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Abstract: Magnetic zirconium phosphate composites Fe;O4@ZrP was synthesized, via sol-gel method,
from hydrothermally prepared Fe;O4 nanoparticles, zirconium n-propanol and sodium dihydrogen
phosphate, characterized by SEM, XRD, VSM and FTIR, and evaluated for its La** adsorption performance
in mine tailwater. The effects of solution initial pH, adsorption time, temperature, La’" mass concentration
and co-existent impurity ions on the adsorption of Fe;O,@ZrP for La®" were investigated, with the
adsorption isotherm and adsorption kinetics characteristics analyzed, and the adsorption as well as
desorption recycling properties discussed. The results indicated that Fe;O,@ZrP exhibited a mesoporous
structure with a primary pore size of 5 nm, a specific surface area of 3.6 m*/g, and a pore volume of
0.011 cm’/g, and possessed excellent superparamagnetic properties, with the shell ZrP mainly existing in an
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amorphous structure and a saturation magnetization of 14.18 emu/g. The Fe;0,@ZrP showed an La®*

adsorption equilibrium time of 5 h, and maintained good adsorption performance under acidic conditions,

with the optimal adsorption pH of 4.1~8.0. The pseudo-first-order kinetic model and the Langmuir isotherm

model fitted the experimental data well, with a saturation adsorption capacity of 169.14 mg/g at 30 °C.

Additionally, the adsorption process of La’" by Fe;04@ZrP was a spontaneous and endothermic process.

The adsorption of La** occurred through ion exchange with H" and Na' on the material surface, as well as
coordination with P—O groups. Ions of Na', NHj, Ca®" and Mg”" displayed little effect on but the
coexistence of AI’* significantly reduced the adsorption of La’* by Fe;O,@ZrP. The adsorbent showed good

reusability, maintaining an adsorption rate of ~70% after five adsorption-desorption cycles.

K ey words. magnetism; zirconium phosphate; adsorption; lanthanum ions; regeneration; functional materials
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FeCl;*6H,0+ Tk . BB Fe;0,
L EE R+ > >
P ToKZEEHIER ZrP
Fe,04 WEEE+NaILPO,  pe,0,@7rP
Kl 1 Fe;0, Fl Fe;0,@ZrP il £ /1 7 ]
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Fig. 2 SEM images of Fe;04 (a) and Fe;O4,@ZrP (b), as
well as EDS spectrum of Fe;O04@ZrP (c)
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XRD (a) and VSM (b) patterns of Fe;O4 and
Fe;04,@ZrP (Inset shows Fe;O4@ZrP before and
after magnetic separation)
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J 5 nm (& 4b), HAFLEHIAFAER B F X +
JCE La* By Fff .

10
a
8 L
I
T o6r
N2
i
g 4t
=
2 L
—a— IR
—e— fiR I
0 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0
X (plpe)
—3 b
1.5x107 - _ 15x10°
— 1.2x10° - i 1.2x107*
’E‘ ; § 9.0x10™
1y 9, 6.0x107
4 | =
§ 9.0-10 ﬁ 3.0x10
E‘ 6.0x107* 0
{% . 0 5 10 15 20 25
3 / L f/nm
™ 3.0x107 \/\
0 C 1 1 1 1 1
0 50 100 150 200 250
L% /mm

Kl 4 Fe;0,@ZrP %) N, W Fft-ff e S8R 2k (a) FIFLAES
ek (3B AR R E ) (b)

Fig. 4 N, adsorption-desorption isotherms (a) and pore
size distribution curve (Inset shows partial
enlargement) (b) of Fe;O,@ZrP
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(BTt , FesOs@ ZrP Xf La” Wi il i 52 B0 0 Sk b T
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24 pH=3.0 i, WERfHN 116.58 mg/g, EIEEH
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H'5 La*" & B35 AW [l , Fes0,@ZrP BEWL [l La’
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BEEA H5 S B LT U, R pH 35
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160
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Fig. 5 Effect of solution initial pH on adsorption of La®* by
Fe;0,@ZrP (a) and pH changes after adsorption (b)
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T /E pH=2.1~3.0 A, {CMEE]/ D Fe* il Ze i, 3

