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fathle A iE 2% (A A B8 H AT H 22 5 L (Boeykens et al. ,
2017; Awual, 2019) . A TIHBRBERREL 159, C&TT
R TAFULTE RN 8 T S8 i | S8 A K A B
AR AAHEZTT W BT Ak BTG v 32 w3t B AT AR T o
AT AL AR RO R A AT ( Koilraj and Sasaki,
2017; SeBMmAE, 2019) , W BEH A B HT Y G HE 2
R B R BRF 7 P AR B

P2 R e — M E Y BT IR o pg
2T BRI BIRIEAS | e R MR R M
HAE Ry K Ak B BT 550) ) BT 5 52 31 1 s BE G (YE 56
WE4E 20195 Lv et al. , 2022) . H B2 H + R
ZEUPE A DRSBTS PEAL A 2 R B XS
TR EL W [FFRE 77 ( Kuang et al. |, 2024) , i@ Py #E
A2 7 1 RS S 2l A R 1 T, T A S i R
BEATERE (M et al. , 2022; Wu et al. , 2022; ZE#]
85, 2024) , SAALEL R ARAE , T RR B AE ) 5, XK
B IR HAT R 58 1Y 55 LT (Aryee et al. ,2021)
B4R A 55 A A W5 BR300 A AS 58 7 43 25 T e 7Y ke
(Yang et al. , 2014) . B H 5 piEEk &Y & &
ISP 1 P A 5 A R A e B T A e, L]
DL S SR B 590 F) R o3 2 ( 2Kk Bk, 2017) A i
PGS E ALY X B A R TSk T ek A 5
TR FRPAA L, T Y 8 oA e e A 0l ) IR PR B, R
M e AT BB 1) A 5 AR, Ay 42 i ol 7 e 4 i
R T I IR

AR SIS FHALTTIE W 1 P R il SeL Tl ) 15 i 2
AE5G W T REVE RS A/ S 2 A0 5 5 W A )
Xof 7K FF R F1R) W B R, X 8% B 3l g 2 AR T 27 AR AR
LG BHLBEHEAT T R

1 S

1.1 FERRRFLEE

Bk A R B 2D OB SRR R R AR B
HO R B AT IR mIR AR iR 200 B #F 5 PR
B WA, S DR W A A A AT
H XRF 20 87 Ho Ak 2= 41 B Si0, (48. 82%) | ALLO,
(16.04%) MgO (5.70%) Fe,0,(6.92%) K,0(3.
72%) .Ca0(3.87%) Na,0(1.36%)

IR AR B Rk, — Sk A A
B AR AL BRER A A R A AR R I A R
B BN ILER | ¥ A B A i)

BRI 90 P TS AE 110°C T4 2 h AR IR —

SN (KH, PO, ) T il , AN [ e B 1R i V5 R0 ( LAl 1) o
& mg/L 1, A B AR A ORGSR AW pH (B
s HNO, 8 NaOH ¥R 15

1.2 XS

XRF H AXI0S X HFE 2 G (ff == g8 L
25w] ) MZE , Nano 2890 HLALASUINxE ¢ AL, Fh 4 ] A
5 VERTEX 70 ZLAM 634 E FTIR, A Bruker
SMART APEX Il #2RK X S A7 S0 S 0 AH
MR R Cu-Ka 585, TAEHE 40 kV, TAEH TR
40 mA, 1 ASAP 2010 HeZF 43 B4 /3 ATl & BET
P, 78 [E Carl Zeiss 2~ A 19 ZEISS GeminiSEM
500 FIH# HL T B ABE I E SEM BR A,

1.3 #RHEE

F2 1:2 WYBEIR LU H— 8 519 FeSO, - 7 H,0
FeCl, « 7 H,0 ¥ F K8 F /K bl s W, 76 3 Wb
TABREE IR ¥—F 1 ZrOCL, - 8 H,0, = I F i 13
FEAEIA5T WA 0. 4 mol/L 1) NaOH VAWK 1R &
1) pH {EH 2 8§ ~8. 5, 4k L2 dii FF 60 min J5# IR A W
BT 60°C BRI TR ARE 18 h, 43 B LE W ) F 2=
BRI 2 BB 7E 70°C R LTS AR 100 H
i , AR A SE AL (MZ10)

