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Investigation on the removal of Cd**, Zn**, Ni** from water by
phosphorylated nanoscale zero-valent iron

WANG Xinyao SHENG Jie ZOU Yunjie LING Lan ™

(State Key Laboratory for Pollution Control and Resource Reuse, College of Environmental Science and Engineering, Tongji

University, Shanghai Institute of Pollution Control and Ecological Security, Shanghai, 200092, China)

Abstract Heavy metal pollution has become an environmental issue raising global concern, and
cadmium, nickel and zinc are common heavy metal pollution in industrial production. Nano zero-
valent iron is an important environmental functional material for heavy metal pollution removal, and
its modification as well as optimization have attracted much attention. In this study, we prepared
phosphorylated nanoscale zero-valent iron (P-nZVI) by liquid-phase reduction using NaBH,,
FeCl;-6H,0 in the presence of KH,PO,. The performances of P-nZVI on the removal of Cd**, Zn**,
Ni*'were examined and the effects of initial solution pH and interfering ions were also investigated.
Several characterization techniques were adopted to explore the morphology, structure and interface
characteristics of P-nZVI including scanning electron microscopy (SEM), scanning transmission
electron microscopy (STEM) integrated with energy-dispersive X-ray spectrometry (EDS), X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). The results indicated that the
removal efficiency of P-nZVI was significantly improved than that of nanoscale zero-valent
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iron(nZVI) for both Cd** and Zn*" with 79.6% and 90.6%, respectively. The removal process was
dominated by the adsorption of phosphate groups on the surface of P-nZVI, and both could be
described by quasi-secondary kinetics. Unlike Cd*" and Zn*', removal of Ni* involved adsorption and
reduction, with increased corrosion of internal iron core, resulting in a high removal efficiency of
92.6%. In summary, the advantages of phosphorylated zero-valent iron nanoparticles are described as
follows: phosphate groups can accelerate the adsorption process resulting from more negative charge
on the zero-valent iron surface; the cracked structure can reduce the barrier of metal ions across the
iron oxide layer, promote e-transfer and improve utilization of Fe®.

Keywords nanoscale zero-valent iron, phosphorylation, heavy metal, adsorption, redox

reaction.
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.5 (Cd) . B (Zn) | B (ND J& Tl K i i DL Y T 4 J8 15 2 0™ N Zn 2 A IR RR 2 il oo
R, HmE W N, Zn> g g [ E MKt | e X PP 28 R 490 2K 0L a8 fe ke 4 Ca” BV AR IRk B
W RIS AR MR D, R I il Cd> 2 T S008I 5 | B R R TR R D e e S ] . Rt
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MK R 4 B 0 ISR R | A TOTE AR EE . BRSO RN LAk 2R A, B
B WKRFARN K, DK BBHE K Ab B b B & 45 B 2R . Horh, 99K f 8k (nanoscale zero-valent
iron, nZVD) &5 LR TR | b RGPk o L 38 I B AU SRR B 2 T KA h () 5 4 )8
FBRE. nZVI fRL AR FE (20—100) nm 0 [, 285K, & BUG B R 7E 2R 10 A gk (20) S Ay, X fifi
nZVI B T R R -78 45 0. nZVI E 2 S & 8 LR B, SVa TS 2 | el i n ] Jy R
THT 4655 1 FH W B o 4 i 5, B B0 B A% AT D 3 > Pl (A Dl A 1) 7 4 J 2, IRtk nZ VT
X 4 J Y 2 B T RE P5 B B AR IR U0 {H nZ VI A SE B et R B — e Y R BR M, ank A &
TSR, e TS VAL s/ W ) s SRR Ak, R ORHI 55 HOR SR RE 77, S BUEYEREAR. o T Aok Fak n)
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AT B, nZVI WL 6 HA AR 58 i SR AT, g am o W B | 0 TE SR AR i R 5 Bk PO L
Wk — 2L R W, W IAE nZVI SR PO, e A BUEE L2, B IR LA 1 M4 5T 131 nZVI 5 580F7K Y
JZNE, TR nZ VI R 21— fRAr VR UL R, 2R B IR AL BB 4R &5 nZVI ZE/K TR i FeE P, bAb, B R A
REMUIR nZVI R EEE, 5E 4G EIE N = IR &Y, 28 Mg s oo & 6 J8 iy B A7 /e ™). BT Bk sy
P, 2% 1 % FR 1L B9 nZVI(phosphorylated nanoscale zero-valent iron, P-nZVI1) H T 15 4L ¥ = B B 9% 12 0f
9%, U Zhang S50 J& 00 SR Wl R R CPE nZ VI X B AR Y R A o B v, DU SR B R AR ) A AE S T
TR, B9 T o3 AR AL, BT i B R S RS AR R 955 A% Li SE U YA ST R B, BE R AL etk )
P-nZVI X Cr( VD) i J5 i it 7 BEFEME DN 6.19% $2 5 5 31.3% , EBRFCRIE R T 4 45, X2 ih Tz
T RG5O % A R B R T, BT LA L 25 BT IR, nZ VI (3R TR R Fh i M RE 4R M 4R B T
AYBCALRE ST, (AR T BERRER AN 1 nZVI BK RS A AL, TR 58 nZ VI X 8 43 8 5 I B e 0 i)
fill AR T nZ VX W B 2R T Y 4 A I S RE 7, oM R AR, R A, ORI
B HHT, P-nZVI XN R AP IS E 4 8 1 K BRI AR . MLEE A AR OC LRSI 21585 0, BRUE, L8 P-nZVI X
D EE 43 ) 2 B e 0 AR AL A SR BB 0 EL

