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Abstract

Sodium alginate was used as a modified material to successfully prepare sodium alginate grafted
phosphogypsum composites (SA@PG) for the removal of heavy metals from water by blending, cross-
linking, and grafting reactions. The adsorption conditions, including adsorption time, adsorbent
dosage and solution pH, were systematically optimized. Various analytical characterization methods
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were used to characterize the morphology and structure of SA@PG composites, and the results showed
that the composites had advantages of three-dimensional porous structure and multiple active sites
of action, which gave SA@PG good adsorption capacity, and the maximal equilibrium adsorption of
Cd(1I), Cu(1I), and Pb(II) could reach 48.02 mg/g, 58.86 mg/g, and 123.39 mg/g, which is better than
PG alone. The adsorption behavior and mechanism of SA@PG composites were investigated using
Langmuir and Freundlich isothermal model, and the results showed monomolecular layer adsorp-
tion; thermodynamic analyses showed that the adsorption process was heat-absorbing and sponta-
neous.
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1. 5|8

B TAACFIR T LI PR R R, EE RS R OO AR ISR N 2 —. guilddlE 2o, RE
F B A CE 2 32% 17K G B F R AOK AR #E . 48 EF Cd(ID). Cu(I)F1 Pb(l), #AM%EM
MR K MR OKEE R ARAIK PRI, X K S B WS AR YRR AR AN BRI, B KA S8
IR IE D B AR T AR P, W SR ) S N A B 7 AR AN RT3 1 e T 1) R B A R 2, Cd(ID)
Cu(ID)AN Po(I)F5 B & 8 & 1IN 7 T2 fasE , EM SRl KA CRIFIE VI SCI AR s £, g vEAE
FTE B AR TR RIERG. MEM% KRS 2]. Fik, JFRIELETE S ALt
1) 8 4 PR /K AL B R A 24 I 7K 5 G v6 B AT A% O BF 72 R

WA B (PG) IR IE B IR AE Po il FE AR P2 AR I — Fh L& =9, H R 22 p 40 N CaS04-2H.0, &
DRI LBER . A BB T UL N3], SEREERAE R R 2 120, K
PEAF AR, A T KR LR R, T BRI N KRR S . A E SRS TEAMTIK, HY
IS [4] BB AR A — B B33 1 oL@ =4, AE PRI B AN 3 0 R 45 7 T B A R AP K e 5,
I — P AR . SRR A AT RISOR A ELAS 2 B S B U E B A B 2 AR
SEHU A B VR R, DD RIS IR RE A B E . SoEREA B ' A ARME A — R B I
MERERA AR PR B A e M 3h, Ol T Z MIE[5]. Zhao Z5[6]F] FH -+ ke 3t 4 hk
FREN L PERE A, SDBS Jl i A H LU AT R FRTE PG 3R THT, $RJ5 Cu(ID) T4k 2 A v A FH
W%t /£ SDBS@PG KB SDBS IR W I, X Cu(I) A& WA 23.33 mg/g. Li S5[7) WA B IR
ATH A THBYI(PADC) H HEEU A= Pk v] LA RO B K R R 6 - Ma S5 [81F 7 T FH A% (CaO) it 1
1541 8 (PG) il 2 Wt 7] m-CaO-PG, FFH T MKt £BR As(V), m-CaO-PG %f As(V)I s KW by &
N 37.75 mg/g. R, PRZRMBA B, MR 80 m i SO B A 2 S MRME R Bk i 46 R B 1 1
FRAER B M R LA R

GRS AV E N — TP RIRZHE, e TR rE . RSB NE, TiME, WIEFE RAT LR
M, OTERE T, BT, BTN AN NI BE G RO B AR SE 2 MR Rz B [9].
Hoy TP AEE KRB R E(-ON) MR IE(-COOH) B REM], X Lyl Mk [ B (L E AL B S I S 4 )8
FHES 1 B 128 3, R /KARBE b JR I H X 4 8 25 1 I i A BRIt e, (FLZ M RE B 2 K IR SR R A7 7E
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JIEERRPEAN L, W 8 R T IR PR B B8 5 58 LA B s A e RS2 PRAE I R 10 PRI RR 2 &
GO, SRTEULPR I ERE, TREN SA FESERR B oI R BRME . XS 115K R A A BRI i) 2 — Fhol B o
TRE SR NTA/SA)NIK, FE T AE S FAT TA/SA W UVDAT ARIFEN, FFEAT TR 5)
JIFRATJEIRTE, PRI T TA/SA FERXS UVDRITRBATEE . V[ 125 & —Fhol BY I e R0 22 i ffs
A, B AL = EPR I T 2, R L% BRAE R R Cu(ID) A /K BEIR R . FRE AT WL, DA R R4 S el
A, RFEE N E G 7R B R O R B 1 R B RE .