FESCHR (Liu et al. , 2008b ) 8977 1 % % 26 41 B
Al A AR (PG) , 433I7E 1.0.2.0.3.0,
4.0.5.0 g FREM LA A LB K A I 4
15 min R SREWN PC BIFW, KB E&A
20 mmol FeSO, .40 mmol FeCl, } 30 mmol ZrOCI, [
IRV 5 P 2 0 2 7 WOR A 38950, 72 60°C I
N2 h, ZiE TR AW I 0. 4 mol/L %) NaOH
P pH (E % 8. 5 A4, RS £ 60 min J5 1R A W AE
60°C ik 18 h, 7 Eg thliE , e vk . T4 WHEE J5
it 100 Hiffi , 1520w ES A ALY/ e 20 52 5 W T
FIEE &, 20 9 A 38 8 MZIO/PG-1, MZIO/PG-2 .,
MZI0/PG-3 MZIO/PG-4 MZIO/PG-5.

1.4 WRMisCIg

VER Bk B — 5 = MZIO 2 &2 & W R 5 FE
MZI10/PG-1 . MZ10/PG-2 . MZIO/PG-3 . MZIO/PG-4 .
MZ10/PG-5 T 100 mL Ay EFEHEIE R, I AR EE—
FE Y KH,PO, I 20 mL, — & IR T 7E iR KE IR
Gias L 150 o/ min PR IR — & B S B0 4
BT R VR B B RR B R I E R
IR it

Q=(cy=c)V/m (1)
L, O HEHHE (mg/g) , ¢, Bl ¢ 435 R0 ik vk g
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FHWRIE (mg/L) , V NERAEF (L), m AW WF

MR (g) . In(Q.-0Q,)=1nQ —k,t (2)
t/Q,=1/k,Q>+ t/Q, (3)

2 R 51E
2.1 WEHHERE LS

BT MZ10 S 2 A W) 0.050 0 g HI T
Bff pH {H 4. 5~4. 8 W& 100 mg/L B W, &
120 min R W ZE R K 1 R, CHAH T
F2 1T L ey SRR s I IR L, PG OXEIK Y g B LT 1
F W FFIE ST (Kuang et al. , 2024) ,PG 5 MZIO B &
Je XK s 8 W B RE A5 2 BH B A B R BLAR S R
MZIO/ PG W B 7] i W ot 122 327 8¢ MZIO A7 R A%, HL Fifi
P2 AT R IR LR AR AR BE £ {HJE MZI0/PG-
1 .MZI0/PG-2 MZ10/PG-3 W[ & 7] DLk £ MZIO
W B 5 PR 90% LA I, DAIRZ B 551 4 1 BB N 28 55 I A %
&, MZ10/PG-3 A B BB I8, TR gt o 6 fat —
A PERERIST , ITid o MZIO/ PG,
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Fig. 1 Adsorption capacity of samples

2.2 RHENNE

HIR T MZIO [ MZI0/PG %f pH=4.5~4. 8 fiy
HEPE 50 mgy/ L BB TR0 AT I BT, WA B Bt 9 v EF
A1 ZE AL ANIEL 2a fr7s . H K 2a ATLUE H, MZI0 K&
MZ10/PG X B B R, 76 55 9] Y 60 min
PR I o A 3T, 90 min Ji5 R B AR AR 2 S A
PRIFFAAR  PIHEEHR 120 min A7 JFFF- i B[]

R BRE 30 3 AR 5 T P A BIF 5 O A i A AL
I Ab R ] Lagergren pseudo-first-order 77 #2 Fll
pseudo-second-order J7 2 43 B W fff i 7, H % 3k X

A, Q, A Q, 4351k ¢ Bk 220 B W BT ek R4 R
(mg/g) 5 ky H—FHERH L (min ") 3 k, NG
FRHE[ g/ (mg + min) |,