AW 5E LA KH,PO, iy Wl A6 50, 38 3k AR 340 Jirt 2% 1] 25 9 Ak el 1 19 nZ VL JF HiE#% T Cd*. Zn™,
Ni*3 P LAY i 4 R = FAE M HART5 ¥, T Fe® XF Cd*| Zn*, Ni*" HA A [F A9 R BE 75 Cd™ .
Zn**, Ni**5Z pH 5200 B TTVE - MR RR R AR AE 25 535 IR isf, 5 e Wi R A 1Y) 238 A0 AN IS AR ], Bt e R
B IS B nZVI XS T R 3 Flo4 Ja8 B 19 S BRI T BB A7 7E 25 5. A SCHTETHE P-nZVI £ BR/K W
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HCd>, Zn® | NPRUR A SERE L, 2E— 2058 T pH. T B 4550 R R 520, JF454 XRD., XPS,
SEM. TEM %53 4E, 1HE P-nZVI 2 Cd> . Zn>, NiZBISOMALEE 2 5. ABF5E 5 78 L P-nZVI X AN [
AR LERAE ST . A8 L bR R 5w R = RO R AR, A — PR AR R P-nZVI 7E T
ST 5 E AR B E LR 1 555

1 SEEERA( Experimental section)

L1 BOKRFMN R S PR R AN R i 45

WEFE T B nZVI, P-nZVI ¥R F] NaBH, AR i Fe* vk A B AR 498 Je i 19 5255, P/Fe ¥ 19 &
HLAE 0.6 247 P-nZVI R BRBCREAF, il 28 B R Ak 2 1 19 nZVI B, 75 20K NaH,PO, DL — & LL Ml Fl
NaBH, i %, B 1 P/Fe ly 0.6, Ff-38 1 % 2h AH IR A I 2R 221t A\ =80, AL IR S nZVI 1] 4%
AHIF. S 58 WU, R FH B0 0 7 SIS AR nZVI I 25 85 1 /K R /K 45 B 3 IR, At T oK LB
Hg 1.
1.2 it BB

ST ERFE T P-nZVI W Cd** | Zn®', NP3l 12247 1E . pH S T8 S R R X H & R LBk
IS A SEEH P-nZVI YEN 2 0.5 gL', B4 Jm B 1 I iR BE 2y 100 mg L. 73] Jy 27 52
gerh, EAERLH]— B Cd*, Zn?' NP IR 2 = U, P35 SOV W) 46 pH A 6+0.1, 38 % 20 min B L%
W O,, FINAE 7 P-nZVI, 23 0(%5 1) | 5. 10, 15, 30, 40, 50, 60, 75, 90, 120 min B} /b i
VW, 1 0.22 pum S8 RS I B8 Uk B ROt B, SR HRE B R AR DL 250 romin”t SEAT ML B, il
P-nZVI 5 HFRE 73520 k. pH 5286 7, M B 1k Cd> . Zn®, N KR ITIER 6 pH 15 Bl 7E 2—8 22 i),
fifi i} HC1 A1 NaOH 35 52 B pH 43 51 & 2£0.1, 3£0.1, 4+0.1, 5£0.1, 6£0.1, 7+0.1, 8=0.1, H:Ath 2 B [A]
L ARG W T X W R R S, A AR E A AR I LT, SOV pH A 640.1, fE HRUS
S A I AE B F B9 [HA . Na,SO,. NaHCO;. Mg(NO3),. Ca(NOs) ] A =Fii i, {247 85 7k i
320 0,10, 50 mg- L. LR SCI, Fa il L A Ol 25 °C.
1.3 hrkik

