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FHE: EDKR P I(AS) s TRF )R BE RS, 5 A v Y A, T8 Rl g S T L FH 45 1) 0, AR S48 T B AR A0 0 e 5 A R F T K T As
FIF [R5 B AR R L HR I FUERZR T RIUAIR T WEBHIRFIA) . pHL AR A7 B 28 R 3 W B 5 i, 45 S 1 . LER AL, Z0AMBIS . X
U LR AR AR BRI AT 2 0 R4 W 55 S W B ARG B S A R (ZA-BO) S LB WO KL I A FLIL B FEAE 6h PIPRIEMR K As. F BT
210G AsFIREER 1A Sme/L BNl 1g/L 5 As F (1) 2 BR3RATIE 98.7%1 95.2%. ZA-BC Xt As F (MR I pH {4 4~5,% Hifur s pH=9.1,
HAERWN pH AFHEE 4.0~9.1, L5 R4 Langmuir B189, 7)) J) SR 75 50— 03 ) 2% B8 % As. F Al KIRBfF 28t 19.62 Al
28.70mg/g,COs™ &% W B AR S W J5 K IR 4E A7 85 1. ZA-BC X As IR LN 3 g i el 5| g IR T 4% 45, 3 F (V)W B AL 3 2 e 5 ) R B8 7 A .
JA T (~OH) 2 W Bt P o A S SR FH (0 00 0, 4 o8 T T oy e S T T 1 K 4 J A J(M-OH),M-OH Pl b 4% 5 15 RN 89 T 38 4R X As F AT AL
SE I AR A TR R W, ZA-BC & —RRA IR0 ZBRK D As. F LR RL

KR WS AR b S BRI

PESHES: X703.5 XERFRIRTS: A XEHE: 1000-6923(2025)03-1308-13

Zirconium-aluminum dual-metal modified biochar for simultaneous removal of As(V) and F from water. SONG Zhen, LUO
Yan-li", WANG Mei-juan, HE Jia-le, ZHANG Qian, XIE Xin-zhe (College of Resources and Environment, Xinjiang Agricultural
University, Urumgqi 830052, China). China Environmental Science, 2025,45(3): 1308~1320

Abstract: To deal with problems such as high concentration of arsenic (As) and fluorine (F) in water, along with difficulty in dealing
with complex pollution and irrigation utilization, zirconium-aluminum modified biochars were synthesized to study their adsorption
efficiency and mechanism of As and F. The study was conducted to explore the impact of initial concentration, adsorption time, pH,
and co-existing ions on their adsorption. The combination of SEM, BET, FTIR, and X-ray techniques were applied to characterize
and analyze the materials. The results showed that zirconium-aluminum bimetallic modified biochar (ZA-BC) was an excellent
mesoporous biochar with a good pore structure, which can rapidly adsorb As and F ions within 6hours. With initial concentrations of
Img/L for As and 5mg/L for F, and a biochar dosage of 1g/L, As and F removal rates can reach 98.7% and 95.2%. The optimal
adsorption pH of As and F by ZA-BC was 4~5, the zero charge point of the material was 9.1. Its adsorption fits the Langmuir
isotherm and pseudo-second-order kinetic models within a pH range of 4.0~9.1. ZA-BC adsorbed As and F at 19.62 and 28.70mg/g,
respectively, with CO,”> most affecting its efficiency. ZA-BC's adsorption of As involved electrostatic attraction and surface
complexation, whereas for F, it's primarily electrostatic and ion exchange. The hydroxyl group was vital for adsorption, with metal
modifications enhancing the immobilization of As and F via M-OH groups. Comprehensive tests had shown that ZA-BC was a
promising adsorbent for removing arsenic and fluoride from water.

