5 TR, a4ty
FH nZVL 5 T4k, 2 306 P EOR b HAT 3 s v
AL 23 7 AT, 8 17 1 B 25 B R R R A ),

R, AR 33k 1.0 mol/L A #c HE /) FeSO, I T

100

80

\.
60

40 -

V(V)ERRAR%

-—

0 025 050 075 100 125 150 175
FaS()jE;‘f%ji%%}jf/(uu;l LY

K4 nzZVI@BC i) V( V) EERHKEE FeSO, IR E A1k

Fig.4 Variation of V( V) removal rate by nZVI@ BC with

FeSO, concentration

2.2.2 HEEE

B 5 A AE A [R] #4 g IR BE (300 °C L 500 °C Fl
700 °C) T4 H nZVI@ BC () V( V) = 5K Bl fia]
MAR{E . £E 300 CF A 2 h T il 55 19 1% P IF0REXT
V( V) By £ BR & s, MAE 700 °C R HfiE IR N
RIS TR V(O V) B A B Rk, X&h T
TR 2 1 T v S BOAE W A BILEE 43 A, BT
HREMA S b W R RN BT B
FIRFETh i, A W e 3 A B A R BE S Ak
ANHLFN 5 75 R4t 1), 10 T S04 b S 3 7 PRI,
N COOH,C =0,C—0 7 i, A 30k 4%
300 °C M EARIRIE

80
70
T 60
250
3= 40
&
30 PRI
= 20 —a—300 C
- —e—500 C
10 —A—700 C
0 500 1000 1 500
I E)/min
5 RREIPFIREE T # &R nZVI@ BC A V( V) ZkkE

Wi o ] 14 254k
Fig.5 Variation of V('V) removal with time for nZVI@ BC

prepared at different pyrolysis temperatures
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BRI AR ) RP R (R =0. 83) , R AT &
Langmuir 81| =20 5155 2 W R, 5 H R T 7Y
R R 355 A6 A A A 34495 T nZVI@ BC A TR
W B B A A Sips BRI (R =0.96) , VLA B 3
AT AR W B 7 o5 RE 1 S B Y [R) B, 7E Sips AL rp
n, > 1, RWIMRLR A T 2B b B

207 -
18 —
_16F -
T 141
¥l
e 1or 7
& 8- 47 e BOSINE
26k —-— SipsHIHIL £ ik
Z a4t/ - Langmuirt& B4 i 26
- 2; ------- Freundlichf B 405 il 2
0 L L 1 L 1 n 1 L 1 L 1 L 1 " 1 L 1 n
10 20 30 40 50 60 70 80 90 100
C/(mg-L™")
(a) BC
90
80 [T SL a
— IO AT
* 60/ .
50 e
E 500
E@ 404 —=— BCIZJIME
;\ ----- Langmuirfsi 51 41) Aithsk
= 200 L FreundlichfE KU A il 2%
10+
Il Il 1 1

0 1 1 1 1
10 20 30 40 50 60 70 80 90 100

2.4 WHMENAZELH

BC Fl nZVI@ BC Xf V (V) B B 3l ) 7400 &
ZERANE T A 3 FoR ., TR LR B B, BC XV
(V) 1R B 2t PR S35 W2 B 20 min B, Sz S BR
550 O A 3R 2 A A VR B 5 ) I YA R
67% ; W B IEATE 4 h 1S IR B 3 A K 31 S £, BC
XFV (V) ZEERTEN 6. 35 mg/g, nZVI@ BC 78 W [
LGB B[R] BE PR R 5 i B 0L 3 % 5 I B 20 min
B, V(O V) Z2BRE A 15. 14 mg/g, W8 R KT BC;
% B 60 min B, 1 BRF 3953 0 R 63 35 D 2%
V (V) 2B 2835 B W B 1 B 1Y 509% 5 25 W2 B 6 h
BF, VOV ZeBR 3B ST M-85 B 6 75% 5 4%
R 3EAT 2 1140 min I, W B T P-4, nZVI@ BC %}
V( V) IERREIRS] 71. 6 mg/g,

PS5 BC M A s AT A i =23
FI2EE R (R = 0.978) , 8 W iz W B o 8 1 4 3 45
B R N, T nZVI@ BC (4 W i 3ok 72 58 45 &
Elovich 1% (R* =0.986) , #i Wriz W B it % LA Ak 2
WL A S AR R T S T
2.5 V(V)EBRIRAZMEEZSH

