2023 49 J A o8 W R Vol. 42, No. 5
September 2023 ROCK AND MINERAL ANALYSIS 888-902

FUF5, BTSSR B R, BRIR R, 45 SRR D RE AL BRI SR W T TR MK AR rh e s k20 1 (0], 57 I, 2023, 42(5):
888-902. doi: 10.15898/j.ykes.202307290098.

BAI Yu, WUSHUER Ayinuer, OUYANG Lei, et al. Selective Separation of Scandium in Acidic Water Using Carboxyl Functionalized
Covalent Phosphonitrile Polymers [J]. Rock and Mineral Analysis, 2023, 42(5): 888—902. doi: 10.15898/j.ykcs.202307290098.

BRYIREIL IO G R SV TRV AR IR TR g R o

aF?, RS R-EAR, BRME, Hme, ma
(1. Hp b R (RO MRS 2z 2B, Wb i 430074

2. WA M BHE A BR A\, Wi B 3100075

3. FAR GRS LA A oy - SR SC g0 s, Widk 2 430034)

WE. ARSAHEERS BRERENBREAR P LA E4(Sc) M SRR, AH Fih 2 Tk 4 Fidf22f
Sc B #¥KegE K, R ET AR R ML Sc w4RBUAAE, BARAE Z A, R, IA R A 4esk KA
. AR BRAIVE RIMAF LS BBAENT T 6 Sc B A ESRAK, AFEE F S, AR
BT HEFEER, B, 433484 Sc BF 5 RATMALEE B TRAEH ZTFHL, HELELRES
BRI A, FHBRENRF Sc(ID ¥ Z BB BEXT R, AN AR KB 2,4,6- =54
KFBRAMALT, 53R RB 2N IH & T 20 B IS4 (covalent phosphonitrile frameworks,
CPF-T) A= % & o 4#84L CPF ##H(CPF-T-COOH) , K Aiafb v 4r, Losltit. #E ., RAORM-FRF 2R
AT Ao s M BEAT R AR, FHIRE T EA4EA Sc(IDE WA 04 B A% H ., BN LR AN, EER
pH=2 &, CPF-T #= CPF—COOH *¢ Sc(III) &9 %K Ff -F#7 & 18] 4 %) % 120min #= 30min, & KR A2 55 A
22.48mg/g A= 64.63mg/g, FERA B FIEERFHNE AL A A 5.1x10'mL/g 4= 4.0x10°mL/g, 1AIFEEMHZ,
FE BN R (pH=1~3) ¥, CPF-T-COOH *} Sc(IIl) # & Mt F 4% 4+ £ 95% A £, 81 B4 F CPF-TUR T
60%) VAR K % 3 TARE R A A, KA X HE BTt E At —F 547, 2R 2BF%R T CPF-
T BR ¥ NO RFL5 Sc(lll) #yfeiztk A 4, B —COOH L#5 O RF5-OH JH 5 A 3-A4E T 415009 Be st
A5 &EFRBER, ARHIERT CPF—COOH *F Sc(ID) # R W EFeF . AR AN, FIR SAhae LA
89 Y A ) A4 3 R T R SR IR M AR 6 R AR —, BT R &4 CPF-T-COOH #HAHH et 7, BILT HAEH
Sc(IID) B #1kH# BAF B R 3T 7% o

EEF: 4T, MBI ROY,; RBENRSB,; BEREAE; X HEEEFikiE
£

(1) % A5 0 0B I B2 o 7T L ILBR A Sc(ll) #9 B ziie B 5 &
(2)—COOH 154 3Bk i 22 A~ R I Sc(11) &9 £ -FAF A ALH] 2 Bt fife B F
(3) 24P 2h s R ) 09 W BRI AE R A 238 5% 7 RN Bk A 3t Sc(Ill) 9 25 &
RENZES: P618.7 SCHERFRINAD: A

RBAEA
ATy,

Wiks HER: 2023-07-29; fEEIEHE: 2023-08-23; S HEA: 2023-09-01

E&WHE: FZEE AT H (2021YFC2903000) S S D 7 Gl X IS/ HR BT s A SR TR 3 A
A7 o SR % T R 4 B B H (KLRM-KF202006) 5 FI SR8 I8 25 1 B0 L BH -5 PR H nd 200 & T Ok 4 9%
B3 H (2022IRERE304)

E—1EE: OF, WLRAE, S0k %, E-mail: ybai@cug.edu.cn.