AL A EERRANE et AR, DASRIR . BRI R DL e A B, BRI ) % g VR R B R Wl
BHAME(SA@PG), FT /K B 4 &8 10 Bk o 38 i D01 sSo b 780 5 55 2% A1 i A A e s 0 1 R B 5505
K E R AT R AEJ715(SEM EDS. FT-IR. XRD %)%t SA@PG & &+ BHATESRMEE AT RAE; TR
W9 T SA@PG K7k Cd(IT). Cu(IN)F1 Pb(I1) 42 J& FH B 1 (R W B BE AN B L3

2. SLRERSY
2.1. MRS

WA B GIL S R TERIE R A ) HERHCH. EEALHI(NaOH) . BEER #(NasPO4) - FRREN(Na:SO04)
IR (Na,COs) EAE(KCD) S EE(MeCl). S (FeCls). HEEERN(SA) I o al, EZ Y
WAVEBR AT,

PTX-FA210S B eI br KT (R EH TR R AT). TAS-990 B KA -1 43 e e B - (db At
WA IE A RS AR ZQZY-88AN BUEIR IR 5 ( LG A AR AR HHE TR
—ERHE I R A ).

2.2. EGMRIEFIESRIE

2.2.1. SA@PG By &

Bkt PG HEATTRALFE, /Kt PG ML I mIE LR, SRIGTE S0°C MR B T, FFEat 100
Hmw B, SRAFHALHE S 1) PG FEMh . FREL 2 g WAV AR, BT 100 mL &8 -7/K9, FHREIHEE
FRTE 400 r/min 1 80°C [IGERE FHtHE 3h, 78 LREHFIIAN 1 g WARHS ) PG, FaEE, RS2
(R . PO BV 218 9 50 N E 1 mol/L CaCly W, FIRE /14 HE 24 4E 200 r/min F1 25°C
MRS FHEEE 3h, BEEK Wt aE, A LB Fokpp e & bk, EHAT T SOCHIERE F T8 12h, 135
% SA@PG.

2.2.2. SA@PG BYZRAE

SA@PG HEMEATRAERAE, @IS T S (SEM)S RE 1A (EDS) A WA RO % 3
FItFE A AEB X S B AT I (XRD)ENT SR S5 M RFAIE s 45 &8 Lt AR e 20 A 6 1E (FT-IR) /0 M 3R T B
fie A0 22 2 R

3. ZERE5VHE
3.1. SA@PG BIRIESD

1 4 PG 1 SA@PG EAMEHNHAREREEE . 5K 1) PG Lk, [ 1(b)+ SA@PG B KA
THHRRA, BEE RN, MEERTTHEEFR BRI, A 2GR BRI RZETE ok,
RO RS B 5 1 HE B 2 RRE 4 R R, B0 — B 5 0 SR DR 2 R T 9 R R S A (e Wl A B 3R T
TERLT 8 BB FA[13].
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Figure 1. SEM images of PG(a) and SA@PG(b)
1. PG(a)f1 SA@PG(b)#J SEM &%

R 1 2(a) e R WS BIRf 5 T SA@PG HIVEANL A e R A, ATLES] C. O, Na Zo R 2545
i, EDS et E 2(b)tBI&IFE T SA BB .