[l 8 AW pH (EAITE G+ 14T V( V) KFREL
Ryszm, MIE 8 (a) ATLAEW, X pH =3.0 i,V
(V) EBr®mE, HTFEBRh&ARE H 375

C /(mg-L7")
(b) nZVI@BC TG PEIORR I 9 f T FeR , NI nZ VT REFREF
Bl6  BC il nZVI@ BC H45 L BHDLA 12k e, AR B R RE T, AR T V(V) BiE
Fig.6 Isotherm adsorption fitting curves of BC and Ji 36! 1 pH>3.0 st , bifi % pH ) Tt 5 ,VV) %
nZVl@ BC FRp g ik, oo th T b B9 OH ™ RS 5 iy
R2 RIS SR
Table 2 Fitting parameters of the isotherm adsorption models
Langmuir b et Freundlich #71 Sips F IR
kSR o ky/ ke/ o/ k/
Quax 1 1 1 R n ( o )f 1 ] R dexil s L n, R
(mg-g™") (L-mg™") (mg U7 ) L g™ (mg-g™") (L-mg™")
BC 16. 45 0.014 0.83 1.51 0.93 0. 81 17.01 0. 044 2.82 0.79
nZVI@ BC 78. 47 0.312 0. 80 5.91 34.45 0.55 72.21 0.323 2.88 0.96
K3 RMEIFERE S H
Table 3 Fitting parameters of the reaction kinetic models
WE— AR HE AR Elovich #5751
EPESR / ky/ )./
e o N : 0. N ] , .
(mg-g™") (grmg™'-min™")  (mg-g™")
BC 0. 508 5.961 0.919 0.013 6.354 0.978 1.257 4. 546 0.879
nZVI@ BC 0.016 64.724 0.894 0. 00033 68. 602 0.946 0. 095 5.421 0.986
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= SR A
- e A A

------- Elovichf A3 & th £k

Il 1 1
750 1000 1250 1500
I 8] /min
(a) BC

1 1
0 250 500

—=—nZVI@BCAZ I

—— WE— ) Iy i 2k
- WEZ N A I
weeeee Elovieh BRIP4 il 2%

L L 1 1 1 1 L | L 1 L
0 250 500 750 1000 1250 1500
B A] /min
(b) nZVI@BC

7 BC I nZVI@ BC 1 8l J1 2 04 i 2%
Fig.7 Reaction kinetics fitting curves for BC and nZVI@ BC

B R’ Fe' T SN, L RLUTHE , BRAK T i PR
WIREE ST, [, 7R pH T, A 90 o 2 1 19 H
BTN ARIT VOV ) LR T8 1) W B, 2 10 52 i)
PORLRTH B HL PR R RO, BV (V) BBRFEFE
x>,

R KB A&A C1- SO, (HPO, ™ 1 CO%™
TR, TRES V(V) RAESEAWM, 2 v(V)
M RBRECR . B 8(b) A LLA I W h A 7E
Cl™Af,nZVI@ BC 2Bk V( V) IBE 152 38— 5
M FHAS F R PR E O, CL- A V
(V) EBRRH53% FREZE38% ,HV(V) LR
ABc(Cl™):e( VO, ) BRI AR fb . S W A
AR B SO~ B, SR E FAMHIL, V(V) &
R TR HEEE ¢(SO2™ ) e(VO; ) BB K, 1% 1
BURHG V(V) ZBrMEmea s, H v(V) X5k
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Fig.8 Effects of pH value of the solution and competitive

ions on V( V) removal efficiency

nZVIi@ BC ZEBr V (V) M REmK K. 4
c(HPO> ):c(VO; ) 8 HIZE 16 If,V( V) L%
TREENZE,V(V) LBRFEREE ¢ (HPO; ):
c(VO; ) BYSERMIIE R i 5 2Rl 0 1T /Ky
BT H25 5 V(O V) A A58 4 W B DA T e A1 7%
PRSI V(V) R,
2.6 REZHESH