BEEE: e, W, AN, RN RER RS, (il 85 S H 8 3H 0 FHAIEE
E-mail: huanglj@cug.edu.cn,

— 888 —


https://doi.org/10.15898/j.ykcs.202307290098
https://doi.org/10.15898/j.ykcs.202307290098
mailto:ybai@cug.edu.cn
mailto:huanglj@cug.edu.cn

% 5 3

FIF, 2 R IIREA LN BRI SR & W0 A TR PR B A e 4 40

a2t

Hi(Se) 552, BZ 1R EILFRAM 10K,
BN A MR T E 2 —, BE 2021 4R,
Sc,0, HIHHE H$900/kg, 4li4: @ Hirks h$3000/kg 12 .
Sc UM [ B i 5 . b AR5 e | R M b4
1t B AR BE IR R /R 2 Sk 36 L — b R A s ke g
JRE . G, )ART RS A | e
Wi % B 4 S L Ak S Al R i Y ek
i OV A AR Sc HYHBSE I F N 22ug/g, THAE
Sc fF R —Fh B [ 4 BT 2, S H LAREAE D AR AE,
A HAL A R T (ST kA L R
W) R B GR 5 & Se M) AR IR
oA 7 S A R P AT, B TR K L R i
PEAFEIL L) Se IR IR Hh A7 [RTICR AR
A5 5 2 45 () BT, o G A A8 G 1 0 2 % R
HH ga K p sk, B, B3 IR A R I Se
74, HRETMES Sc A feriises: ) | W
Ry U0 A L b D
2 B R A B A SRR L [T AR 2 50
CL B 5 K — R 3 ik Se A . HRT,
HE T T3 89 Sc(IT) B W B 30 62 4% R 56 B4R} (fn
SAB-15) 11671 e wpkbopt 00 | 4B A B 6
B BRI AR E— R X Sc(IID) %
S B £ R R 3, T 3ok B g o 50 T A 1 45
Bl A R S M 2 RV AR A — o DIy R B A 1
SR 5, SRR AT Y pH 3 A B, W B 75
TR BV WA AR R AR T 25 ], T b
Sc A 45 FURHN 1271 T3 2R AR IR | AR sl iR 25
SRERIET TAbT 120 | PRI R S RS TR IR A R
SRR EIY Sc(TID) FME B 28 56 B

SN A LR AR S et e i 2 LA
BUBP R, o T ATV A A2 2, 7T LA H b g
TR B R FLAR R T Dy RE S P 2 R A
HHE, M AR — KB BRI R TR
WERER L (212 R A R R R AT T AL S
955 B B T E A 2 il B e HE RO B S Bk £
BObDRHE R TR BRI 2 —, TR
STV I A P BEAE AT LAAE — 8RR b R p R A
v B R ] 2 2501 ) S, AT S B R 1 2 b I A
FRYPEREAEIR T 1242 (B d T H RS R A4k
LRI ARSI R TR T 488 T
g RST, PRI 7 12— R T R R i S 7,
KA ES T B T ELE R AR 20 s
b B9 - LA R F VST 2 1 1 2 4 St A HL R
T LU X — [ A 2 (R AR R b