Key words: bimetallic-modified; biochar; arsenic; fluorine; adsorption mechanis
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SR N AR B 5 71 T 1) 4t 5 1 R A 2R 4584

R R K R AR B R AR T I LB SN
RIFR T 2R KRB AR SR AR, (46 AL A% TR
BEITTE . Y B, AR I e A
IR B DR SCASAIC B« 4 1 PR R nR A0 A,
BN R Z2BR KA A R A B 1 MR G g s 1
TIEZ — AR, SR A6 A o ERIWR BV 2D R
i 58 55 559 45 It AT 5 S00% B B A PR, o] SR 42 ) A7
R R S0P 14) 7 32, 164 00 e 2 T (/)W BREASE s 503
R 24 THT P9 VR 988 5, A2k 380 R B e 42 s 1 1 100
W S b 2 O PR A R 5 P T K S A e W B K
A, B AW B 2% 1y 18.02mg/g, 55 A Se i AE 4 ok A
LI B3R s T 4 £, Wang 25U i sk A Bz 264
TR B 7K F PR 3R, e KW B 75 524 19.86mg/g, 5 ARk
PEAEYD AR LE LR B S iy 17 12 A% 0] WX ARk
AT 4t et oy B R s LR P e

e R A HAE s g ™ E R 5 R A0
BEE BERARA 2 bR i —y5 Qe oo &, Mk LA 2 H T
P& 15 B PR BTV BEARAE. A P R R} AT 38 e £ 3800 4
Je& SEER I 20 2Bty SR Rl G s 0 A gk
(Fe) M1k (Zx) i il L A3 S5 R B T U1, R (AT A
9 (L) S 950 L A S5 1 B R e 1 U2 T se A 4 o 47
B IR R, LU v A LT R R R PR B 8 7, H
HZ T 1] ORI U 99, A7 W ZE AT IR AR R A
SEEA T

AT VAR K AE D IR by B B, A0 BT i A 98
B R B e T 4 L A 4 PS4 JE Rt
HIAEY IR E 5P R Fe-Al E4 . Fe-La A Zr-Al
B4 Zr-La 55,10 WP S50 LB SR AE, Tk
HH I o 0 SR e e LB 8 ) e I TR — 28 R 9 i
BRF A7 AAE R P A W PR ATL R, DA A iR 96 52 4575 G oK
A v 2 R0 v R, DL R v A v G KA R FH T ik
I FH A5 7 T AT R R 7 .

1 MRFITEE

1.1 SEEHRE

% AR I SRR g KU T S R i
RFFHAR AN I 2557 FeCls. ZrOCly. AlCI;
LaCl;» NaOH. HCIl. NaH,AsO, #1 NaF,¥J 4 73 74,
S P /K38 ok 25 K.
1.2 AEWIRNHI%

JEUR A= 5 R 4% 2B KNI L ST L R
ik 100 Ho,E T HHR o AR S i R U UL R
PL 500°C #i# I+ Al 2h, B ARA E1 i BUH, FF T B
Ik 100 H i,k BC.

SO A ) i T 2% SR TR T v sk, A
1g/30mL LA BN et R LA 0.5mol/L). Y 4 4y
AW TR B 1.0, BEANSEAE T2 il N 2
PEF 1 A 2,78 0 B AR LB T R A R
180r/min $ii £ 4h, 5 & i I 0.1mol/L NaOH i 15 %
W pH {2 12, FF AR B 4h, 1200 B FE 1
WA SEORALBREE ] 5E 4 e A A B 4R
Ja BB IR 24h FRAL JE YRR R R R 2
RGBT AL 1.

x1 VWEeRUEEDR

Table 1  Bimetallic modified biochars
i PR 1 SR 2 KT X
FA-BC FeCl; 15mL AICI; 15mL Fe-Al-BC
FL-BC FeCl; 15mL LaCl;15mL Fe-La-BC
ZA-BC ZrOCl, 15mL AICl3 15mL Zr-Al-BC
Z1.-BC ZrOCl, 15mL LaCl; 15mL Zr-La-BC

1.3 As/F HErE i mc 6l

F NaH,AsO, it As #WE4r 514 2~80mg/L,
NaF Fcthl F iR 43900 10~1000mg/L % 4 7.
& As TCRMIER A7 EN
IR UM 2 IR A (HaASOy ), o (e Ay 1 A7 L
AR E AsF W0 A HI R 6 ANASFIRR B (1A
VO AE D RPN UL 1/l Bel BN, AR W
2.

