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K Cr(VD). 2558 7 W R Bl 25 AN 24, LA pH A # s A7 55 7% CBC-nZVI B Cr(VDIFI5Emi; FIH SEM. FTIR. XRD Fil XPS %44 ¥}
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Biochar supported green synthesized nZVI modified with Artemisia arenaria to remove Cr(VI) from water. DIAO Jing-ru'?",
ZHU Hai-ling', SHEN Bo-feng', ZHAO Meng-ting', ZHOU Yan-zi', MA Feng-feng'?, JIANG Yu-feng' (1.School of Environmental
and Municipal Engineering, Lanzhou Jiaotong University, Lanzhou 730070, China; 2.Ministry of Education Engineering Research
Center of Water Resource Comprehensive Utilization in Cold and Arid Regions, Lanzhou Jiaotong University, Lanzhou 730070,
China). China Environmental Science, 2025,45(7): 3753~3761

Abstract: A composite material (CBC-nZVI) was synthesized by green reduction of Artemisia arenaria extract to produce nanoscale
zero-valent iron (nZVI), which was subsequently loaded onto biochar derived from waste corn straw. This composite was employed
for the removal of hexavalent chromium (Cr(VI)) from aqueous solutions. The study investigated the adsorption kinetics and
thermodynamics, as well as the effects of pH, dosage, and coexisting ions on Cr(VI) removal by CBC-nZVI. The material was
characterized using SEM, FTIR, XRD, and XPS to elucidate the Cr(VI) removal mechanisms. The adsorption kinetics of Cr(VI) onto
CBC-nZVI fit best with the Elovich model, indicating that intraparticle diffusion was the rate-controlling step. The adsorption
isotherm fitted the Freundlich model, indicating that the adsorption was a spontaneous endothermic and entropy-increasing process.
The Cr(VI) removal efficiency improved with increasing reaction temperature, material dosage, and solution acidity. Under optimal
conditions (298K, pH 2, and dosage of 1.0g/L), 100% removal efficiency was achieved for a Cr(VI) concentration of 30mg/L. The
presence of coexisting cations or anions in the solution inhibited the removal of Cr(VI) by the CBC-nZVI to varying degrees, with
the order of inhibition being Cd*">Mg*>Ca’*">Cu?, and CO5> >Cl >NO, >80, . The results of characterization of CBC-nZVI and
batch adsorption experiments showed that the Cr(VI) removal mechanism by CBC-nZVI involves electrostatic adsorption, chemical
reduction, functional group complexation, and precipitation. nZVI reduces adsorbed Cr(VI) to Cr(IlI), which is then removed through
surface complexation with functional groups and co-precipitation with Fe(IIl) as Cr(III)-Fe(Ill) complexes. The loaded nZVI and
CBC exhibited a synergistic effect in the removal of Cr(VI) by the composite material.

Key words: Artemisia arenaria; green synthesis; Cr(VI); biochar; nZVI
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AWK (BC) BEAN 23 19 H IR BE K U, HoAT 2 FL45
AN 1L A0 N S = AP S e S A
IR SR U N R R g R i (E NS R P N B%N
JEfE AR I Cr(VI) 22 Bk REAE A R A% .Cr(VT)
V5 RS S IR ST L AR A Bk (nZ VD) B A AR
ARG, W B 3 i 8 P 0 5 B AL 5 B HE S SR
il 25 nZVL T4 H & A B I A AN, B A
nZVI 4 R AR [ 56 il f 9 830 37 P AR ). g
TR LR LR nZ VT kT AR ik
AT U, 5 6 3 AR FAHE R nZ VIR s Pk R AR e Tk,
U s 5 R e s Cr(VD) 22 B e Rk T 4
>, FLH BAT I SR P AR AP B ) 2% nZ VI [ Sk 6
A BRI I A AR ION AR A7 nZ VT SR
B8 S ILAE Cr(VI)T5 418 52 A B FH 34t 1
AT .