19 24 nZVI@ BC 7E J I /i 5 () XPS % &,
K 9(a)Hr,707 eV 1720 eV 2b B {E 5114 H Fe Y
ghiane, R nZVI ) R ATE BC L AR (S 5%
XN Fe( 1) Al Fe (1) , 2B BC 3 A #4>
nZVI W48 AL, 81 9(b) i, OBz Fe® % i A {7 -
R BIIZERER VOV) M R ke’ &3] T G
WIVEF s OIS Fe ( 11) 1 Fe (1) (45 S 1 i i 43
Ui Fe® & AR T AL B R, LA Fe ((11) Al
Fe( ) FIERAREA7 42T BC KM, 50T S A JS
MEHITC R SR/ (£ 4),0 &M
35.39% FTFZE NG ) 40. 68% IEMIM R KB T
AL, T Fe S eV GA I R IEHELT
V LR IR N MR R TH Y Fe 530, HR B
TR JRm v,



.20 - AEEA TRAE2AR (A ARERR)

2022 4F

]
730 735 740

1 1
720 725
LigrfitleV

(a) 5L AT
Fe(ll)  Fe(lll)

L 1 1 1
700 705 710 715

L 1 1 1 Il 1 1 1 J
700 705 710 715 720 725 730 735 740

hiafleV
(b) R S5
19 nZVI@ BC 78 BRI i XPS i
Fig.9 XPS spectra of nZVI@ BC before and after reaction

F4 nZVI@ BC FER N HIEMTHE & &
Table 4 Element contents of nZVI@ BC before and

after reaction

TCE WIAHRT B IR 35 %
PR
0 Fe \
SR 35.39 12.37 0
S J5 40. 68 11.03 4.98

K 10 24 nZVI@ BC 7€ ) W i J5 B9 XRD 3% &,
SRR, Fe® (407 5 W A WY W8, OF #E A 8 L
(Fe,0,) MRS 06 W 5, Fe’ M5 S I LA TH %
B (Fe, VO, ) HORE S0 . LT Fe il 48
AR BRI R i V (V)RR V(IV) |
I VR FEPE,  Fh AT HE R B 3 FE S BCO R
V(V)IE,V( V) SEIE Fe® % 4 AR B B , it
Ja B Fe, VO, FH-AEHT

10 20 30 40 50 60 70 80
20/(°)
(a) BRI AT

20/)
(b) BB JE

10 nZVI@ BC fE TR 9 XRD i 14]
Fig. 10 XRD patterns of nZVI@ BC before and after reaction

A5 E N, Y nZVI@ BC 1E /KW b 47
AR R N IS, AT AR B AR R 25 A nZVI Dy
FHAR , BC Ry BRI , 5 TV il el e o i | o 3R 1T A
W T 52 MR R H AR A SR, I
Z 5%k RN, N #E & VV) B EBRE
B

3 %&b

AR SCH I H L0 Az 7= 2 Rk SR A% il AR W o R
BHEE T 1A, I 7E LR A B R Mk 15 3 —
FhIAEE A U519 PRB {5 4 50K nZVI@ BC, IFil & T
nZV1@ BCX7KE W V( V) M REREOR , Prig 45
W .

(1) i Ak nZVi@ BC (il 55 4%, 15 3 e fd:
f) FeSO, VAW HE B M 1. 0 mol/ L, P IR EE 4 300 °C
% 4 T % 19 nZVI@ BC 16 W Fft 19 h J5 %
V( V) BYZEREA 71,6 mg/g.

(2) 7AW pH {EXT nZVI@ BC ) V( V) £
HA—EEm, Y pH > 3.0 I, ffi&E pH 17+,
V( V) EBRRBEFEAL, KPR S T5
V( V) RATEGEWE, V(V) LBRBREL,

(3)nZVI@ BC ()55 i i BEFF & Sips BL7Y
2% B LR ) 1) W BN 05 2 B R SR B A9, nZVI@ BC
(R S 3 1 2F i B A4 Elovich B8 I HAE 5
V( V) IRt R v 32 B A Al 2= B R

(4)nZV1@ BC B V( V) WALEE 32 Yy 21
W B AR T, HE DT SO B Sk . BC IRBRFV (V)
J&, 200 Fe’ 5 V (V) &S AL B, A B
Fe,VO,,V( V) B V(IV) , NTTSEH V( V)
M EBR,

SEH:

(1] #4F, X, KER, 55 PU5 5 8 TKkE R

TORBEFE AR T]. HuERBL, 2018, 43 (JEF 1)
84 -96.
GU Q, LIU H, ZHANG B G, et al. Research progress
on remediation technology of vanadium contaminated soil
and groundwater [ J ]. Earth Science, 2018, 43 ( Suppl
1): 84 -96. (in Chinese)

[2] #l, w2, (N7, 45 BEEEE G kKR ZE
HRK P UIRAETE S Ko m R R [ 1], Rt
FEHAR, 2015, 37(2) : 263 -266.