Figure 2. The element mapping diagrams(a) and EDS spectra (b) of SA@PG
2. SA@PG It RBLEE () FREEIL E (b)

ML 3(2) TR FT-IR BRI AR |, 7E 1614 cm™ 4% O-H FIRFHIEIR I 14], HEHERR N R EE MR
FERL T 1624 F1 1633 em™! [15]; 984 cm ™' AbAFA/EJE T C-O MHRBNIE[16], 3391 ecm ™' AAFLEJE T--OH 1
RAEIRBNIE[17], 1408 con! ALA7AAE & T-COO- I 4E R B U6 [ 18], 1R LERFAF I #Ud B 5 BR B L 48 T ek
WEAE, FHESME SA@PG H & KEH hEH

PG Al SA@PG E &M EHY XRD Stk i £ 3(b)Fﬁm RIEL AT LA 1 SA@PG H) XRD fiTht Kk
WP, I BRA R AR R, TESE T HIGE M [19], X2 TR I I A, X R R
PEIR S AR SR TR REIE, AR TR E SR T

(a), SA@PG o (b)
' “W e . SA@PG

TR IE
FEXT IR

ll ll.n S
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Figure 3. FT-IR spectra(a) and XRD pattern(b) of PG and SA@PG
3. PG 1 SA@PG &Y FT-IR #iZ[El(a)F1 XRD Ei(b)
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3.2. SA@PG I

7 0. 0.2. 0.5, 1. 2gSA Mtk 1 g PG & EEMEL, LIFiE SA 5 PG s fELLHl. MK 4 7]
PLEH, Rt PG X PbI)AE — I EBRACER, X CAADA Cu(I)EA ERRACR. L SARINEN1 g,
B SR & R, SA 5 PG BUE LN 1:1 I, BAHEXT Cd(ID) Cu(IL)F1 Pb(IL) 1M f i 2 A,
F SA 5 PG LA 1:1 [ & il & SA@PG EAMEL.
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Figure 4. Effect of amount of SA modification on removal rate

B 4. SA R INE I EBRERIF

3.3.SA@PG EEMHNERES BT WERMR

3.3.1.78% pH

H£%¢ pH H5r 51N 2.5. 3.05 4.0, 5.0, 5.5, SA@PG Xt E 4@ WAL, M 5(a)aT LI
|, SA@PG X =FPE &R BT 1 EBRFEIE pH 1A= M oK. EK pH R, W sk BEA
B FATIR BRAT s BE A, ESS T R B Rk e B S 4 o 2 pH AT R, W AR R T R R
B S B RE R AE L Ak, MR R R A B R, RPUE SR A, BTCATERGE pH MR, TR
Bt A k5 4 g B B ] (i FEAH ELAE FH g3, AT 70 B 4 S B IR PR A% [20]. 24 pHL BN
5.0 I, SA@PG Xf =FiE &8 5 10 LR LA E] 100%. Hik, fE8 ORI Rd, =MELSEE T
W EIPIEE pH BEE N 5.0.

3.3.2. IRFfRETiE]

I HT 0 min~240 min P3[R BB TR0 6T IR B 2038 R SR, LA SA@PG 5 B & @ 25 1 IR VLI
AR K. Qi S(0)FTR, SA@PG XF Po(ID) IR FE &3 AE 30 min PIREFET:, A3 98.66%, b5 T
Fasg: XS Cu(ID)FN CA(IT) R R A U 75 5K 210 min A RS B PARIRS . X —ZE R R IZE SR
Xt Po(IT) 2 B H B o 1 R B AR 35
3.3.3. SA@PG & ME

BT SA@PG 7E 0.25 g/L & 1.25 /L WEHAIE T8 Cd(I) Cu(I)F Po(IL) =5 5 4 Ja 55 T WY,
WK SR, JENEM S 10 mg, B 0.5 g/L I, Pb(D)F)ZFRZFEAE 30 min 5 F] 98.27%; 1 SA@PG
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FHE M 5 mg B 0.25 g/L #/0% 20 mg B 1 g/L i, CAADAT Cu(I) = FEFREREM, XTEEHTFES
MBHR IR, R R PRt T B TR WAL i 2 [21]. BEE S SR E R4k s n, 2
BRACRE AR B, XEFANERPFAENESRS TAR, CARRHEMm. NEFHEEE, G
0.5 g/L SA@PG 1ENZFr Po(I) LR INE, #E#F 1 g/L SA@PG 1EA%FR CAIDAT Cu(Il) 1 f 4% m