T ARG R 2. XTI A HLR AW, &
T i AT 2 v A B 50 O B 1 B 1 o — P L
Heo fildm, FEMORER SIS S B RER n-SH 2 |
C=S 21 TT LA &l B % Hg (1) 4 1 s g
X — 7 EEARYE Lewis %R 2 o B8 S 80, BI7E
MBHE IR B A S 5 B bR R AT Y
TIRE W . X TR L T, P00
-NH, ! SRR (L b S 2 A SRR . W
T DB — D) B B A A 1 W BRF 2  ) 32 BR 1Y
[ 8, SR A 22 B A [m] 2y i 356 1T 19 2 BB sl 7 A
BRSPS Z A A F R D RE L A1, R AN [ 3
W Z () AEAE B BRI, AT A b £ b X 1 4
[ FLAR B T IR pR e g A i ) P

Zhang % 124458 (9 LA BE RS B 4 9 (covalent
phosphonitrile framework, CPF-T) [\ 522 &H £ E
B B A PR B N/O 1 FE AT, BEGE bR X B R M S T
Sc(IID) AR . A8 SCHE CPF-T iz Lk —
5| A5+ HA SAHEAE R —COOH TRER: A,
il g R IELTh BEfb ARl CPF-T-COOH, LI 7T ThBE
H—COOH 5| AJG, M Sc(TTT) B FFRR A 52
K (L AR 2T A3 (FT-IR) . V00T (TGA) |
FA9 LT 0 AUBE (SEMD) | 80/ R oRF - R ST 36 o) A ek
EEAEIEAT T FAE AT RS SE XS L T CPF-T
5 CPF-T-COOH i Sc(I11) W Fff: RE ff) 22 57, A 457
W pH 520 | W B 20 g 2% | IR B SR Lk | R
PEo e, it X PG T REIE (XPS) FAFHE—
ARV T CPF-T-COOH WY [ Sc(IID) i 4 FH AL 7 .
XTI SE A SR 4 e 15 e 8O B 3R Py i 5 i
LSRR

1 R
1.1 FEGAH

ANATEBENE(HCCP) | ToKBIR =, =2
T4 A g RTRL T AE R A R AR . 2,4,6-—F%
FEORHTR: W (R AE R A IRA R . 1,4-Z 50N
W R W A i s AR A R D

JoK B, SAAEN . WA DR . WL . T
PR | ARG | WYBRAY . ANERGS . mYMREE. W A EI 254
A AR50 BRA 7l o BREREE: W H kARt k4
(VLI AR

DL R o drali, Resatife)a B
1.2 WRFRHAARHG

08 Zhang % 124 HH 19 7 B2 11 % CPF-T, &
ZOLBRANE 8% 1mmol [H] 2K = F1 0.5mmol HCCP

— 889 —



55 3 o

ik
http: //www. ykes. ac. cn

2023 4E

T ImL B9 1,4- NP 2 I B3 B 1A T,
RS IMA 0.84mL =% . ¥ ULIR A W5 2 8mL
KIS 28, #E 80°C R I 24h. 7= 4 FH K
B, NERPERILIR o B )5 7E 50°C F H25 T8 12h

2,4,6-= 2 BN W R, 4 B[R] AE 20 98 ) £ CPF-T-
COOH, =W AR . B 1 bRkl ik
172X, 2 F B -OH 5-C1 2 [al (Y BUR 2 b, (43758
TP BB AW, 1R IRl 2 oK —COOH 5] A 454

HHRP

il A5 1R By R AR CPR-T. 4 8] K = B B 4k

A
cl g N .\ |
NZ N 14-Z 40N !