WL B A P Sy T . eSS
Z M AE NS P, s e R L A (1 -OH
C=0. -CHO)MA AW H T Hl# nZVLiHAbE
RE N OB AE nZVI R0, G %005 1 AR
He, WITTIRZE nZ VT Bk, Bt i S BT PP nz vT 4%
REFE R 22 Ty 1R e AN PR A P R B DB
OB LA AR 2045 M 2
TSR IE B SR 0 5 8 nZ VLIS BT 3
Wb 2o W B P Vb (Arternisia arenaria) )@
T 5B 8 12 HEAR S, I B 5 I 5 I b A (1
A R R 517 R 90 (4 5 B AR L oy 5
2 SR SR PR s A R
SR IR TR R SR, 1l 46 A= P 28 nZ VT [RAR AT

BT AL LA BRI AE Sy i T A1) 20 i S
iR A W nZ VL L EKFSFTAE R (CBC) A 3%
A £ PR R AN K A A M BEH(CBC-
nZV1). X F #L 1 iy 5256 75 7%, % %% CBC-nZVI X}
Cr(VI) ) 2 BR AR, 73 i W Bt 3 0 2 R ) 27 R AIE,
Il G R R LB Ce(VD AL, U 367
o B % FOK 2 7 R ) ) R AL R R R K A
SAUNEE JIE SRR R

1 MRE7AE

1.1 Skl
PER T (R HORF ) R F B 4 g 1L B

B VWL, H AR 5 BRI ES it 25 H i (R A7- 45
R FRAEFER B HR A g & |, AR5
FR AR 32k 40 H i 4 .

2R K A R R Ak, T AR IR, TE K L,
PR, 2R T U, B PR B IR, R IR, TG 7K R M, i
P 5, AN, I 7K B R M s P 42, B R A, 7S 7K 5 A
PRk, — /K G i R 5 S, 0 H R T O R
R JEA B2 w1, 3504 J3 Hr 4, S 6 7K A 26 851K
1.2 CBC-nZVI HIH#%

O 2 R KRG AR AR T 3 3 v R S D a5,
Ny i 500°C Ak 2h, 74 #1430 iU, 2
1.0mol/L. HCl 7843 YE¥k £ B K 53 4k Ja FH 25 &1
KYEE 1,60 CHET G B T AE O A7 % H AR
id b CBC.

R 5 TR 50 PR T 1) e £ 4% o o A1 R, B AR 7
EONFREL 15.0g YE R R BRI A A
300mL 252 17K, 35 1T 80°CIHVE A FEEL 1h, 28 5
L7 BAF BV E R BOR A I 250mL  FIR SO T
VUG nN 2.0g 200 A8 BUARY i Pl
LA BRI 0.2mol/L FeSO4 ¥ 250mL, 34
P F 22 e A AR B L A D S R SO A R R
FHZEK R AK CREDE S 3 3,50°C H25 T 24h,
BT ER IR % AR 1d 8 CBC-nZVLL

nZVI K467 5 CBC-nZ VI AL A s In
AW S ABOE IR,

1.3 SERT5E

- S22 B 20mLCr(VI)EW T 50mL il
SO I — 8 TR A R B OB TR E
P G4 () IRIBVGAL AR BR A 7], i), 5k
3 200r/min, % F i 152 B A R S A4- 04T [ N, 35 35
S5O B30 0.45 um SRR A0/ AT W4
FEIETHEE IR A AT B2 ), 1), K 540nm
52 Cr(VI)IRBE B S AT 3 IR

W i 5 7 %::CBC-nZVI(CBC E{ nZVI)# &
9 1.0g/L,Cr(VI)# W B 30mg/L, ¥14h pH {H A
3,25 C 1e i 1% 32 AN [7] 7] (0.083~12h), HUAE I

W i 254t £8:CBC—nZ VI #: &4 1.0g/L, Cr(VI)
VB PR 5 5~500mg/L, #1146 pH l M 3,50 54
AN E R (298,308,3 18K)BEAT 4h (14535 41k % S 06,
HRE I 5 .

S R 22 7E Cr(VDE A L 30mg/L, Hi3% I []
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4hf S 25°CF o0 AR ST LA R IR &6 CBC-nZVI 2¢
B Cr(VD)H 2 m:CBC—nZVI #h1#:0.1~2.0g/L;
@k & pH fH:1~8;@ILAEA[RIA FE(5~20mmol/L)
—BHE Mg, Ca¥. cutEl CdTHE— T
(CI'. NO;'. CO5” 5 SO/5).
1.4 3BTk S EAE
) 48 7 5 1085 (SEM)(ZEISS, 18 [5) 23 #r
CBC,nZVI Fl CBC-nZ VI (¥ 3 TH JE 3, B 2% B S
AF LT AN AL (FTIR)(VERTEX 70V, 4 [ )il & 44
BE T E e B AR Al X 5 2 AT S X (XRD)
(BRUKER 8D ADVANCE, 7 [&]) 43 B W Bt 5 | ) 44
B AR X S 26 % HEL 1 B 3% (XPS)(Thermo
Kalpha, 3% [) & I W B 117 5 AR T A6 25 90 50 4y
AR,
1.5 Hdliib B
1.5.1  WRHHEAIE % CBC—nZVIXT Cr(VD)i
B PR 2805 (R) S MBS (), 73 942 2 (1)~(2) 5
R= @ x100% (1)
g-o= @
o F ¢ 73 A R Cr(VI) ARG B R ¢ B
ZIRSE mg/L;V N AT mLsm AR R BN
H,g.
1.5.2 WBEh )% o mRHHE— 8 J) 5 M
251 J1% Elovich UKL A 4™ B B0 & 50 ) 252
L8 1E
1.5.3 WeP# %% R Langmuir F1 Freundlich
Ji RIS A 298,308,318K e f1t) &5 W Ff 5 s,
FARHE InKe 5 1T [R5 FEAR S BT 53
L3 ¢/