H pseudo-first-order J7 7 #l pseudo-second-order
T FEHATAMAU G B Z5 R AN 2b A1 2¢ s, G
ZHBN TR 1, HEIERATLE H, pseudo-second-order
A1 TR R MR MZIO K MZIO/ PG L%
R AHOCR L R 430 1, L6 PP A5 1 1 A i e
it Q, (E S SRR, h I Ay G S I At ) ot
RESEP) K B ih o, 7 B B = A g db s AR
FHZ AL 2A W 2 il ( Ho and Mckay, 1999) ,iX 5
Wang %5 (2015) Fil Xiong 5 (2017) BIWFFE 4 RARL

Webber-Morris BURL N B BY m] DA 0 B o 72
) 8 4 T AL SR A FHLIE (Sun & Yang, 2003) 3%
TR N

Q,=kt"°+C (4)
X, Q, Mo 2R (me/g) 5 &y Y HHE
R (mg/g - min™) 3 C FARZMREA L,

H1 1 2d AT LR W B e A 5 1 B B . it
FNTERAI Y 30 min NZEFT T — > 3E 5 PR 1 i B
T T R el B A YRR VI A 8 TR DA L [ A
IR TR | K A8 A0 3 T W FRT , 3 30 KR, A ff
b A R R R R 5 2R 2 i B R ER 1) I B
TV FLBE B 155, i 6 R B ) 2 TR 18 R A 2 8 o
B, B2 BAS ph OB A RS 1R (B B ZRBUEE AN O
KL 3 TS J2 M — B4 ) 20 B W B o e ks 32 3]
T F TR I R Y52 (Lo et al. , 2022)
TG SEILE 2,

2.3 WRBFE

W SR 2 N 3 s , Langmuir AL AN Freun-
dlich A RYH FHAAIETE W -4, iy #5383k 1 2J
FM b1 BT 2R, 5 A AR R ) £
oy FIEM, oy R R

C/0.=C./0Q +1/K Q. (5)

InQ, =nlnc, +InK, (6)

X, €, T Q, 3 51 Ay W A~ R AR e e 1 ik 2
(mg/L) FWZFRFF) W B 52 (me/g) 5 Q,, WELJZ AN
W Bt B (me/g); K, M Langmuir W 7 i 5 %L
(L/mg) ;KFﬂ\JFreundlich%(M‘Jﬁﬁ s nie 5 R
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Fig. 2 Adsorption kinetics curves (a), fitting with pseudo-second-order model (b), pseudo-second-order model (¢) and

intra-particle diffusion model (d)

®1 RMHNFEFEUESH

Table 1 Kinetic parameters of adsorption based on the pseudo-first-order and pseudo-second-order model

pseudo-first-order pseudo-second-order

R 551 Q. exp/(mg - g ")
ky/min™t Q.. /(mg g ™) R ky/(g - mg™ e min™')  Q./(mg-g") R
MZ10 19. 881 0.037 3 4.380 0.884 3 0.024 4 20. 088 0.999 9
MZIO/PG 19. 590 0.024 7 5.132 0.942 7 0.019 6 19.763 0.999 9
xR2 WFHAEUESH
Table 2 Kinetic parameters of the intra-particle diffusion model
WeR k,,/(mgeg! s min™®?) €/ (mg-g!) R kyo/(mg - g™+ min™%)  Cy(mg-g™") R
MZIO 1.348 4 11.440 9 0.970 6 0.050 6 19.183 0 0.625 8
MZIO/PG 1.469 4 10. 176 6 0.962 0 0.066 7 18.557 0 0.939 3
JEA KR H L E=1/28 (9)

M ¥6F &5 YR 2%t 1] A3 93 Dubinin-Radushkevich
(D-R) H RS T4, HorfE ok

A, B 2 5 WA B A S B AL (mol /K7 ) 5 & 2
Polanyi MEFfI#(J/mol) ; R NEE/RTUAH K[ 8. 314 1/

nQ,=nQ,—-Bs* (7 (mol + K)J; T R EE (K); E. b F 0 Mg
£=RT In(1+1/C,) (8)  (kJ/mol) , FLAHAT I WA I HOMLA] , E.<8 kJ/mol
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Fig. 3 Adsorption isotherm