| Il —_— b
Cl—~py _p—Cl \ On,,
80°C, 24h OH

Cl Ps
N™ SN
COOH }l)l ,15
P e O] ”f
/©: w0 é—’ .Oﬁ Mo 43 0
HO OH [ @ |
N

Bl LRSS &Y CPE-T AREEIIGEILARL CPF-T-COOH Hill# b2 i bk

Fig. 1

1.3 WRBRFSizss 3= Binifs

WS RR BT 2% A R e i Se(1ID) 1 s 1
W, MR A 1000mg/L.  fifi i 0.1mol/L fil§ /i Al
0.1mol/L & A AL AN W 15 3 W Y pH, 3 A% v fiff
pH HH#EAT W, L 10mL B0 8 N A RS, EE I T
A 3 1 R AR 17 i (150r/min ) 847 108 B 51256, 1% B350 P
A 1g/L, LI 3 4 AT LR - E . IR
ARG, 28 0.45um AL B AR U8 S 15 28 4
EXPEC 6000 7 F JBFE 5 55 125 1A & OGS (BTN
S H R kR A R mDM G, bR il 207 B
R*>0.999,
1.4 MRERAES %

R T SRR A ) L A, 8 AR
— 890 —

Hexachlorotriphosphazene crosslinked with phloroglucinol and 2,4,6-trihydroxybenzoic acid to prepare covalent phosphonitrile

framework (CPF-T) and carboxyl modified CPF-T-COOH.
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Fig. 3 Nitrogen adsorption-desorption isotherms of CPF-T (a) and CPF-T-COOH (b).
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Fig. 4 The effect of solution pH on the adsorption of Sc (III) by CPF-T and CPF-T-COOH (a) (Adsorbent dosage: 1g/L; Temperature:

25°C; ¢, (Sc)=50mg/L); The adsorption kinetics and fitting curves of pseudo-first-order kinetic and pseudo-second-order
kinetic (b) (pH=2; Adsorbent dosage: 1g/L; Temperature: 25°C; ¢, (Sc)=50mg/L); The adsorption isotherms of CPF-T (c) and
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EREME R T CPF-T, X Al g & 2 D B S U R VE
MZEF(FE 2.3 it —251 e ) . BRI, CPF-T-
COOH *f Sc(I11) EA #4s i W i e 61, 7 55 s 1
FH A ELA BRI ISR 2385 Sc(TTD) fHE 17 .
2.2.5 5O HGEMRA IR BEXT L

F3H AT — LR IE A9 W S CPF-T-
COOH *f Sc(IID) Y7 [ #E W pH T~ 114 W2 B~ st
Vi) R g A O o 5 o o RS - W B 390 4 e A pHL oy 5
Ze 44, T CPF-T-COOH 1 LA7E pH=2 YA it i B
>95% 1) Sc(I11), AH Lt H: Ath W fff 55 B A7 B2 /Y
pH i Gl . CPF-T-COOH 4 5 K W Ff 25 42 4k T
H ) 7K ST, R IR P A s ) -5 At TR B 550 AH B
AR . 1E Langmuir W fHE5E IR AR, K (E#R
KR 5 FAR Y 0% B A0y e 400 CPF-T-
COOH 1) K 2 HAth W B 50 19 10 A5 LA L, 7 5 5%
ARSI T, AR A TR A W B 30 )2, ik
S Ay it B[] R, T LA TR T A I ) O 2
(EETIEEp i =N
2.3 WRBHLER S B

A T 5% CPF-T-COOH %} Sc(II1) A 1E FIHLIE,
Xof W B A S A R RHEEA T T XPS RAE . A BRI R,
5 P B N, O JE R v, X6 57
HABE AR ) . tksh, —COOH Bk T 7T LA

# 1 CPF-T Al CPF-T-COOH Wk} Sc (111) IHE—ERMIME — sl )1 A BRI E 25
Table 1 The fitting parameters of the pseudo first-order and the pseudo second-order kinetic models for the adsorption of Sc (III) by
CPF-T and CPF-T-COOH.
ME—20 3 Iy HEZ 3 Sy
g 55
B K, qe1 R K, qe R
(min") (mg/g) [g/(mg-min)] (mg/g)
CPF-T 0.1475 18.38 0.93 0.01195 19.83 0.98
CPF-T-COOH 0.3693 44.42 0.99 0.02216 46.78 1.0

#22  CPF-T Ml CPF-T-COOH WEH Sc(111) i Langmuir il Freundlich ZFRERBBRHLI &S5
Table 2 The fitting parameters of the Langmuir and Freundlich models for the adsorption of Sc(IIT) by CPF-T and CPF-T-COOH.