ZHONG L C, HUANG Y, NI SJ, et al. The distribution



%24

TRIRLANGE : GRAS AW SO OKR A RS R 7K b AN LAY S BR AR S ML 5T 21 -

(3]

[4]

(5]

(6]

(7]

(8]

[9]

[10]

and influence factors of species vanadium in shallow
groundwater near the slag field of Baguan river in Panzhi-
hua area [ J]. Computing Techniques for Geophysical and
Geochemical Exploration, 2015, 37(2) ; 263 -266. (in
Chinese)

LIU H, ZHANG B G, YUAN H Y, et al. Microbial re-
duction of vanadium (V) in groundwater; interactions
with coexisting common electron acceptors and analysis of

microbial community [ J ]. Environmental Pollution,

2017, 231 1362 —1369.

FOLARIN O, OLOPADE F, ONWUKA 8, et al. Memory
deficit recovery after chronic vanadium exposure in mice
[J]. Oxidative Medicine and Cellular Longevity, 2016,
2016; 4860582.

FEZAE A B R, B B A A SR, M
FOKIABEFEARE . GB 3838—2002[S]. dbat. H[H
FREE L RRAL, 2002.
State Environmental Protection Administration of the
People’s Republic of China, General Administration of
Quality Supervision, Inspection and Quarantine of the
People’s Republic of China. Environmental quality stand-
ards for surface water; GB 3838—2002 [ S]. Beijing:
China Environmental Press, 2002. (in Chinese)
XINBHE, sooB, REE, 55 i 10 45 [E A [
AR GOKIE pH A LR ALRRIE [T ], BREE AL,
2019, 38(6) : 1214 - 1222.

LIU X Y, ZHANG X Y, YUAN G F, et al. Decadal
variations in pH and salinity of waters in typical agro-eco-
systems in China[ J].
38(6): 1214 —1222. (in Chinese)

ZHANG W, GAO M M, MIAO F, et al. A permeable

Environmental Chemistry, 2019,

electrochemical reactive barrier for underground water re-
mediation using TiO,/graphite composites as heterogene-
ous electrocatalysts without releasing of chemical sub-
stances| J|. Journal of Hazardous Materials, 2021, 418
126318.

LIU J W, WEI K H, XU S W, et al. Surfactant-en-
hanced remediation of oil-contaminated soil and ground-
water: a review|[ J|. Science of the Total Environment,
2021, 756 144142.

HASHIM M A, MUKHOPADHYAY S, SAHU J N, et
al. Remediation technologies for heavy metal contamina-
ted groundwater [ J]. Journal of Environmental Manage-
ment, 2011, 92(10) . 2355 —2388.

LIU M S, ALMATRAFI E, ZHANG Y, et al. A critical

review of biochar-based materials for the remediation of

[11]

[12]

[13]

[14]

[15]

[16]

[17]

heavy metal contaminated environment: applications and
practical evaluations [ J]. Science of the Total Environ-
ment, 2022, 806 150531.

WANG W B, ZHAO PP, HU Y F, et al. Application of
weak magnetic field coupling with zero-valent iron for re-
mediation of groundwater and wastewater; a review[ J].
Journal of Cleaner Production, 2020, 262 . 121341.
ABBAS T, WADHAWAN T, KHAN A, et al. Iron turn-
ing waste: low cost and sustainable permeable reactive
barrier media for remediating dieldrin, endrin, DDT and
lindane in groundwater [ J ]. Environmental Pollution,
2021, 289 117825.

BUYANJARGAL A, KANG J, SLEEP B E, et al. Se-
quential treatment of nitrate and phosphate in groundwater
using a permeable reactive barrier system[ J]. Journal of
Environmental Management, 2021, 300, 113699.

SONG J M, HUANG G X, HAND Y, et al. A review of
reactive media within permeable reactive barriers for the
removal of heavy metal (loid) s in groundwater; current
status and future prospects[ J]. Journal of Cleaner Pro-
duction, 2021, 319 128644.

KOBYLIUKH A, OLSZOWSKA K, SZELUGA U, et al.
hybrid

modification, and application as fillers of polymer com-

Iron oxides/graphene structures—preparation ,

posites[ J]. Advances in Colloid and Interface Science,
2020, 285 102285.

OBIRI-NYARKO F, GRAJALES-MESA S J, MALINA
G. An overview of permeable reactive barriers for in situ
sustainable groundwater remediation [ J]. Chemosphere,
2014, 111 243 -259.