80 120

IR E =8 ~16 kJ/mol 132 W [, E_ >
20 kJ/mol A=W B ( Sheha and Metwally, 2007) .
MZIO F1 MZI10/PG HWE K4 IRZ 5 Langmuir J5
2 Freundlich 77 F2 & D-R J7 LG B0 45 5 0l 3% 3,
2 nT DL Bt SR iR 2 5 3 BRI A — o i A ¢
P Bt B 50 e T AR S 200, Langmuir 5
B ,MZIO/PG 1) Q,, F1 K, ¥/INT MZ10, Freundlich

FERI R MZIO/PG 1Y K, Al n AN K MZIO | W B 45
25 D-R AR R® KT 0. 98, BT Fff 5 B A
BORIRITLALEE 18, - W B fig E, (ERS KT 16 kI/
mol , 7% W2 W RT3t 7 A 2 B 40 1) 40 B B, A S
AN L R 2
2.4 pHEMBFRENZM

MZIO/PG 7£ pH {ELAS [F) A B4 VR W o £ %) 2%
LN da FioR, HEIRT DLREE pH Y38 KW B
W/, U pH>S5 B0 B i 0 25 B AR, X A2
KR TR 3 M AEAE TR A2 21 pH (ER2 N, i85
WK% 6 751) F14) 22 1 EL PR 26 (Liu et al. , 2008a) . MZ10/
PG W RIS A ¢ FLAZBE pH E A9 AL &l 4b it
o HETTUL B pH {3 K, MZIO/PG AR ¢
FL 67 20 T FR O ) B0 AR | SRR pH (HE9 R 4.7, TE
BARAY pH EIE N, MZIO/PG 35 1 1 2 3 TR 71k
JeHE IE HEL AT, R % A 0T v A B R 3222 DL H,PO; |
HPOS T (e, i A AR i T R, pH fE 38 0
fii MZ10/PC i 2 it 1k, 5 B 2 T far 7 H 170
WAL AT A B Z LA 1Y) POY Fe 4k,
(] () 3 F, HE A T AS 1) B2 1 2 T, ) B 3 22 1Y
OH™ S fEMRER WL B & A= 56 4t ( Zhang et al. , 2017) ,

#x3 EHMERAFEMNINESH
Table 3 Regression parameters of adsorption isotherms
Langmuir T Freundlich J5 & D-R A
WA 5 0./ K/ e " 2 Qn/ 10008/ E e
) n - -
(mg-g') (L-mg") ' (mg - ) Cmol” 1) (1 - mol )
MZ10 43. 668 0.370 6 0.990 8 18. 891 0.199 0.965 3 56. 104 1. 440 18. 634 0.9851
MZIO/PG 36. 630 0.259 5 0.981 3 15.771 0. 185 0.987 7 43.755 1.328 19. 404 0.993 5
35 20
a b o —
] W(Hﬁ .I||
5 o 0 MC‘I it —o— I i i
ok e % ® 0.001 M NaCl -
o ) o 0.01M NaCl
F ® 0.IM NaCl 0 1 1 \ 1 \ 1 1 1 1
_ ¢ o 2 3 \4 \s 6 7 8 9 10
= - ?» .\ pH
<o = -0}
£ | & E
.\;:’ sp
']
LI -20 \
15+ ¢ 5
] \.
2 - B0 g e
10 - §o ——
Il I | | -40
2 4 6 8 10 12

pH

P 4 pH FUFIES 355 B2 0] IR B B 5200 () B aslRERY £ HLE (D)
Fig. 4 Effect of pH value and ionic strengths (a) and { potentials of samples (b)
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PR R -k i pHL (B AR ALK o