2 FER51E

2.1 WRENA R TS B

i 1 ATLUE H,CBC RIEIE £ 2 LISk
S5 H6),nZ VT JI0RE 52 I TAOIR SR 4 2 A I AR 8 e vk i
) CBC—nZVI K [ AIFLER 5 401 TR E K
TORE, Ut BH nZ VI D) 7 28 ot TV s S O s
IS IS FNEE R SFE RARE WAL AE nZVI £
LA 20 T nZ VI 0K 3R B2 AL 1 97 3% 1)
nZVI1 B fig H 8 2 55 B R, KRG 58 T A RHE

MR BT RE .

(a)CBC . &

Signal A= SE2

K1 AR SEM K
Fig.1 SEM images of different materials

2.2 CBC-nZVI X} Cr( V)W b2

221 WERB 1T 2(a)+1,CBC T i W
& g A 8.22mg/g, /N T nZVI(24.91mg/g)Fll
CBC-nZVI(26.73mg/g), ¥t W nZ VI [FJ3i& J5 1 4F Cr(VI)
() 2B f bl = ZEE Ll g LA CBC—nzZ VI i
nZVI W B2 725 th2e, vl LU H CBC—nZ VI 7
B 7 S0 o ek 2 A B 48 B 5 KT nZ VLT
IS T 29 0 nZ VI 1,38 W] CBC—nZVI W B 2L
i g i X 5 2 Ak CBC Al nZVI 3 [F]
B Cr(VDEHIA K.

Bl 2(b)# W, R 2 o s 1] 119 S K 52 T 4 sk
En(th ), M5 -1 22 (1~4h), fc 208 11 1)
AL FE g T 26.73mg/g. 3 1 IR & S 8%
B Elovich 75 FE(R*=0.9825)fid & ifiid CBC-nZVI
2B Cr(VDZh Jy 27 1k A%, BB IR B 2 A1 3 A 9 1k
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Fig.2 Removal of Cr( VI) by different materials and the
adsorption kinetics models of Cr(VI) by CBC—nZVI

£ 1 CBC-nzZVI £ Cr(VDBIEh h E &S

Table I Kinetic parameters of CBC—nZVI removes Cr(VI)
ZIPEZ % ZHUi 1 ZHUE 2 R
WE— 25l )y2F qe=25.32 k1=3.6204 0.9052
wE 25l q=26.49 k>=0.2342 0.9694
Elovich 0=2304.8 $=0.3245 0.9825
Wk Py 4 ka=10.961 ¢1=9.6835 0.9754
ka2=0.0080 ,=24.906 0.9713

TE:qo(mg/g) A PRIk (h 1) ko g/(mgh)] ka[mg/(g-h®)] A3d 5 i
$;almg/(g-h)],B(g/mg),ci 9 HH W KL

T L PP s 0 R SR OB 9 A O
R PGS 45 A 2()FI3R 1 il A H,
FEA TR 2 BB 1B BE Cr(VIIE I sy
A2 CBC—nZVI R[04 B, 28 2 B B Cr(VDiEA
FLIE PN A 3 — 2 ] R P GRS AR L
B B2 A5 S kar>kar T ¢1<co, Ui IR B 40030144
R} THT A7 DK PR P i A7, R B S R A P (EL Bt
W B A7 328 T A 7 i OB P 7 Ok 4
HODIRE 2(c)Hh 2 2 B R i AR B SR AT, 36 WA
LN O A i — 420 R W B 6 n Gk 57 2]
FE B YTHE RN BT A S S R s g,
2.2.2 WL AT B 3(a) AT R b R
Cr( VL) VA< 386 R S8 U B85 I, 1 J T Y- 2 e
1 298K 1 %2 318K, 55 KW i g FH1 93.47mg/g 314
£ 116.43mg/g. % 2 11,3 Ml B2 T Freundlich #2411
LB = I HULA B (R*=0.9727~0.9921), 15 W 1% 1
FE L B HPLK M 20.366[(mg/g)(L/mg)" "] Tt
B4 45.695[(mg/g)(L/mg)""™], 5 W et R Sk W 4
R ANF LB 5 R AR, CBCZ VI 2
Cr(VD) IR B W B 721,