ZHU J, SONG Y N, WANG L W, et al. Green remedia-
tion of benzene contaminated groundwater using persulfate
activated by biochar composite loaded with iron sulfide
minerals[ J ]. Chemical Engineering Journal, 2022, 429,
132292.

[18] JUNG J M, OH J I, BAEK K, et al. Biodiesel production

[19]

[20]

from waste cooking oil using biochar derived from chicken
manure as a porous media and catalyst[ J]. Energy Con-
version and Managment, 2018, 165 628 —633.

XING Y H, LUO X S, LIU S, et al. A novel eco-friendly
recycling of food waste for preparing biofilm-attached bio-
char to remove Cd and Pb in wastewater[ J]. Journal of
Cleaner Production, 2021, 311, 127514.

WANG S S, ZHAO M Y, ZHOU M, et al. Biochar-sup-
ported nZVI ( nZVI/BC) for contaminant removal from

soil and water: a critical review|[ J]. Journal of Hazard-



22 .

AEEA TRAE2AR (A ARERR)

2022 4F

(21]

(22]

[23]

(24]

[25]

[26]

[27]

[28]

(29]

[30]

ous Materials, 2019, 373, 820 —834.

QIAN L B, CHEN Y, OUYANG D, et al. Field demon-
stration of enhanced removal of chlorinated solvents in
groundwater using biochar-supported nanoscale zero-
valent iron[ J]. Science of the Total Environment, 2020,
698 . 134215.

TS, GRPPEA W) BRI 85 S HER A 75 Gt
MEERCRIIFE[ D], dbat. JbatfbTRE:, 2020.
TAN X. Preparation of manganese modified biochar and
its remediation effect on cadmium and arsenic contamina-
ted soil[ D]. Beijng: Beijng University of Chemical Tech-
nology, 2020. (in Chinese)

FAN C L, CHEN N, QIN J B, et al. Biochar stabilized
nano zero-valent iron and its removal performance and
mechanism of pentavalent vanadium (V (V)) [J].
Colloids and Surfaces A: Physicochemical and Engineer-
ing Aspects, 2020, 599 . 124882.

YANG C, GE C Z, LI X L, et al. Does soluble starch
improve the removal of Cr( VI) by nZVI loaded on bio-
char? [J].
2021, 208 111552.

LIU K, LI F B, CUL J H, et al. Simultaneous removal of
Cd(II) and As(IIl) by graphene-like biochar-supported

Ecotoxicology and Environmental Safety,

zero-valent iron from irrigation waters under aerobic con-
ditions ; synergistic effects and mechanisms[ J]. Journal
of Hazardous Materials, 2020, 395, 122623.

DONG H R, DENG J M, XIE Y K, et al. Stabilization of
nanoscale zero-valent iron (nZVI) with modified biochar
for Cr( VI) removal from aqueous solution[ J]. Journal of
Hazardous Materials, 2017, 332 79 - 86.
KHANDEWAL N, BEHERA M P, RAJAK J K, et al.
Biochar —nZVI nanocomposite: optimization of grain size
and Fe’ loading, application and removal mechanism of
anionic metal species from soft water, hard water and
groundwater[ J]. Clean Technologies and Environmental
Policy, 2020, 22(5) : 1015 —1024.

TAN Z X, YUAN SN, HONG M F, et al. Mechanism of
negative surface charge formation on biochar and its effect
on the fixation of soil Cd[ J]. Journal of Hazardous Mate-
rials, 2020, 384 121370.

XU ZB, XUX Y, ZHANG Y, et al. Pyrolysis-tempera-
ture depended electron donating and mediating mecha-
nisms of biochar for Cr( VI) reduction[ J]. Journal of
Hazardous Materials, 2020, 388 . 121794.

ZHANG P, ZHENG S L, LIU J, et al. Surface properties

of activated sludge-derived biochar determine the facilita-

[31]

[32]

[33]

[34]

(35]

[36]

[37]

[38]

[39]

ting effects on Geobacter co-cultures [ J |. Water Re-
search, 2018, 142. 441 —451.

THOMAS E, BORCHARD N, SARMIENTO C, et al.
Key factors determining biochar sorption capacity for
metal contaminants; a literature synthesis[ J]. Biochar,
2020, 2. 151 —163.