Ho

3.34. HEBF

WAME 7 Fe**s Mg?'s KYETLHHE 71 Cl SO; « PO, XTI FR 5 B S 3
Mo W S(d)FTR, POSHI CLIIAFAE(E SA@PG X —Fi & 8 55 T IR I R e, 3 BRBCR IR
BRARAR PT REZ T LB 7 5 8 T AT IR B 7 55221 [23], Ml T Wb . AEAERIBIES 7 SO2™ % -OH
AR KA, nIVE AR B e A2 A4 710, AT 52 e 5 U B (241, B A1 2R 4 8 1 PR R A L BR80R
MBS T Felt. Mg¥. K 5HERE 7354 SA@PG RO, Fm s e #ud i, 8 a8k
%o = G T R BRI
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Figure 5. Effect of solution pH(a), reaction time(b), SA@PG adsorbent dosage(c), and coexisting ions(d) on removal rate

Bl 5. & pH(a), RRNAETE)(D). SA@PG IINE(OFILEE T ()X KRR

3.4. SA@PG E&MHRI £ cddDn. Cu(IDF Ph(I)EIHIESHr

3.4.1. Mz

T R B R I R AR A BEAT B 7 A BRI S, DMRFE CA(T)s Cu(I)AT Po(ID)7E MR B 1 72 rh g Wt Bt 2
7R HLER, A Sk FH i — 26 8 17 2# 455 (Pseudo-first-order) 5 1 — 2% 5)) 77 2£ 45 A (Pseudo-second-order) X}
SA@PG A MBI HAT NBEAT AT T 5 50 #7 .

)RG5 RN 6, KRB SE M e | fR, #E 403 ) SRR B CA(IT) Cu(ID)
HIPo(D)IY R? & TE— R R2. S8 #E 230 )% 07 B vE 5 A5 i 3R W B & 5 SR IR B oW & . X
— SRR, SA@PG HA MBI = Fh 4 J8 B 1 AW Bt BE A G ik 203N )RR, R B2 BB LAY
AR N [25]
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Figure 6. The fitting curves with the pseudo-first-order adsorption kinetic mode (a) and the pseudo-second-order adsorption
kinetic model(b) for Cd(II), Cu(Il), and Pb(Il) adsorbed on SA@PG

6. SA@PG WMt Cd(II). Cu(ID)FA Po(I1)AYAE— R (a) FE LK (b)Fh I F1ER

Table 1. Kinetics parameters of the pseudo-first-order and pseudo-second-order models for Cd(II), Cu(II), and Pb(Il) adsorbed
on SA@PG

%= 1. SA@PG WM} Cd(ID), Cu(ID)F1 Ph(ID I E— K FE RSB hF S8

HE— AR T gAY
ki qe R? k2 e R?
Cddn 0.0416 74.29 0.9219 0.0001 53.65 0.9925
Cu(Il) 0.0463 63.33 0.9484 0.0003 54.87 0.9979
Pb(Il) 0.1891 112.74 0.9803 0.0010 104.93 0.9917

3.4.2. IRMEFRLE

KWL P SR AR S T Sege g R, WA 7 Fros, PIAMEAL S A OB R A1 TR 2.
Langmuir F1 Freundlich &5il# 253538 I H B0 = I AH OC 240, SRR AL AR BRI 1A SA@PG X iX L 8 4 &
BT WP AT . {H5E Langmuir #8980 B @ 0AH OC REU(R?), A& R &, il
Langmuir #5845 fERHLFRIR T IX LB F7E SA@PG FISFIRIR ATy, R B B 5 ZEE 05 .5 7 )2
WS B o 1T Freundlich A3 o £ n B A W B 58 B2 B0 ZAE 25 80, LSO DR /)N T 9 5 M O B 1) ) B PR 5 BE 26 «
A ERT 1, RIS R E A T B AT . AFETCIE K C(1D) Cu(ID)AT Po(11) =FiHE 5
BRI n AHRT 1, AESEIR MR B E R, RIS AR B RE

a
@)o014 ) ® e
0.012 - e Cu 6.0 - e Cu
A A Pb
0.010 | Pb
o w55
= 0. o =
£ 0.008 E
0.006 - 50 o
[
0.004
/ 45+
0.002 fl 1 L 1 1 1 1 1 1 1 1
0.02 0.04 0.06 0.08 25 3.0 35 40 45 5.0 55 6.0
1/C, InC,