B 3(b) M InKe 55 1/T ko6 R B RS H
TR A B 51 T2 2.AG° 35904 S fi, FLBE
YL T N AR FTASY K T &
CBC—Z VI Cr(VI) W B2 1F A R AR 3 i 7,
TH i A A e AT,

# 2 CBC-nZVI X[ Cr(VDRIEE&IIESH

Table 2 Isotherm parameters of CBC—nZVI removes Cr(VI)
) Langmuir #57#! . Freundlich %% . AGY N A
I K. R Kr Un R
298 93.47 0.0436 0.8635 20.366 0.2592 0.9818 -7.427
308 109.73 0.0781 0.8930 29.430 0.2328 0.9921 -8.743 31.793 131.611
318 116.43 0.4039 0.8529 45.695 0.1805 0.9727 -10.059

1 :gm(mg/g) 4 F5 KW Mt i K (L/mg) b LangmuirZs i 77 72 % K[ (mg/g)(L/mg) ") A Freundlich 25 3 7 F2 % 50,4 W B K 1 AG° (kI/mol) 75 1 7

i B AR (kI/mol) g 48 2% AS [1/(mol - K) A 4 22
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Fig.3 The adsorption isotherm models of Cr(VI) by
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A DAL Z (i AL S S er(VD &5 &, 6 # T
Cr(VDI B HAR R A Cr(VI) ek i — 2, A Wi ok
BN, 2 0 O B a5 A T A R A 4 HAE A
TR0, R, T P o T IR T T B 2R 6 1 PR AR
FIRPRIR]FH 28 A& R 1.0g/L B0 s .
1P 4(b), #0146 pH {EAE 1~8 Y5 P,Cr(VI)
1) 25 53 56 50 T BRI, 7 5 I 1 4% AF 1 (pH=1~2) 1] ik
100%, 11 B 1 45 2 (pH=8) I F& 42 30.99%,i1X 5 &4
(BT AR AR 200 BT LU 45 pH B 8% IR A7 T
A MORER T H Aar AR B8 1A 25 44 1R 56 M kAT U0
> pH<3 I, Cr(VI) 1) E ZAELE T A HCrO, W B H
HIBEAE T CroO4” AT AT WY S5 7 % A= 24, [7) )  i
MBS TR nZVI LML 2, 3 R s R
Ty AR 3 T g AL IR TR E Cr(VT)

BH B 1 (R e W B 2L B 5 AR R AT 4R pHL B K T
w5 HCrO, B Wi i ¥y Cr,0;% (pH=3~6) fil CrO,’
(PH>6), M Bt 1 F fit th AH I FF vy, i A4 Aok 2 T8I 472 Ha Ao
w5 RE I T 4 5 L i H R ) B K 3K SR H R R F
Cr(VI) (192 53, T Wit B 8 A S 9 7N Bl 12k 46 14
OH &5 Cr(VI)3E4+W BT A3, b AMA e oAH Y b A
JRULUE Y [Cr(OH)3,Fe(OH); B Cr.Fe(-(OH)s) % %
FEM BT, T B nZ VI iG PEBRAIG, 8 B Cr(VDI1) 2Bk
R T RS 4oyl T LLE L RNV S pH (B AE
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Mg*>Ca*>Cu®,*4 10mmol/L ¥ L&A [ M* 51
A7 AE B, Cr(VL) I B 1253 50l B A% 38.46%, 37.54%,
28.02% A1 11.98%. W71 I, 42 & 25 1 M Se L 55
I A BT D0 IR B R A I R M I A
PN MP AR R RN E pH=2~6 JuF, 4
BT 1% M(OH) Al M(OH),, Iff M(OH), 7 AEA 11 2%
T PR B R K T M(OH) PO H 2% 4 /T 4,Cd> Al
Ca™ B TR ARAMIE H Cd™ (¥ 5% M 5 R, e L 14
A 5% PR AT BRI R A7 5 DR R R A R A O,
Cd(OH), I Ksp $5z/IN, JE JS 2 TR DTHE W B4 42 J5 R 2
—Mg> H Ca” A& 1L A, T & S KT %, 7l g i
Mg(OH)" H! Mg(OH), # 5y ¥ et 51 nZ VI £lifk,
M TR BT S 50 cd® ) cd g ds
X, U8R =% Ksp EAIL,(H Cu™ Al 4840 1 Fe' B
i 78 24 S N HR AR A B A8 A R PP AR 6 Cr(VID
(1) 25 BRI B /S R A SR AE MU AT R e I A ok
TR TR R 45 A T AR Cr(VI I 2 B B,