W] Fe;O4@ZrP TEMRMEZ51F T EA RIAFAIFREM:

# 1 ARFEWLE pH T Fe;0,@ZrP W La* 5 FIH W T
R

Table 1 Ton mass concentration of the supernatant after La®"

adsorption by Fe;O,@ZrP at different initial pH

Y14 pH _ R (ﬁzr:?‘ Bt f YR 2 /fmg/L) _
Fe Zr Na La

2.1 2.10 0.14 63.7 153.92

3.0 0.85 0.10 63.3 82.50

4.1 0.26 <0.10 62.8 65.13

5.1 0.15 <0.10 69.3 59.57

6.1 0.14 <0.10 61.2 65.96

7.1 0.11 <0.10 65.2 57.45

8.0 0.10 <0.10 63.4 59.57

T RPE T REWKEER ICP-OES EE

222 B WEHE 4 ¥R
K 6 M Fe;0,@ZrP Xt La*™ (%) 4f Jit & ¥k i
200 mg/L ) HYIZ RN 2l 12 UG 45 . MGG S 4L

T 2,

2 —
150 |
120t
o0
g ol
I
= 60 . SR
= 20 th—Fsh F1 R A
r 8 . %:g&@ﬁ%ﬁﬂw%
ol ---- Elovich#EI#|-&
0 300 600 900
% B Bisf [ /min
b
150 | I
o 71-0.46x,+130.99
- 120 | R=0.6633
e " =7.19x,+24.97
L }’1 APXy .
MI% 2 R=0.9461
]
& 60 . . SR
= % =8.68x4022 .. gl -0
P F R=09976 ... M B
N - BERE
1 1 1 1 1 1 1
0 5 10 15 20 25 30
£5/min®s

a—W Rl 5l J3 2448 s b—Webber-Morris JA7 P 4 Hiw 7
Kl 6 Fe;0,@ZrP %} La® iy bt sh 1 = A 4k
Fig. 6 Kinetic fitting curves of La®>" adsorption by Fe;O4@ZrP

MIE 6a TTLAE Y, Bl BRI, Fe;0.@
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K28, Fe;O.@ZrP F T AAAE KA B8, S
A7) 3 W B SR AR R, i W BT 35 T L i 4

MRZ RS 57 e D, R 3k R el D 5 > B RS IS ] g
5Ny, IR REA TR A



5 11 3] XUZRAE, 45 WEME FesO,@ZrP S A MBIl 5 B X La® ity W% B fiE - 2431 -

F 2 Fe;0,@ZrP Wikt La* i3 J1 AR I & 250
Table 2 Kinetic model fitting parameters for La*" adsorption by Fe;04@ZrP

{me/L) Ph—23h I R PR B Iy 2R Elovich A5 %!
Po/img,
ky/min™! 0./(mg/g) R? ky/[g/(mg min)] Q/(mg/g) R? a/[mg/(g-min)] b/(g/mg) R?
200 0.01173 142.35 0.9900 9.49x107° 161.96 0.9889 5.38 0.031 0.9693
Gh—RE 1% . BB 1% . Elovich Hi NE

X SRR T IS G KRB, D — K sh ) 2R
Tl — 9 sh J1 2 AR Elovich 45 8L AE A% T 47 b i 1R
Fe;0,@ZrP Xt La™ WM Bt 2, Hove 2% (RY) >
0.99 (% 2), FM Fe;0,@ZrP XF La®" iy Wk ff o R %2

W Ht (mg/e)
g2 3

W
o
T

E/116-1 17 NAA :431(5) og
MK 6b BYSZ50 i H Webber-Morris k7 A 3™ HL oF —a— 60°C

BARG A R AT LUE 1, WM AT LIs R 3 A Fr 0 100 200 300 400 500 600 70

Br: S BONWEY L, 2 R TR MR ) i RS 5 VI B R ¥ /(mg/L)