FEE 4b W B BERR £R 5 MZ10/PG 1 ¢ HL A
WA, A5 R pH (R 22y 3.5, AU
FA Y BT & B Ak e 1Y, LA 2 L
B W B AN T 1 S W B J5 R0 R 8EE 5 ] A Ak 2
N7, 0 AN RE B A% W B ) 2% T AR A Bz A L AN (Su
et al. , 2013) , H LA 1R R RN B 550 =2 1) A8 HO2
B2 A LR EOAE TR B R R FE MZI0/PG 1Y
Stern B % )= KA T BB+ R PR B, A= B T 2D
EW(Gu et al. , 2016)

Z58 pH=4.5~4.8 i}, 45 0. 001.0.01.0. 1 mol/L
NaCl fE7E 2T, B FoR X MZIO/ PG W FFF 1)
s, Nl da HH AT B 7R R MR S5 1T B8 5 BE 1Y)
L AN 52 i W B 3, 76 pH>7 BR8P Vi ] Bl 25
R B I R B R O TN A Tl IR R W o
£ MZI0/PG B UAMNZEL A, C1 4 HoAth B 25+
1) T, 2 2 0 ) 1l P O ST 25— R I A 2 ol R
HIH/N(Su et al. , 20135 257K ER, 2017) , 4 FHE
PN J2 65 0 P I T 0 ) 5 B b 2 I o
T 7 A2 118 29 T P 2 065, 25 1 9 8 Xof TR T ) 52 0 4
/N, pH B 5 B IR 6 500 R 18T A A= 1 TR 2 4% 5 o
IGRIE 23R Y = -9 X W (R FH A T fn
PRI G (Mebride, 1997 ) . K LB MZ10/PG L
A BRI T B R 248 A HILH

Zr—OH+Na'"+H,P0,—Zr-0-PO,H - Na*+H,0
2.5 WRBRAEREE

TE pH=4.5~4. 8 WiFwh & A HLF T BT
TR LT, 528 T B35 MZ10/PG 5% Wl 1) W
i, LI B A e B 1, 25 i s froR, RIS
AL, C1T NO; . SOY 1 HCO; FY 7778 X W 1) W% B 2

oM BN FEAE B R EETE 0. 01 ~0. 05 mol/L (1)
T8 B AT Tl %) TR o o LT A B S B AIG vk B
0. 1 mol/L (1Y) HCO; M Fff it 45 B R&AIL, He stk S i
FFF 35 MZI1O/ PG Xl IR 8 1R W B A 5 4 R e Bk, 7
TG BRI BROK ARBTG5 TR — 2 S T
2.6 BET FME# SEM

H 3R 4 AR AT LIA PG 1y 3R T AR AL
FBURK, T MZIO A7 8K b 18 FLURFL A B, i
S RN AR SR S5 1 17K A S A A AR v Y b 3 T AR Y
LA, T s B A AL i A AL S 8 35 7 Fe, 0,
(22 TR S SRR MZIO 3357858 w25 1 Fo 2 i AR
FLAEF(Wang et al. , 2016) , MZIO/PG Ky H 2 M FRL
BRI MZIO B R AR L AL e 26 A

HHERE LR S MZIO MHZEAK, HIEHERTDL
FRTEY 2 R T MZIO A KA LB Ids 1
HERR R AL,

20 - [ wacl NaNO, B Naso, NaHCO;
18 _Z _7
. 7
/
2 16 - 7
S o
14 /
12 + /
=
10 ¢ 3 AL__
0.01 M 0.05 M 01M

K S AR T

Fig. 5 Effect of co-existing anions

F4 AHEMIEREBRELENSHY
Table 4 Specific surface areas and pore structural

parameters of samples

FE PG MZIO MZI0/PG
BET LR/ (m* - g™')  58.39 132.71 110. 37
B/ (em® - g ) 0.102 0.223 0.231
L%/ nm 6.39 7.08 6.75

MZIO il MZIO/PG 1 SEM & & 6 Fis,
H &l 6 AT DL, MZIO FRE i =% 1D RLRES , A7 77 210
ARG, BURL ] 43 A E A, SR 2 AL M, AR
R, MZIO/PG MIIE S 5 MZIO AL, B
55T MZIO (BRI ZFLEE
2.7 FTIR #1 XRD ##f