Langmuir % RZE5 7 Freundlich 4R 2R A
1 B35
BRI Ky Gmax 2 K; 2
R -1/ n R
(L/mg) (mg/g) [(mg/g)-(mg/L)"""]
CPF-T 4.099 22.48 0.93 12.21 5.998 0.74
CPF-T-COOH 5.994 64.63 0.96 49.97 15.74 0.74
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it 0 5 Sc(I)FEATRL LA 134, 5 m] LA it 85
SHAET 52 B R MR LS i N Ao
) XPS ZEJEHEAT T A4, DL A X 48 ] 58 i il
RRFAVE AL -

3000 HOR Sc2p 15 Nis 1454 REAR I, (EL7E W W

2000 Nls 19 XPS J&I& (1] 6a) 0029 118 T Sc2py.

. (408.16V) Fil Sc2p,, (400.8¢V) 451 g [ | i ]
Sc(III)#% CPF-T-COOH &I 43k . &l 6a 78 Nls

coon FE =AM IR, 4350 P-NH-P(398.0eV) . P=N-H

JLBRAAE: pH=2, WM 1g/L, W 25°C, ¢=50mg/L,
Fl5 CPF-T Ml CPF-T-COOH 7E3647 & 7o) &) 1 1
W K, fi
Fig. 5 The K, value of metal ions by CPF-T and CPF-T-COOH
in coexisting ion experiments (Conditions: pH=2;

Adsorbentdosage: 1g/L; Temperature: 25°C; ¢,=50mg/L).

(399.3eV) Hl P-NH,(401.6eV) 2! W[t Sc(1ID )5,
= PR AR A T T AL IR & 398.1eV,
399.6eV. 403.5¢V. XS T N5 Sc(IlD) Z [A] /) FiL
PDEAE 208, B N 7R 90 B 79 Tk 48 N
Ji A1 Se(1ID) Z [T A (A BC A7 8, 380 N 1)
L 2 25 BERRAIR, 25 4Bt >0,

&l 6b 7R AR Sc(TID R Ols A PUFp ik
B4, 43 Bk C=0(534.2eV) 171 | C-OH(533.2¢V).

#3  CPF-T-COOH 55 CIER Sc (111) WFFIPERE (efE pH, WRKPPRII I, BRWRM AR, K fH) Xk

Table 3 Comparison of Sc (III) adsorption performance (the optimal pH, adsorption equilibrium time, maximum adsorption

capacity, and the value of K| ) between CPF-T-COOH and some reported adsorbents.

BB Al W% 5T o i) T KR [ 5 6 Ky 755%

pH (h) (mg/g) (mL/g) SCHk

0.075-AA-0.072@MIL-101 45 5 90.21 1.7x10° o

BT/CoFe,0,@Si0,-CMC/PAN 5 5 49.05 2.9x10° -

IIPBT/CoFe,0,@SiO, 5 2 128 S

CL/SiO, 6 249 1 23.76 - z

P40-750 3 #5910 18.63 3.1x10° v

2-MWNT-sil-P 4 24 32.92 - L
CPF-T-COOH 2 0.5 64.63 6.0x10° ELED

H: 0.075-AA-0.072@MIL-101 A NIGEIRTIRELIY G JE B UL LM ¥ BT/CoFe,0,@Si0,-CMC/PAN i #R I B SRME AN 1-(2-NHEIE(H 2D -2- 2555
TIREALAIRETERZIE 90k A8} TIPBT/CoFe,0,@Si0, N B T ENAIKRE A RETEZE + 5 CL/SIO, WA R IL btk E S8 2-