£33 HEBEFI CBC-nZVI E£& Cr(VI)(g.,mg/g) R E2 0
Table 3  Effect of coexisting ions on the removal of
Cr(VI)(ge,mg/g) by CBC—nZVI

W
< M2 o ol
(mmol/L)
5 1762 1978 2644 1672 17.06 22.10 598 20.06
10 1627 1875 2293 1603 1546 1844 4585 19.52

20 1480 15.54 21.70 14.85 12.84 17.58 439 1841

NO; CO;5*> SO/

SEAE I 8 T Cr(VI)FIR B 52 W55l CO5° >
CI>NO; >S0,”,24 10mmol/L [ L3R A[F) 8 1474
B, W B & ) B AR T 81.38%,40.65%,29.21% Fl
25.07%, AT WL B 25 B 40 o6 4 R Ak i T RH R
F-.Cr(VI) W B 2 11 B o] A 7 T AT A R — 7
T LA 1 B B8 5 48 B 25 1 5 40 A [ VR B AV7 2,
5 Cr(VI)&5 A AT RO ek 5y — T T [ ARk i
Pt 7500 200 3 e P A ] - R B A2 T B FEL J2, A T 38
T A B S 7 S R 45 0 )2 R R PR A B
BT B T e R L B AE ) T COs Y
FHIE U B3, T RE R R AR K FeCO; ULTE,
AL FE Fe i FLPHLZE T S Ay POLCn (fy g
) I W B ) 2R T O R A e, A A L K T
NO;.SO,” X 1T F [ 2R T LA B ) s 4 45 45 0,
MNIMIES TR HCrO, WS B, (H i 12 5 7T AL AL
T 22 kS AL W B S A A, R R A A ) TR

AL SO I HIFRE B/,

x4 ERBTHEREBAMR

Table 4 Basic physicochemical properties of metal ions

SEET TR AL BT REn)  AREEERAL(V)

o 3d%4s 1.66 52 Cr¥+3e —Cr** 1.100
Mg 3s? 1.31 72 Mg*'+2e ~Mg -2.356
Ca*" 4s* 1.00 100 Ca*+2e ~Ca -2.840
cu® 3d"4s! 1.90 73 Cu®*+2e —~Cu  0.340
cd* 4d'"5s? 1.69 95 Cd**+2e —~Cd  -0.403

2.3 CBC-nZVI X} Cr(VI)IZBRALHIT

2.3.1 FTIR 281 K 5+ 3 FdARl FTIR Kl
3418cm '(-OH),1629cm ' (C=0/C=C),1370cm (-COOH)
F11077em ™ (C-O-C) b2y B e e, 36 1] CBC 2 1
EHEE R BERL T nZVI I IR I N %2
YO BRI AT WLIE A B I APTLCBCnz VI %
1 Er e g A CBC A5 B R 35, S i T 98 i
CBC—nZVI K fe A A7 AE UL E R A
Wy 1078 53X 8 ELAG I JEUPE R B 14 B A
BIHRT L6 Co(V).4hnZVI Al CBC—nZVI 7E
531cm ' Ab HU B I Fe—O W, Jo 35 W s 189 K 3iE B
T nZVI YEReIh 5k, Y5 e CBC FAREET
Fe-O W43k zh1S,

BHE(%)

! ]

! :
SUVECBCIZVE 1t T g, |

I | ! !

JBEHCBC-nZV Y

1 f ! ; ]
"OH C=0/C=C "-COOH"Y Fe-O

4000 3500 3000 2500 2000 1500 1000 500
BFHf(em™)

K5 CBC,nZVI fl CBC-nZVI [ M i J& 1) FTIR &%
Fig.5 FTIR spectra of CBC,nZVI, and CBC—nZVI before and

after the reaction
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