*2 BEBREHEmL)
Table 2 the gradient of mixed solution (mg/L)

W WA As W WA A F R
BAEE 1 1 5
BAEE 2 5 25
BREE 3 10 50
PhE 4 20 100
BhEE S 30 150
FAEE 6 40 200

1.4 WRHSEE

1.4.1  SREPRSEER 43 AFRE 0.1g BC T+ 6 45K
B IR 2 v 6 /MR BE IR A5 100mL.
fE pH=7,T=25°C, ¥ =180r/min 41 N 1EE IR %
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12h, i 38 PRI T DR T Asy F 3R At
I A=W ROV BN 5 () A

1.4.2 pHA{EFWISEEK: 43 AIFREL 0.1g ZA-BC T-9
ASSEEG R SNSRI 100mL As. F iR A%
W (p(Asy=10mg/L,pr=50mg/L). % 'E 9 NI pH:3+
4. 5.6+ 7. 8. 9. 10, 11,7E T=25°C,#%i%=180r/min
ZAF N EER IR 120,098 R JFI E pEE T As.
F Bk AL

1.4.3 W sess 43 AFRE 0.1g ZA-BC T
10 AN SESG R B 2 A 100mL As. F RS
W (p(asy=10mg/L.pr=50mg/L). 7 pH=7,T=25C,
i =180r/min 45 N H IR IR Z & 2,5,15,30,60,
120,240,360,480,960min, i Ji€ . Fi B - I 502 988 v
As. F BTIRE.

1.4.4 USSR 5 A FREL 0.1g
ZA-BC T 3 NI B O A 100mL
AbHRL WS 3 AN AL B B (0 As)=1 0mg/L)
FLGE WE (pry=S0me/L) B R TR A T (pas)—
10mg/L,pr=50mg/L). ff pH=7,T=25°C, % i# =180r/
min £ MERIRY 120,08, Bk il e pE b
As. F BT IKE.

1.4.5 ILAFEFREWSEES 3 FREL 0.1g ZA-BC
TEA LR A M 100mL As. F iR
B W W (pas=10mg/L.p=50mg/L). F & U 7 i
NaCl. Na,CO;. Na,SO,. NaNO;. NasPO, ¥, &
B T(Cl. COs* . SO& . NO; . PO/ )WHE 3 4
W FE:0,10,50mg/L. 4 pH=7,T=25°C, %% # =180r/min
ZAE IR 120,398 AR I DEH T Asy
F &Ik,

1.4.6 FEAFAESZE FRHEC 0.1g W BH 4 AT i)
ZA-BC,E T 30mL K%k 1mol/L NaOH W%
H 7R d=180r/min 45 PF T IEILIRY 4h,EAT JBEFT
MBI S ZA-BC by asdgE, A 100mL 252
FACK P 2 rh P, 8N E] 100mL As. F iRA
VW (pasy=1mg/Lpry=5mg/L), BE 1T 178 1 W Jfy S
56, IR B AN N A PR IR 1.4.1 354, nT A3 30 58—k
W A 1) 25 B 2 SEAR ER I 5 I

1.4.7  SEPR KR LB ARS8 o H s i
FRACR Brim A i RIX 123 Fh N KR Bt
B AREERER 3 ASFE AT A B, B AR B
% 3.

*F 3 T kHPKERIERR

Table 3 Water quality indicators in groundwater wells

K ITARVR/ i Gl G2 G3
As(mg/L) 0.10 0.55 0.96
F(mg/L) 2.34 4.87 7.50
pH {f 7.81 8.46 9.37
DOC(mg/L) 1.91 1.49 1.26

1.5 &Ik
151 EBRFE. WHE  As BIIE R R 750
A3 YEIEEEVE A R S IR

S g r- GG (1)
TR 0.0 0, =% @)

H:Co IHILA B BT IR B mg/L; Ce Ry P47 IS I
B BT AR B me/L Qe A A=) I BRI I R mg/ gV
R B AR Ly A W B R i .
1.5.2 SR BN AIZh ) b ORI I B
Langmuir #£7%F1 Freundlich 89} £k 2170
[ 23 20(3)(4)].@ ) g 27 W B SR 40, — 4 8y g 2 Al
L= RS I RO B BEAT LA [ LA 20(5)(6)].
QmKLCE

Langmuir #i%4: 0 = 3
g WA =1 X.C 3)
Freundlich #%: O, = K,.C"" )