Figure 7. Isotherm curves with the Langmuir model(a) and the Freundlich model(b) for adsorption of Cd(II), Cu(Il), and Pb(I)
on SA@PG

7. SA@PG WRFt Cd(IT). Cu(I)FI Pb(IN)AY Langmuir(a)Fl Freundlich(b)ZF Rk & HY
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Table 2. Key parameters and correlation coefficients of the adsorption isotherm model for Cd(Il), Cu(II), and Pb(II) adsorption
on SA@PG

#z 2. SA@PG Lk Cd(I), Cu(IDFN Ph(ID)IRMERIEB A XS BFHE X RE

Langmuir F7 Freundlich #574
q (mg/g) b R? Kr n R
Cddn 56.8182 0.0417 0.9974 9.3481 1.6336 0.9717
Cu(ID) 83.3333 0.0430 0.9939 6.1336 1.2277 0.9897
Pb(I) 102.1325 0.1926 0.9975 42.5389 1.6583 0.9960

3.4.3. IFARAE

EARFEE N, SA@PG & &#EF Cd(11). Cu(ID)A Po(I1) KW #E4T 43 M F B4, 433 In Kd~1/T
AERLA 2k, Wl 8 Fw, IS 3 s, BEE M 298 K T+ 2 318 K, SA@PG X Cd(IT)-
Cu(IN) A1 Pb(TD) I B 25 543 731 A\ 52.880+ 59.827 1 126.467 mg/g i F| 59.667 64.067 A1 131.547 mg/g,
iR P — MR RE, ElRA R T =M ESE R TR S SA@PG F. X—IREHTEIRT,
W BRI 43 BB RESG I, R T IVE R, EAE B TR AL IR, S T IHAEM N T BosE E
[27]. UbAh, Bl R, WBR 7 b IR B A7 A 23 38 22 (28]

= Cd
4 e Cu
A Pb
M3
= A
2 L
1 " 1 L 1 "
3.1 3.2 33 34

1/Tx10°

Figure 8. Linear fitting curve of InK~1/T of Cd(1I), Cu(Il), and Pb(II) adsorption by SA@PG
& 8. SA@PG WRFft Cd(I)\ Cu(I)FA Pb(INAIFAF1 ZFHREY

7 3 #IES TS, SA@PG B &FEX Cd(IT). Cu(ID)F1 Po(IDFF 1) AHC KT, B =
Tt 2 42 Je8 55 1 (R W PR35 R Rt AR, AT a2 — 25 150 IR 2 PR 4 v B R T I L 3R AT - SA@PG E &4k
XF Cd(Il)s Cu(IL)F1 Po(ID)WL ) ASC 3K T, UL S &ML = 4 8 5 7 #4250 B kit
17IF BRELEELESG . 7EAS R R IS A i H B g AGC ¥/ T, Uil Cd(I). Cu(IAT Ph(ID) H K 1
W E SA@PG HAME 1, JFHBERER TR, AGE Bk, 3RS = FE 48 S0
W PR B RER 7 2 AT
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Table 3. Thermodynamic parameters derived using Ka values
2 3. SA@PG WRFft Cd(ID), Cu(IFn Pb(IDEIR N F S

AH° AS?° AG°®
T (KJ/mol) (J/(mol-K)) (KJ/mol)
298 —3.004
303 —3.757
Cd(1In) 308 43.41 155.63 —4.397
313 —5.337
318 —6.104
298 —4.267
303 —5.356
Cu(ID) 308 50.30 192.29 —6.172
313 -7.114
318 —8.190
298 —6.951
303 —7.808
Pb(I) 308 66.28 245.12 —9.047
313 —10.551
318 -11.719

4. g

ASCLL SA AT PG ikt JEI IR AZBAEA RN, #% T SA@PG RAEMEL KA RIIRAE
T T SA@PG EAMEHTEIAFRAE, i — RIISLIKN SA@PG EAPHRHR I 5 8 Ak et 17 7
BT -

IS R B 775 WP A TR 2 AR B T 2 IR, L SA@PG B A AR Cd(1T) Cu(IDA Pb(ID)
(RO B B AT 5 HE — sl Jy AN Langmuir SRR, WRTRERE N B0 1 R AL 2I M, 02228
(AH'. AS°. AGO)ZRHIW I B R, W B A kAT T HIRBLEEAE RN -
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