YI'Y, WANG X Y, MA ], et al. An efficient Egeria na-
Jas-derived biochar supported nZVI composite for Cr (V1)
removal ; characterization and mechanism investigation
based on visual MINTEQ model[ J]. Environmental Re-
search, 2020, 189 109912.

CAI M, ZENG J, CHEN Y Z, et al. An efficient, eco-
nomical, and easy mass production biochar supported ze-
ro-valent iron composite derived from direct-reduction nat-
ural goethite for Cu(IT) and Cr( VI) remove[ J]. Chemo-
sphere, 2021, 285. 131539.

MAO Q M, ZHOU Y Y, YANG Y, et al. Experimental
and theoretical aspects of biochar-supported nanoscale ze-
ro-valent iron activating H,0, for ciprofloxacin removal
from aqueous solution[ J]. Journal of Hazardous Materi-
als, 2019, 380. 120848.

ZHANG Q, WANG Y Y, WANG Z, et al. Active bio-
char support nano zero-valent iron for efficient removal of
U(VI) from sewage water[ J]. Jounal of Alloys and Com-
pounds, 2021, 852 156993.

BAKSHI S, BANIK C, RATHKE S J, et al. Arsenic
sorption on zero-valent iron-biochar complexes[ J]. Water
Research, 2018, 137, 153 - 163.

CHEN X L, LI F, XIE X J, et al. Nanoscale zero-valent
iron and chitosan functionalized Eichhornia crassipes bio-
char for efficient hexavalent chromium removal[ J]. Inter-
national Journal of Environmental Research and Public
Health, 2019, 16(17) ;. 3046.

NGUYENT H A, OH S Y. Biochar-mediated oxidation of
phenol by persulfate activated with zero-valent iron[ J].
Journal of Chemical Technology and Biotechnology,
2019, 94(12) . 3932 -3940.

WRELIT, ZBRSHE, sRALAS, 45, i IR AR A A 0 1k
TR A BT TNT KA ], o S 2 e fh 2
24, 2020, 41(8) : 1836 — 1842.

CHEN YT, QIE HT, ZHANG Y J, et al. Synthesis of
reduced graphene oxide supported zero-valent iron and its
treatment of TNT wastewater [ J ]. Chemical Journal of
Chinese Universities, 2020, 41(8): 1836 — 1842. (in
Chinese )



%2 TRIRLANGE : GRAS AW SO OKR A RS R 7K b AN LAY S BR AR S ML 5T 23

Removal and mechanism of pentavalent vanadium in groundwater by
green tea biochar loaded with nano-zero-valent iron

. .1 .1 . 1 . 1 s 24
ZHANG YinJie' YI HuaWei' TAN Xiao LIN AiJun' LIU YaXiu "
(1. College of Chemical Engineering, Beijing University of Chemical Technology, Beijing 100029 ;
2. Hangzhou Huanyan Technology Co. , Ltd. , Hangzhou 311122, China)

Abstract: Pentavalent vanadium ( V') is widely used in industry but causes certain groundwater pollution. In order
to remove V (V) in groundwater, activated carbon (BC) was prepared using readily available waste green tea res-
idue as a raw material. Zero-valent iron (nZVI) was loaded on its surface to afford an environmentally friendly per-
meable reactive wall (PRB) active filler nZVI@ BC. The preparation conditions of nZVI@ BC were optimized, and
the effects of varying solution pH and the presence of competing ions on V ( V') removal efficiency were investiga-
ted. The adsorption model was determined by isothermal adsorption tests, the adsorption kinetics was analyzed, and
the reaction mechanism was explored. The results showed that the optimal reaction concentration of FeSO, solution
was 1. 0 mol/L, and the optimum pyrolysis temperature was 300 C. The nZVI@ BC prepared under these condi-
tions could remove 71.6 mg/g of V (V) after 19 h of adsorption. For a solution pH > 3.0, the removal rate of
V(' V) by nZVI@ BC gradually decreased with increasing pH. The competitive adsorption of coexisting anions in
groundwater reduces the removal rate of V ( V). The isothermal adsorption process of nZVI@ BC conforms to the
Sips model, and the adsorption kinetics conforms to the Elovich model. The mechanism of V ( V) removal by nZ-
VI@ BC is that after BC adsorbs V ( V), the Fe’ on the surface undergoes a redox reaction with V( V) to generate
Fe,VO,, and V ( V) is thus reduced to V (IV).

Key words: green tea; biochar; zero-valent iron; load modification; vanadium; groundwater
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