K FH HL BRI A 25 B TR & B 6% (ICP-720 ES, “ZEHEE /N 7] ZEE) M 5 IS Cd®, Zn® | Ni2 i
JE. R H Zeta H AV I 5E [ ( Zetasizer Nano ZS90) I & P-nZVI )7 HL fif 55, ASPS 2460 A& 53 1 S 2
R LAR o3 A S b2 1H B S FL AR T e 4 R IOWE 35 A8 A, SR F 3% & 5 e - 45 i B 708E (Nova
naniSEM-450, FEI 2\ ], ¢ ) K BR 2245 1F $14 325 59 fiL - 55 78 8% ( TatanTMG2 60-300, FEI 28 /], 58 [H ) #f
17 RAE, T8 F EDS 8 3% X5 M B 70 2 0 A I 02847 2 M B 8 s A AT, SR A XS 2 AT 41 (D8
Advance, i & 5o 3 7L FEE ) K X FFHEOEHL T RE IS (ESCALAB 250X, FE 8K K, &) #4800 4 BHAAH )
JT 0 AR S5 4 Ko FRARA 2= B, ST R RN RN A, IF(8 ] MDI Jade 6 #44%F XRD 45 347 L X 43477
Advantage 5.948 X {4F%F XPS i BEAT 430644 . SR Origin 2021 #04%F Fr A58 s it A4 .

2 ZEE 54518 (Results and discussion)

2.1 P-nZVI g8 A imi ki
2.1.1  ZEFHRAE

HAADF-STEM & £ S Bt P-nZ VI (9 78 - R G5 A R AE & )2 2 nm A2 4 B TE e B 76 (] 1a). Fe,
O. P J Fe+O E &N EDS JLE /07 K B/, Fe, O JLER 430l 43 A7 76 Tk W AZ S5 4052, P oL R ¥ 51404
PSR I (1B 1a) . B L A A9 18 i B AS 2 i 0 4 1 5e -4 254, M nZ VI 9 BRIE 58 SR A7 A TP
I B B 34 5 [, P-nZVI i) HAADF-STEM 48 78 P-nZVI P30 H BT B S il 428 1) 4 Gr 45 4y
ZRLEN ST R I R . X 5 Zhang 2 BT T 45 R — 3P0, Zhang 2535 W IR B FEAE T,
Bk e 2 THT A 1) T A o BEL A U 119 4 8524 K, I HLAROES AE K R Ah 52 J2 it i i) B ) &2 T X, =
B P-nZVI Fe & A AK Rh B . PR AN KLU BRSOk BET MR 52 T3k — &, 11545
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78 P-nZVI B9 b & i BUA (159.27£1.01) m*g!, i KF nZVI A9 b 2 1w 1 (26.5442.13) m*>g'; [F i,
P-nZVI 1) B AL 2 B AL E 43 591 4 (0.6093+0.0025) cm? g™, (21.22+0.19) nm, FH4: T nZVI ¥4 fr i

ICE 2, 2 1), R, REEEH BE W T AR Fe e im AR, A A T e 1 B 22 i M 12 I RS
A AR TG e a5 i AN E R, R Fe B R T R,
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= 5 A Ja 3 (1) Electrostatic b
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Bl 1 (a)P-nZVIHAADF-STEM [Ef&#1 Fe, O, P, Fet+O [ EDS JLZR 431 [8]; (b)P-nZVI ¥ Fe 2p, Ols XPS &[4]; (¢)
AR pH T P-nZVI., nZVI ) Zeta FLA7IE]; (d)P-nZVI LB B A W 456 R
Fig.1 (a)HAADF-STEM image of fresh P-nZVI as well as the corresponding elemental mapping of Fe, O, P and the

overlapped mapping of Fe, O; (b) XPS survey spectra of P 2p, Fe 2p and O 1s of P-nZVI; (¢) zeta potential of P-nZVI and
nZVI at different pH; (d) schematic diagram of phosphate groups binding mode
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£ 1 nZVI K P-nZVI B RER ., FLE . fLEXT 1L