W B S TR 2 SR R ) &, B TR B B La 200 -

B 2ZK, Fe;0,@ZrP FHNETEN S L, L)
W B R e K, kg (1 (8.68) fe K B BB
KLNY B, La* 1) Fe;0,@ZrP LAY HL, P La®*
Jo e e RN TS I, R R RS A o AR, TR AR
BN, kg (HWN; B FesO,@ZrP K 16 VAL

150

R/ (mg/)
E

W
(=]
T

. R . L i A&
SRR Lo B TR, MBI T 0, Ay ol e
(i 0.46., WE A1, WEBHIK SIS B B2 (565 BB ). T I T e 8
3ANBEL 3 S5 R 4 1 I 1) SIE K LR AR A et P4 R R BE/(mg/L)
RS, Ul IH URL PN B EIOAS 2 ME — 1 3 R P A B a— W B S I28 1 5 b—V R 25 0L 1 2
T R 771 JE b 52 o 0 ok 2R R 22851 F7 AREEET, La’ W46 5 U E X Fe;0,@ZrP W
3+ A d

223 Lok B RE 8 Yk o Lé‘ffﬂgt%/f”ﬁ N T

. N =1y - N =y . lg. €Ct O 1mmitia a4~ mass concentration on at SOI’p 10n

7 AL T, La® WIG B X Fe,0,@ of La** by Fe;0,@ZrP at different temperatures

ZrP We R La’ 520 , I8 3 Langmuir A1 Freundlich

*ﬁﬂ?ﬂﬁg@gﬁéﬁ% , *Hﬂ‘é%%’&ﬁu ?%% 3 . % 40 %‘:3 3 Langmuir *ﬂ Freundlich *ﬁﬂ?u%%ﬁ

Table 3 Fitting parameters of Langmuir and Freundlich

MK 7a ATLAEH, AFEERE (30, 45, 60 °C) models

T, WE La“%ﬂ IR mW B 10 mg/L Sr N | Langmuir £5 % Freundlich #% 7

700 mg/L, Fe;O4@ZrP X} La™ fily W fh 14 i 48 Jin 0°C Ky Ou . Kell(mg/g) 2
R 1/n R

X o . L/ / i

i La” WA TCRLH Ly 400 /L I HEIE R AELA: 30 (0 ;i) if:;é 2gs) 0.978 (L/srzgo)9 : 0.117 0.594

v e g s . . . . . . .

) La” IR Bk AR BES 700 mg/L, 7E 30, 45, 60 °C 45 0065 188.02 0.886 96.83  0.106 0.664

LR B35 169.14 ., 186.07 . 195.60 mg/g. 60 0.122 198.09 0.984 126.81 0.072 0.722

®4 ARFRRETH ROITAE

Table 4 Calculated Ry values at different temperatures

VA6 R EE /(mg/L)

ore 10 30 50 100 200 300 400 500 600 700
30 0.699 0.437 0.317 0.189 0.104 0.072 0.055 0.044 0.037 0.032
45 0.606 0.339 0.235 0.133 0.071 0.049 0.037 0.030 0.025 0.022
60 0.450 0.215 0.141 0.076 0.039 0.027 0.020 0.016 0.013 0.012

E 7o TLE Y, ANFEREE (30, 45, 60 °C) F, 0.984 ) KT Freundlich M B %5 I 455 4 ok 5@ & %K
Langmuir "5 P 280 (R*=0.978 . 0.886. (R*=0.594, 0.664. 0.722) (£ 3), 1itH Fe;0,@ZrP X
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La* AW P AL 454 Langmuir #5558, RNk 7 Ay 2
AFIZWCO 534, Freundlich BEELIAZ%L 1n 7E
0~1 Z[H], ViHH Fe;0,@ZrP Wi} La* S FICT, i
0 (11) 718 Langmuir ARG ICEAHE (R ) ] LA
FIHIR R AT A A La® WA R R 10~700 mg/L
FIREBFRREE R 30~60 °CYEFEIN, RofH (R 4) BI7E 0~1
ZI8], Uil Fe;0,@ZrP Xf La* Bymg fH-EA FEY .
224 BEMYH