MWNT-sil-P BRI — SR S

@ [— (O] p—TrT
s P=N-H: 399.6 B
ey WA C-0:532.2
P-NH,: 403.5 ., C-OH: 533.3
o N S¢ 2Pz P-NH-P: P-0: 531.3
DC LPxs»
‘/< ’ / \ 398.1 C=0: 534.3
/
- . U
BE 3993 3980 r——
533.2 532.0
401.6 = 530.9
; 534.2 :
—_— . Mz Bt iy
W2 BT -
408 404 400 396 538 536 534 532 530 528
SR EGEV) HEATEGEY)

Pd6  CPF-T-COOH WM Sc (IIN) )& N1s (a) Fl O1s (b) FiZk XPs i
Fig. 6 High resolution XPS spectra of N1s (a) and Ols (b) before and after adsorption of Sc (III) by CPF-T-COOH.
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C-0(532.0eV) | ) F1 P-0(530.9eVv) | ) Wz it
Sc(II &, C=0. C-OH. C-O I P-O HI45& RELIA BT
Thi, if% 2 534.3eV., 533.3eV., 532.2eV Hl1 531.3eV,
ULHAEAE O 5 Sc(ID A BCAAVE A o EAR TR,
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() 0, [a] BF C-OH iy e 1fl B BH @ /D o 3k 2 A

R EE H R B 25, Sc(llD 5 O TE L T A Bid
fi e L1455)

Hi4E CPF-T F1 CPF-T-COOH ) XPS FEAF4%
BE AR C.N, O, PAI CLUGE & &4 C:
44.8%. 52.9%; N: 12.8%. 11.8%; O: 25.2%. 20.8%; P:
12.8%. 7.3%; Cl: 44%. 7.2%. & X £ CPF-T-
COOH 25 5 Sc(II) & B /ER I N, O L&
F LT CPF-T, {HJ& HLR FHE R ST 4T, X AT LA
1] EIE 22 T 8 L A D R ML A2 38 = % B Am 4 e B 2%
T A RCR B

DI b5 B, B2 T CPE-T 454 h A B9 N
O J&F5 Sc(II) /= A: fic i /E 1 4h, —COOH 241 T
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B sCAE N . AEZFHLEI PR RIVE R, 4R
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3 45
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Selective Separation of Scandium in Acidic Water Using Carboxyl

Functionalized Covalent Phosphonitrile Polymers

BAI Yu'?, WUSHUER Ayinuer', OUYANG Lei', HUANG Lijin"*", SHUAI Qin'"?

(1. Faculty of Materials Science and Chemistry, China University of Geosciences (Wuhan), Wuhan 430074, China;
2. Zhejiang Geology and Mineral Technology Co., Ltd., Hangzhou 310007, China;
3. Key Laboratory of Rare Mineral, Ministry of Natural Resources, Wuhan 430034, China)

HIGHLIGHTS

(1) Carboxyl-modified covalent phosphonitrile polymers can be used to obtain efficient and selective separation of

Sc(III) in acidic media.

(2) The main interaction mechanisms between Sc(Ill) and —COOH modified covalent phosphonitrile polymer is

coordination interaction and ion exchange.

(3) The synergistic effect of multiple functional groups effectively enhanced the binding ability of the covalent

phosphonitrile polymer to Sc(III).
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ABSTRACT

BACKGROUND: Scandium (Sc) is widely used due to its excellent properties such as high melting point, high
boiling point, low density, and good stability. However, as a typical dispersed element, Sc usually exists as an
associated mineral. Sc needs to be recovered from the production of ore residues and tailings by-products of other
metals, the production of main products from Sc containing internal (external) deposits, or from industrial
wastewater and waste residue. Among numerous technologies for separating Sc, the adsorption method exhibits
promising prospects due to its advantages of simple operation and high recovery. Currently, several materials
including silicon-based (such as SAB-15), biomaterials, and metal organic framework, have been used for the
separation of Sc(IIl). Although these adsorbents exhibit good adsorption ability for Sc(IIl), the inherent structural
drawbacks such as poor chemical stability and with only one type of functional group result in the poor selectivity
and inferior adsorption capacity, thereby greatly hindering their practical applications. Considering that acid
treatment is often required when processing raw materials such as Sc containing tailings, it is crucial to prepare
adsorbents that can efficiently and selectively recover Sc(Ill) in acidic media.