P—H ) JF 0 =0.(1-e™™) (5)
) 41 5 22K TR O kyt
M*ﬁmﬁ%ﬁﬂngiﬁg (6)
K0 DR AL I & mg/g;0m N AP AU
B I B R AT W B o mg/ g Ce Ay P4 s W B 5 P A
J%,mg/L;K; & Langmuir #2845 #;Kr 24 Freundlich
TR H K n o 5B SR S ORI £ O, 0 ¢ I ZI
PN IRBH B mg/g ke AL — G B)) ) A AR R I T A
e AW BRI 1) ming ko D9 H 2 ) ) 2E AR T IR T R
1.6 FEMRIE
i ok L 2 T84 M7 A (BET) Ml & bl 2 1 AR AL
B2 O /)N s 3l sk 4 4 F BE - 8 1% 29 T (SEM-Mapping)
W5 AP B AN T 3 Je o6 3R AL 10l X 5 26
W2 AR AT A (XRD) I 5 A4 75 i A4 45 g 3 3 21
AR il (FTIR) M 28 4 o 7 e 4128 28 5 0 it
X ST 2R 6 oL T RE U (XPS) I 52 A=W ok 1Ak 27 R )

.
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2 FHR51E

2.1 RS R
211 BET 7pHr(fLBR& KTy X AR b AT
N W B e B FL B 4 A I 5 2 R AR 4 Poss.

F4  WHET. REVMRILBESHSE

Table 4  Pore structure parameters of BC and ZA-BC

o MR BIAR TALR "

Y et e om) A
BC 12.15 0.032 10.76 SR AR R
FA-BC 55.38 0.067 7.10 YA U A e
FL-BC 43.11 0.052 8.28 R S A e
ZA-BC 79.58 0.081 3.10 BEAR S A
ZL-BC 71.50 0.075 3.62 BB S

HH 4 AT 8 e a4 A AR IR LG
R RIS BOIE R T 3.5~6.5 5, MfLik
BEEm T 1.6~2.5 5, F¥FL120/ N3] BC 1 0.3~0.7
B R Ze A AL SO AR5 (ZA-BC) S HARAY,
T R R4 SR FE TR A= R FLBR 2 K P e MR R 1 44
y  ZA-BC>ZL-BC>FA-BC>FL-BC. H Wf 71 %
U4 A e 2 SRR 4 R WAL S 1K L T AR
AT, [7] s 37 498 K S Sl LA AL, A 1)~ 3 FL AR
/N, 1% 55 3 I &5 R 30 4 R R ek K
RS T 2R I 2 T AR LA A LA R T Y

2.1.2 SEM-Mapping 4 #T(K LS HT) Xt
A R BC RIS ME R ) ZA-BC HEAT
SEM-Mapping ¥l &, 25 R 0L 1 F1E 2.

F I 1(a)(b) AT 401, BSe: i AR 40 R R TRk 131,
FLBR A /b e S i 2 TRUHEURS R 5 4 2 184 i, LB
2 FLBRHES B 385 0% B 1(o)(d)mT 4, et
S B AR LI AR 1 AN A 7 A, HLHES
1P B I 5 T A8 A S B R L L 454, 1T
Ui W B 5 Rl 80 N F LI P, 5 A I 4D R B A
HATEA.

b P 2a) AT 401, W B AR R TS . Ze A
Al TCE B ARG, 2o Al P R4 @ BT S 87
e L NI 2(b) T 560, W5 B J A= 4k TSI 1 As F
TCE, VLI IS As<F 70 2 Bl s D I i A6 sk 1 E
2.1.3 XRD (ALt 3 1T) B3 Al
PERT. 5 XRD 20 #r 1A,

1 BT YRR ITTESU(SEM)
Fig.1 Surface morphologies of BC and ZA-BC (SEM)

Sum Sum

2 WLHHT. 5 ZA-BC KT T 0 H
Fig.2  The surface element mapping of ZA-BC before and

after adsorption

R (a.u)

. . . . . A : .
0 10 20 30 4 50 6 70 8
20 (%)