% 5 Fe;0,@ZrP Wzt La*' () AGY . AS°Fl AH®

£S5 Fey0,@ZrP W La™ ) 28
Table 5 Thermodynamic parameters for adsorption of La*"
onto Fe;O4,@ZrP

T/K  AG%/(kJ/mol)

ASY/[J/(mol-K)]  AH%/(kJ/mol)  R*

303 -32.02 201.19 29.04 0.957
318 -34.70
333 —-38.08

NS LA, AEFI AR (303, 318,
333 K) Tl AG* & M, W] Fe;0,@ZrP *f La™
) W o s R 1 R AT Y, L O I R A T i
AG BT R, 6N I B TR A Y T R S 8 o
AH'>0, DI i R — At AR, THE SR
HE La® e s AS*>0, P8 La®'7E Fe;0,@ZrP i
BRI TR RS — A R, SRR R, Lo F [ A i
Ab B F A W R 7 A 0 0 /N T La I B B X6
Fe;0,@ZrP R A FF /K ALJZ WA= A iy g 1%
225 RRABTHHR

& 8a N ASIA]Z4 i8S 7 XF Fe;O,@ZrP Wi La*"
Sp=A 108

SR ILAE B R, BR TR LA, EE L
A HMARE T, AP, Ca®. Mg*. Na'. NH,'
5o INIE] 8a MTLAE Y, Bl 44005 o5 L3N, Ca™*
Mg?" . Na'Fl NH, %} Fe;O,@ZrP W La® Bs2uise /N,
La* 0z fHH(F457E 100~120 mg/g JEREIN . i APHLE
TES T E IR La® 78 Fe;04@ZrP LAY, 24 n(La™) :
n(APY=1: 1.0 i, La® fmRiHE{Ch 10.79 mg/g.

120 |- r— e e

100 -
B 80+
&
£ 60
I ——
= 40L —*— Na*
= 00 T AL

20F —* Mg¥

—— A13+
0 1 1 1 1

1:02 1:04 1:06 1:08 1:1.0
n(La*") : n(X)

42
2.5
b
2.07

20F
K151
NS
i
# 1.0}

051624 02

0.02 0.0072 0 0.011

Ca* Mlg2+ Nla" NH;
BTk
a— R LK b—SibRM LK REVREITAR LEF, TH
8 2= X Fe;0,@ZrP WLHf La® (50

Fig. 8 Effect of impurity ions on adsorption of La*" by
Fe3O4@ZrP

La3+ RE3+ A13+

7 6 4 Fe;0,@ZrP X fi & 545 8™ 1L 3L haa 11
JRE /K W BT I T v B A AR RS R, B AR
(4) HHA T Fe;04@2ZrP XFSLBrw” 1L K b 48
THBEPERE (Ky), Z5RWE 8b iR, T W
B Na' A9 fif W 5 BOH T Wk BE N, Na A9y At
B, mK s ATUEH, AP REUR K, #H—
UL AP A AE ™ R Fe;0,@ZrP X + 55 1
F1R R Y

6 SLPRA A LR K IR R RS RS i R B AR A
Table 6 Changes in ion mass concentrations before and
after adsorption in actual rare earth mine tailwater

BT B R /(mg/L)
La’* RE* AP Ca®* Mg¥ Na° NH;

KRG 18.96 78.98 9.77 148.00 55.40 37.70 497.11
WS 1520 62.65 3.15 145.00 55.00 102.50 491.38

2.3 WRHHIES T
& 9 AW La’ /)5 Fe;0,@ZrP iy FTIR
ijlaﬁlglo

% B La®Bif

107271014

.
————— o WMLa*fE ) e
Vo T ) \
' 1 -~ \y
P Y
\ | i '
-
AN}
.
.