Covalent organic polymers are porous organic polymer materials connected by covalent bonds. Due to their
adjustable chemical structure, tunable pore size, and easy functionalization, they can be custom-made according to
the characteristics of target ions. As one type of alternative adsorbents, they exhibit promising prospects. The pore
size matching effect is conducive to achieving the efficient adsorption of target ions in acidic systems. However,
because the pore size of the vast majority of covalent organic polymers currently synthesized is much larger than
those of metal ions, this method is generally applicable to larger sized ions such as hydrated uranium ions. The
utilization of ion imprinting technology or the ingenious selection of monomers with size matching cavities with the
target ion to prepare covalent organic polymers are effective for address these issues. However, the complex
preparation process makes it difficult to scale up. For covalent organic polymers, modification with special
functional groups is another effective strategy to improve their adsorption performance. To tackle the issue of
limited binding ability caused by the single functional group, research has shown that the introduction of various
functional groups into the porous skeleton structure can effectively enhance the selective binding ability to target

ions by utilizing the synergistic effect between different groups.
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OBJECTIVES: To improve the adsorption performance of porous organic polymers for Sc(Ill) in acidic media by

utilizing the synergistic effect of multiple functional groups.

METHODS: Phloroglucinol (1mmol) and hexachlorocyclotriphosphazene (0.5mmol) were dissolved in ImL of 1,4-
dioxane, followed by the addition of 0.84mL of triethylamine. The mixture was transferred to a hydrothermal reactor
(8mL) and reacted at 80°C for 24h. The product was washed several times with water, ethanol and acetone,
respectively. Finally, CPF-T was prepared by vacuum drying at 50°C for 12h. CPF -T-COOH was prepared
according to the same procedure by changing phloroglucinol with 2,4,6-trihydroxybenzoic acid.

The infrared spectra of the CPF-T and CPF-T-COOH were collected by Thermo Scientific Nicolet iS20 Fourier
transform infrared spectrometer (FT-IR) (Thermo, USA). The microstructure of the polymers was studied using
SU8010 scanning electron microscope (SEM) (Hitachi, Japan). The thermogravimetric analysis (TGA) curve of the
polymers was collected by the DTA7200 TGA instrument (Hitachi, Japan) under N, conditions (N, flow rate:
20mL/min; heating rate: 10K/min). The elemental information of the materials was analyzed using Thermo
Scientific K-Alpha X-ray photoelectron spectrometer (XPS) (Thermo, USA). The N, adsorption desorption isotherm
was measured at 77K using the Micromeritics APSP2460 4-station fully automatic specific surface area analyzer
(Micromeritics, USA). The sample was vacuum degassed at 120°C for 12h before measurement.

Adsorption experiments were conducted at room temperature using a constant temperature oscillator
(150r/min). The adsorbent dosage was 1g/L, and the experimental data was obtained as the average of three parallel
experiments. After adsorption, the supernatant was collected by filtration with 0.45um microporous membrane.
Subsequently, it was tested by EXPEC 6000 ICP-OES (Hangzhou Puyu Technology Development Co., Ltd.), and

the linear correlation coefficient (R*) of the standard curve equation was >0.999.