Table 1 Comparison of specific surface area, pore volume and pore size of nZVI and P-nZVI

A (m>g™) LA/ (em® g ™) FL#/mm

Surface area Pore volume Pore size
nZVI 26.54+2.13 0.0759+0.0030 27.67+0.06
P-nZVI 159.27+1.01 0.6093+0.0025 21.22+0.19
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2,12 FmfbzErEm

F it — L5 P-nZVI KM TTE Mo B ALE R, XF P-nZVI #5147 T XPS 4347 (& 1b) & AW pH R
(1) Zeta AR (] 1c). P 2p XPS % KI7E 132.54 eV, 133.49 eV HUHFIEIE S 518 T P 2py 0. P 2psn”,
Z 45 RS T 48K Bk T B9 I R 1k Fe 2p XPS 1% K W53 P-nZVI 7E 710.69 eV, 713.76 eV [ it
3B Fe( 11)—O 5 Fe(lll )—O MYFFAEIER, F R EF ] 25 19 P-nZ VI 1 90— R B 1 484k, 4
)2 TR i FE 2ok F TR K B S B il E R, 3 — B4 5 nZVI 25400, A BRI )&, P-nZVI 5
nZVI 1] O 1s XPS (& 7E B Xl P-nZVI 7E45 G BB R 529.83 eV, 530.98 eV, 532.48 eV [T A FEAIE U5
3 )E T O OH LA S Wy BB A2 W [ 7K P4, JHrr, P-nZVI B9 OHDGHL FHEEIE | L =ik B 75.67 %,
O Iy o e A%, 1L 12.59% (55 2) 5 nZVI 1) 05 OH G L F e 1 AR o5 b 230, 43 5l 4 43.989% Fil
53.08% , b # it bR 1:1, 3R nZVI R EEAE ALY L) FeOOH h 3 (58 2) P 3%t [ & B, P-nZVI
FETE A7 AR = HL B O, 3X =22k A Wi R 3L 1A (1) 5Tk, 6 nZ VI 10 o K W PR AR (0 1% . W R 5
ATREFELL 3 ARG 7E nZVI E 1 (8 1d): (1)nZVI B R ALK ST R EIR B2 D & AE B W B, 12245
&2 3 pH 1Y B R0, (2) PO 5 Pk R MM K 4 & O #2220 1), DLRIA i e R8s &
FE nZVI RS2 (3) B nZVI FM5T B JE b, BRI Fe BB PO KR A TTIEAEH O #2 =X 2), DA T
e (14 7 226 7 Ok L. Zeta HRLA IR 19 25 S 5 HU] — 2, B T455 78 nZVI 2 10 A9 85 2 55 A R 2
Hb— 2 R far, 3 P-nZVI 9 IEP A4 F nZVI Kl T [%. Zhang 55 il & DFT $138IE 52, 8 2 3 A
JE| L 6 F R B, R P-nZ VT 2 1 BEE A SR AR B H i 1) 7 U KO0 B 4 BH B T e 5 | 2,

= FeOH + H,PO, == FeO(PO,)OH" + H,0 (1
Fe’* + PO = Fe;(PO,), | (2

2 nZVI & P-nZVI [ Ols XPS i 0>, OH K H,0 #HXf £ ¥ (% at.)
Table 2 Relative abundance of O, OH and H,O in the O1s XPS spectra of nZVI and P-nZVI