4000 3500 3000 2500 2000 1500 1000 500
P %/em™
B9 Rt La* R /5 Fe;0,@ZrP MY FTIR %14

Fig. 9 FTIR spectra of Fe;O,@ZrP surface before and after
La*" adsorption
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ME 9 AILIEH, Fe;0.@ZrP W2 B La A,
3418 cm ' AR TEIEIT LS T K FH F F—OH JEH (Y
STRRPLHRSIT; 1639 em ' b4 W i A i, R
Fe;0,@ZrP £ 1H—OH KM iRzl ; 1072 cm™!
Ab BN 1 POS (RN 1014 em ™" b AR
WeXss 1y P—OH $EIYFRE); TH7E 600~610 em ' Ak
Wl A T Zr—0 MY PR 1Y, Fe;0,@ZrP WL La®
Jei, BT 1639 em ™ A B ) 1633 em ™ HARDE
BT s, B Fe;0,@ZrP FiH—OH i )
H'5 La™ &4 THEFH; T 1072 om ' kb
2, TRER: POY M La¥ & A AL IE A 9 Bk
A e eI B 4L B e vE s i 1014 em!
AR W 1] 1035 em ! A RO A B, Al
J& La’ 55 Fe;0,@ZrP 3 1 A B R J A1 Hh 19 32 3T
P—O—La BIER; M, 600~610 cm ' &b Ay ik
I EAT A, TRER La’™5 Fe;0,@ZrP Eif
Zr—O 458 IE I T Zr—O—La JE R PR & 1

M IE 3a ) Fe;0,@ZrP Bt La* /i 5 19 XRD i
BT LA Y, 16 20 = 20°~60° N 1Y) T8 16 2% B 44 R 6
FETCA5H o W BRI IS A S e o ' KB IR), HOR
HABAT I B, W Fe;0,@ZrP 76 W Bt id 72 i H.
AR E M.

10 4 Fes04@ZrP W2 fff La* /i J5 9 XPS 15414 .

M 10a B XPS 4l LA, A EL BT,
Fe;0,@ZrP Wit La® 5 HHBL T W WY La 3d 454k
FRAEIE , KUK AT Fe;0,@ZrP ¥ La* AW, 55
Ab, WEHEETE T Na 1s PRAAEIEZEML TS H 28, X
Al AR, R b, Na™ 5 5 T B 7 3e #e U
B La® B e,

a Fe;0,@ZrPT B La* Al Ols Cls

Fe2p

Na s

Fe,0,@ZPW Lo 5 c
Ols
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\

La3d Fe2p
\
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ZEERE eV
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A d—2Zr 3d w53 XPS R
B 10 Fe;0,@ZrP 2kt La® 5 19 XPS % &
Fig. 10 XPS spectra of Fe;04@ZrP before and after La®"
adsorption

MIE 10b /5 O 1s EaHHEEIAT LA, Fe0.@
ZrP Wit La® A5 A fiE 531.71, 533.51 eV Ab43 5%
N P—O J P=0; W [} )5 7T LI 5] P—O K& P=0
45 A RE R (R 531.91 FI1 533.53 eV 4bB s, #H
P—O il P=0 2 5 T [ i, B3 H i) H' 5 La™
RAET B35

MIE 10c B P 2p w5 HHEEIAT LI, P 2psn 2
A fE 133.41 eV X T HPOZ Bl ; 1 P 2p1n 454
At 13431 eV XN T H,PO 3 114 75 45 4 fig
133.38 eV A& A B, X P HMMELMDS (P)
X BRI, 454G O 1s WA, W
Fe;0,@ZtP WAFAE Zr—O0—P LMk Aa ™), Wt
JG P 2psn M P 2pip AbBYZE S REAEAR(E 133.28 FHI
134.18 eV 4bFs5ly, PifH La® SRS 1) H sl Na”
B TE e, R T P—O0—La IEXWE &Y.