Bl3  BPkRT JSADR XRD RAELE R
Fig.3  XRD characterization of BC and ZA-BC

B 3 AR BC A HY BT S Ay i,
AN v R P R e AR Z ) e S ZA-BC 71 18.6°4
22.3°, 27.5°. 41.8°. 53.6°KbHBLHH AT S, 42
Jade A HR JC FEFRUEAR Froxd L, TR SE AT S e iy
XN R R = K B A (ALOs-3H,0) Rl R B A
(ZrOy,), BARFI4E L ALO53H,0 Al ZrO, BB 114K
76 ZA-BC . AHHFR LY ALO;3H,0 Fl ZrO,
AL R TS BRI 5 F N H,AsOy HEHAT 25 1~ (lCAK)
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KoM R %

45 %%

AT e, T AR 8 F SRAL IR S e A5 1) AE 26=24° /%
A5 K B P H A 58 AT 5, 45 A AH DG SR 73
BT Ze BE LMK ESS 5 10T 58 FE—K B8k
T XA YR b, T6 8 T— KA A0 v
245 B A AR AR As F B AWk
HLAW B Asy F Ifig ).

2.1.4 FTIR 73HT(E#E

PERT. S5 FTIR 23 Hr &,

5 4 NEYIHE

o

ZA-BC 7
1586 1354 1050 > 541

BEHE(%)

1590

1092
1

L 1 1 1 1

4000 3500 3000 2500 2000 1500 1000 500
Bik(em™)
B4 oetkar. JRAIR FTIR RAELR
Fig4  FTIR characterization results of BC and ZA-BC

b ] 4 AT %,BC W e 3= BRI AE 3434,1590
F11092cm ! Ab, 43 HIXEHN. —OH. C=C Al C-O =%
LA B BC HA R IR S5 R RF & 4
HAER.2 Ze Al IR 78 3427em ' Ak B0, 1206
B 3434cm " AN AR A AN K AL AT R (WAL T
FR) B S AR, U B Ok S R SR T —OH & i &2, v
Ae /2o e TR AL EE 1 — KA TERC Zr—OH Al Al
—OH st 2%1586em ! 4k HUBLIE, & C=0 (¥ e *f
PRl P 1354em " Ak HBLIE, 2 2 E(— COOH)
(¥ 1 45 9 50 L % 2% 1050 A1 S41em ' A A0 .

Zr-O A P 7550m ! AU 6] Al-O 4]
A4 PR T-TR 05 45 SR, e M s e 1 — OH
S RIERE ,C=0 F1—COOH JREEH M, Zr Al Al
DA J P2 LR 4 A A 1) T X 0 28 A AR 3R
2.1.5 XPS Ztr(feieiior a0ty Bl 5 4 ZA-BC
W TR S5 1) XPS 2 AT L.

Cls
Ols
WM e

Zr3d Al2p
Cls

O1ls

AN EE (au.)

Zr3d Al 2‘p As 3d|

700 600 500 400 300 200 100 0
ZieheEeV)
s WHET. /5 ZA-BC [f) XPS RAELE R
Fig.5 XPS characterization of ZA-BC before and after

adsorption

e &R 40 W B R ZA-BC Rl OL C. Zrs
AL WGBSR Fo Oy C. Zr. Al As & 5
W B S Asy F G 3R M RN e A A4 ok L.
2.2 WP SR S5 BT
221 ZEEWMHEER K 6 2 4 Bt ARt
As. T [FZTR &5 L.

I 6 I, 4w G I 4 FRAEY R
As. F (W4 H] Langmuir B%(R*=0.987 1 0.974)
EL Freundlich #7( R*=0.885 1 0.891) 5 & T4
IR LW B ik B Langmuir #5782 % W B sk R Ay o
VMR R IS 0 1 s 253/ WRG o 28 T Fy B Bl R

1% fff —Langmuirfil & @ ZA-BC %WW’_F“"““dli"hmA‘fﬁ - @ ZA-BC
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% Bt Si—Langmuirfl & @ ZA-BC W% bt S —Freundlichfil & @ ZA-BC
30} R?=0.974 (171.30, 28.70) w 71,-BC 30} R?=0.891 B 2 ZL-BC
FA-BC o =772 FA-BC
25 ¢ FL-BC 25 ° I w ¢FL-BC
sEBC | = 2o-c s [FBC
@20 B0t -
® g 4 -
I /- S
g = 1<l _a----"". .
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b
5 5
(198.20, 1.80) i
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K6 BARAEMHNH. FI SRR A
Fig.6 Isothermal adsorption modeling of As(V) and F on diverse biochar types