MZI0/PG W Bt i )5 A9 FTIR 3% B 40 &l 7a B
7,3 418 em™ BT A4 FE MO 2 FE L OH B i 4 41k
31,1 640 em™' Fff 35 (% 04 2 H—OH 1Y 25 il 4% 3,
567 cm™ F1432 em™ AbJEY Fe,0, 5 KH) Fe—O HEa
U (Liu et al. , 2008b) ,fF 1 024 em™" AbAyid R 2%
A Si—0—Si 1Y RO BRI PR 3, 1 338 em™
b5 Ry Zr—OH W22 B R 3l (Cui et al. , 2012)
A MZ10/PG W BB IS A3 B K 3R, 3 418 em™ |
1640 cm™' F1 1 338 em™' AU IS A 8055 , F L #E 0
MZI10/PG R TH Y ¥ 5545 8 1 R 5 ARG, W2 B AL 1)
5 B0 50 R T A R S VA R P R R AR =2 ) 1 S A
45 % (Long et al. , 2011)
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Fig. 6 SEM images of MZIO (a) and MZIO/PG (b)
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Fig. 7 FTIR spectra (a) and XRD patterns (b) of MZIO/PG before and after adsorption

W B 551 MZ10/PG W BRI 5 A9 XRD 335 & 4n %]
7b BTN, TE 20 4 30. 1° .35, 6° 43.2° 57.3° 62.9°
b IR I R RE AR Fe O, AORT ST JE SR &
IKEEALES AT ST I8 AE 30. 2°( Wang et al. , 2015) , H:
B SR S B R IE VT 19. 8° T 27.
6°4b . W it BR Eh T IS MZIO/PG (AT S A &
A= B I AR Ak 2R BH R Rl R R I O R v AR A A 1Y)
A A R
2.8 WRFMIFIMBE

FETE 50 mg/ L Bl 175 8 W2 BT 2% 1 0 1% W% o 1)
MZIO/PG 43 ok, WiIR T 5 1 mol/L B NaOH #
IR G I 2L 24 h $EATMEL, 3 25 1 W i i
RRFFR05F FH 25 B8 1K DIR B o 2= rp e, TR S i AR
W IF 7510 F- 0 FH 58 %) W o DA 2 5 R R 551 1) P2 A
WA, MZIO/PG 25 5 URAGEHME Y TR Bt
S il 8 firs ., H B 8 AL, Wz B 5 1 vk

TR IS 90% LA - B Wi AT LA R of , 73 A 6T Y
W B T ORI 90% 26 A, 22 I BB ATE P4 S W
IR e AR VR AR, 3 VPR T AR 52 RS 5] 2 ] AR
FRI AW R TA) 72% 1) 52 o6 e, 3 I 0 W T 32 1%
R OB TR ER AN T YA, 5 URAIE BA i W B 78 T 29 1 iR
U RRF R 63% , NG B35 MZIO/ PG )42 FIEE 42
R HRA A7,
3 5B

(1) FHIETOREH AN #1525 W FH7) MZ10/
PG, HAWIE S BET e F AR | AL A BB 241
5 MZIO FHZEANK 7K r e (4 B 8 g ik 3
MZIO 1) 90% , A1 W HYBAR Z 5L

(2) W B B H AT & pseudo-second-order
B 120 W SRR 26 S Langmuir 57 | Freundli-
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Fig. 8 The results of desorption and regeneration
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(%}

ch 1R & D-R A — 2 i A CHME | Langmuir J5
T FF A T R BEE R 36. 63 mg/g, S 2 W i fE S
19.4 kJ/mol , BRVESRATT WM Z pH {H RS2 AR/,
pH>5 Ff W B 5 Bl pH {38 0 iy Sk 2 B AVR 2 08 B
Bl R UBAT AR B o5

(3) MZIO/PG Xt il (1) W B HIL 2R 05 Ko 5 o i
fikh 2 ] 14 B8 T~ 38 e R B 9 2 B4 W 19 4% B 1=
INE o WA BRI 2 At I F AR R R A S R W
A7 AT AR 4 WA 500 19 63% , X 5 3 v A1
BATE K RS Y A7 — 2 1 N A A
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