MK 10d /) Zr 3d B PHE AT A, 45
AHE 183.14 eV ALK Zr 3ds, K454 RE 185.53 eV Ab
(4 Zr 3dy, PIASUELLR R Zet i S RVERAE W]
Fe;0,@ZrP TFELE ) Zr K2 A Zet 05 o it
fr/NEARECAL S WRfHS Zr 3ds, R Zr 3ds, 4545 RE
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K 11 A Fes0,@ZrP X La’* Al Wk Bt -t W AG 35 5
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Fig. 11  Adsorption-desorption cycling performance of

Fe;0,@ZrP for La®*

ME 11 ATRVE Y, BB PG REIIIN, Fe;0.@
ZrP X La® (R i R R R G BT R [, Al iR
K2, Fe;0,@ZrP R (20 mg ), MR- Wit
T e G s B HLRE | M ) R R R B 58 2RI L™,
el IR BRFAE A 0 o 9, AT SR L AN B 78 43 W BfF o
HZ5 5 R -G , FesO4@ZrP Xt La® iy m iy %
BBEIR N2 70%, Vi Fe;0,@ZrP A K1) # & H]
FHTERE

L TX T Fe;04@ZrP 5 B % & SCHR Hr ik B 5]
B La® W EGE . FTLAE H, 5 H A BRI AR L
Fe;0,@ZrP X La® i W B LA %5 i A Wt B 42

F T ORIEERRIXT La® W B RE RS HE
Table 7 Comparison of La®" adsorption performance by
different adsorbents

W/ R 5%

T P gy ik
p-CNC(JR Z)/MWCNT” 4.0 25 118.49  [35]
TR TR B A W o 5 5.0 30 71.00  [47]
CL-Zn/Al LDH? 7.0 25 92.51  [48]
Sn0,-Ti0, NCs” 5.0 25 65.60  [49]
T 3.5 30 175.40  [50]
Fe;0,@ZrP 5.5 30 169.14 A3

(Dp-CNC R R ILLF 4 44K ik, MWCNT hy £ BERR YN
KA QCL WML 42, LDH NZMRWA ALY ; GNCs gk
HAHFE

3 #it

(1) RHZK RN BB 25 T FesO4@
ZrP, WEEMAN 3.6 m¥Yg, FLIAFRHN 0.011 cm’/g,
HE A LG . Fe;04,@ZrP HYSNE ZrP FE L
T, BA RIa@Iigt:, it

SN 14.18 emu/g.

(2) Fe;0,@ZrP TERRME S5 T A KA Y W
P, fefE pH JE N 4.1~8.05 Fe;04@ZrP X La* W fff
7 5 h ALk E P, Ph—90sh f12E T REMER R IR La’
TE Fe;0,@ZrP Wl ; Webber-Morris 07 A 4™
BRI A 25 R B, 0K 9 9 BOAS S e — 1) 1%
WAL IR, T BEAETE LA i W B R PR 2

(3) Fe;O,@ZrP WL} La’ [y Jy 2 i 72 4%
4 Langmuir Bi8, 78 303 K A R & 0
169.14 mg/g; MRt F & . WIS 2 . Fes0,@
ZrP W B La* YHLEE N : Fe;0,@ZrP K ifi B FR SR
FEI AR R R H 8 Na™ 5 La¥ k488 735k,
MR La® fl Fe;04@ZrP FE IR K P—O—La #
Zr—O—La JE WAL 5

(4) Fe;0,@ZrP A RAFHIEZH HTERE, & 5
U FfE-F# W% S, FesO4@ZrP X La** iy W [ff 2475 fig 3k
B2 70%.

(5) =BT (Na'. NH,") Al HETF
(Ca*" . Mg™" ) Xf Fe;0,@ZrP WL} La’ My sE M AL /N,
H=MHE T AP SLAE 2 W] 8 FF % Fe;0,@ZrP XF
La®" f) W Bt 1 Bt

ARICHIF Y Fes04@ZrP AW BSRE ST, LA
Mo AR 1L AR AR B S T i — A 5 an e
TE AP LA AT, 32Tt Fes0,@ZrP Xt La’ iy
RRFIEBEME S
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