R 5 A[E) R P AL X e A 8L O R BT S 2 X L

Table 5 Comparations of adsorption capacities of various

adsorbent materials for As(V) and F

B T S A
LiES As(V) F
La-CB 36 La(NO;); 4.51 — [24]
SCSB By FeSO, 14.65 — 23]
NFM-H &4 x 24.82 — [26]
ZrOo/BC  FhH¥ 5% 710, — 9.63 [27]
Al-PKS PR S AlICl; — 14.10  [28]
Al/CeCSBC  TBUGYE  AICL I CeCly;  — 4174 [29]
PG-BC ZHARHE & 8.67 125 [30]
Mg-mBC Tat MgCl, 16.66 1438  [31]
ZA-BC FokA ZrOCLATAICL  19.62 2870 ASHES

11 6(a)(c) AT 41,4 B AEYI RN Asy F IR
B34 % B :ZA-BC>ZL-BC>FA-BC>FL- BC(%%

97.8%

1 i 1
3 4 5

L L
6 7

pHH

BSEE B> > ). X 5 BET JLBRARIESHT 2
IR —E,ZA-BC LR THBURLE fL AR K,
FFLAR S /IS, FETHI A 5 22 W BE A A, R e VR o o e
151.ZA-BC XF As.F [R5 R FRA I B B h 19.62mg/g
F128.70mg/g, 5 A LU 1) A= M 0 A b, LR B 43 531
PEETT 12,5 58116 f5.

FSHHT ZA-BC FEHIE PR As B F I
TR EH 2 T R, MCER R I B oK R, ZA-BC X As Al
F R a3 HEE 2 2 N AR ,ZA-BC 1)
W 0 v, L R B e () TR B 25 B As FHF RS
P LrG Tk Be.
2.2.2 pH {EXTWR IR0 7 WS pH
BN 4 Fh ek A e W B TR sl [ 8 /& ZA-BC %
FLAT s pH R PR 0 3 45

L 1 I
3 4 5

6 7
pH{E

K7 pH AEX AR Al . S 5
Fig.7 Influence of pH on As(V) and F adsorption by biochar

11 7 PR, S A b4 FrErE A R0 As.

F (125 ER B pH AR IS K508 302 H - RAEA
[l pH A 2 i H Ay A ] 3 B PR R PE A B R R
T 5 4 2B R A BLG SRAF T (), A L3 T o

HLAT R TR B K b LR 5 5 FE SUA7AE (1 HaAsO-
AF ARIL T AR AR5 LB B A P P 3R 5
R KA TR A B 5 I 25 o (HD) A 3%
T S e, L B A L e AN TR R K A
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45 %%

B R %

5 7 RN Y PP B RS N Asy F
THAG KRS TR RIR, 0 BUE 0, 1%
WA TEBPEIREE T AR R MR B30 22 1 D A

1l 7(a) nT %4 TSt A= P AE pH=4 B %) As
1) 25 5 6 dg g ,pH<4 - I 25 B F AR A0 AN K, T i 2 1%
pH H R 2T TAb a5 OV 2 e K W B Ak ) CU il
F1.H B 7(b) Al 50,4 Stk A W) IR AE pH=S I X} F (1)
B g, pH<S I, 2B 568 72 ] RE 2 K O IR
S HR, Y F ek A K i AR IRD E SRRR A
il 20, R e LAY JLEAT IR M, 3 B LB e N 2R
K, pH=4~5 I, AP0 Asy F I HEAARIR B 24
Sl

1P 8 Al 0,48 pH A P ZA-BC #
172 LA e pH I &, A3 IL pH,,e=9.1.24 pH<9.1
I, e T 7 1 P B LR B g o, 2 B A R AL pH>
9.1 I, AR T S Ha i FELL B ) 99, 23 Bl R A 22
Ak, A8 H ZA-BC Wbtk A& As F I 447 pH {H

PN TG 4.0~9.1,X/E K 7 A 1EI, 1% pH
V5L N, ZA-BC X} As. F ({2588 i 45
223 EFWMHA R RH—H3) 15 R
TR E) SR ZA-BC KW I BT A 4
Rk 9 Frow.
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Fig.8 The pH at the zero charge point of ZA-BC
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