RESULTS: CPF-T and CPF-T-COOH were characterized by FT-IR, SEM, TGA and N, adsorption-desorption
analysis. The appearance of P-O-Ar, P=N, and P-N stretching vibration peaks in the FT-IR diagram indicates the
successful crosslinking of the organic monomers. In addition, the appearance of C=0, C-O and -OH in CPF-T-
COOH indicates the successful modification of —COOH. TGA characterization indicates that the resulting
materials have a good thermal stability within 150°C. Through SEM images, it can be observed that the micro
morphologies of the two materials are different. CPF-T presents a relatively smooth spherical structure with some
agglomerating, CPF-T-COOH exhibits an irregular, ant-like porous structure with a rough surface. The N,
adsorption-desorption isotherms of both materials belong to type II and show a strong absorption in the range of
P/P,=0.8—1.0, indicating the presence of microporous and mesoporous structures. The specific surface area of CPF-
T is 76.5m”/g, and total pore volume is 0.38cm’/g. The specific surface area of CPF-T-COOH is 2.61m%/g, and the
total pore volume is 0.035cm’/g.

The adsorption performance of CPF-T and CPF-T-COOH for Sc(IIT) was investigated through batch adsorption
experiments, including the influence of solution pH, adsorption kinetics, adsorption isotherms and adsorption
selectivity. The adsorption efficiencies of Sc(IlI) on the two materials exhibit different trends with respect to the
solution pH. As the acidity of the solution increases, the adsorption efficiency of CPF-T for Sc(IIl) significantly
decreases, and at pH<3, the adsorption rate is below 60%. However, within the range of solution pH=1-3, the
adsorption efficiency of CPF-T-COOH for Sc(Ill) remains above 95%. The adsorption kinetics experiment shows
that CPF-T reaches adsorption equilibrium within 120min, while CPF-T-COOH can reach adsorption equilibrium
within 30min. In addition, in the adsorption isotherms experiment, the maximum adsorption capacity of CPF-T-
COOH (64.6mg/g) for Sc(Ill) was higher than that of CPF-T (22.5mg/g). Finally, the adsorption selectivity was
evaluated through coexisting ion experiments. Both materials have the ability to selectively adsorb Sc(III), with K
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values of 5.1x10’mL/g and 4.0x103mL/g for Sc(III), respectively. The adsorption performance of CPF-T-COOH is
not only higher than that of CPF-T, but also has unique advantages compared to some reported adsorbents, including
a wider pH range, fast adsorption equilibrium time, and higher K; value. These results indicate that the synergistic
effect of multiple adsorption sites is an effective strategy for improving adsorption affinity of adsorbents.

The adsorption mechanism was studied through XPS analysis. In the high-resolution XPS spectrum of N1s of
Sc(IIl) loaded sample, all the binding energies of P-NH-P(398.0eV), P=N-H(399.3¢V) and P-NH,(401.6eV) show
an increase, shifting to 398.1eV, 399.6eV and 403.5eV, respectively. Meanwhile, in the spectra of Ols, it can also
be observed that the binding energies of C=0(534.2eV), C-OH(533.2eV), C-0(532.0eV) and P-O(531.0eV) shift to
534.3eV, 533.3eV, 532.2eV and 531.3eV, respectively. These results indicate the existence of coordination between
O/N and Sc(III). In addition, a new peak at 529.3eV corresponding to O-Sc bond appears in the spectrum of Ols for
Sc(Ill) loading sample, and the peak area of C-OH significantly decreases. This is because the H atom in the
hydroxyl group is replaced by Sc(Ill) through ion exchange, resulting in the formation of a new coordination bond
with O.

CONCLUSIONS: Covalent phosphonitrile polymer featuring abundant carboxyl functional groups is successfully
synthesized by the solvothermal method. Compared with CPF-T, the carboxyl-functionalized CPF-T-COOH
exhibits a much stronger binding ability toward Sc(I1I), where the adsorption efficiency of Sc(Ill) in acidic media is
greatly improved from ~60% to greater than 95%. In addition, its adsorption capacity is 3.5 times that of CPF-T.
The result of the mechanism study reveals that the enhanced adsorption performance is attributed to the synergistic
effect of multiple functional groups, providing an alternative route for the preparation of new materials with high

adsorption performance for Sc(IIl) capture.

KEY WORDS: scandium (Sc); covalent phosphonitrile polymers; selective separation; synergistic effect; X-ray

photoelectron spectroscopy
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