P-nZVI nZVI

o> 23.11 43.98

OH 62.88 53.08

H,0 14.01 2.94
Bt 100

22 HEJRERTR
221 JpiBhJe#

i 1 it B BRI, X nZVIL P-nZVI 2Bk Cd*, Ni2*, Zn® {8 J1 4 BB T T XF Fb b5t . 45 R 56
WY, Wi IR ARG T ) D S TR 3 D 4 JE B 1Y R A 25 BR (18 3a. b) . R A B Y nZVI X Cd* Hil Zn™*
() 2 BRFAL R 45.4% . 53.8% , I H L BRZAE IR B P45 )5 09— 2 I 18] P L0 R 3 3y, 33X & i T P-nZVI &
4 B B T WL BN A [, 5 H BRI R 4. T P-nZVI X Cd¥ . Zn® 1Y £ R A e nzVI A KR T, 4
K F] 79.6% . 90.6% . XSt F P-nZVI R IHIE WL T nZVI-PO, -4 & FHE F =4 5 W), B 2L Al gtk
HEENRECEAESRE T, Ao 1E KRB

X N R £ B8 9%, KB P-nzVI AN H N HY 2£ BR, 16 15 min 7647 B 22 T 809% Ky N2, Jf
B BRI R 10% A2 4. 45 A bn o E AL 8 T H A AT HT, NN AR L (Eg = — 0.23 V) & F
Fe*'/Fe(Ey=—0.44 V), [l I NP AR DLl W B [ 5 , 340 B 38 o 340 J5 A ] 2 BR P Fe® i HL 6 B 1A
kA B g 2o A A B A 0L T P-nZ VT B i B 25 A A R NG 281 SR AR A1 A 1 i g BB L 3K
1w T A, AR R SR BRI R T R BRASCR.

h T dE 2R P-nZVI KBR Cd*, Zn®' | N RNt %, X 3 FhEE 4@ B8 T v sl 1 2= it 47 T
VAR, 0 5R A — 2. th 9080 J) 2 BRI TR0, PRSI 3 A =

g=q.(1-¢™) (3)
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t 1 t

L L (4)

q: kz : 6]3 " qe
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B, ko (grmg ' min ) Ay B 243 J1 A5 9 W Bt 3 . P 3e. d L, P-nZVI X ', Zn®', NI
LB R BT Ah —9sh 1A, R 435k 0.9988. 0.9992., 0.9997.
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3 (a,b) BB il (e, d)h—2% ., O — a3l S a2 (e) pH BYREIR; (f, g, h) TR E 5 Y52
Fig.3 (a, b)Kinetic adsorption experiments of nZVI and P-nZVI; (c, d)fitted curves of pseudo-first-order kinetic model and
pseudo-second-order kinetic model; (€)influence of different pH conditions; (£, g, h) influence of interfering ions

AHAS TG M . WA A UL P EE 42 J8 2SR BE, P-nZVI X FaA 3 e 4 Ja 1 25 B RE 7R 2 I 1] Py
KB A KB, AEAS [) T3 L6 R B — I B T, P-nZ VI AE 5 7K K35 QWA ELARE T b 2 A 7™
Az e A R SR TR, 7R — E R L AR THBURL A I pH, DT REAS 8 o MR | T3 | LD AE 2 Ay 5
EERE R E R, R AR W BA —E R REE, T 0 B DI, IR P-nZVI BA — E e
I HANA.

222 pH R

PRI IR 2N K A B 4 J A B 3 S R e A B AT F ), FLvh, pHL S5 ) B4 Ja TR AT b 1
KEEHRZ P T Cd™\ Zo' NPTERRIE A T 2 2 R UITE, AR SER P i W) 4 pH {EL7E
2—8 YL, 5T pH XF P-nZVI W Ff 3 Bl T 6 Jm £ 5~ B2 R, S5 5RAN15] 3e Bz, 4 pH {E4 2. 3 B,
P-nZ V1 it 55 4 8 B3 1 19 W B 541K s pHL (BB T 58 4 Bsf, W BAH A 3 I 2, PR OA P-nZ VT 76 fiR R A B
T 232 ) HORY JE Dhm R BV . Y pH (E A 4 BN E) 8, P-nZVI X} Cd™, Zn**, N> W B} 4 53 51 Ak
(152.24+1.89) mg-g'. (165.52+1.14) mg-g'. (172.25£3.21) mgg"' $& JI & ( 168.24+2.83) mg-g ',
(185.5244.23) mg-g, (188.54+2.84) mg-g".
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AT AL 1 F BE 34, BT P-nZVI 19 1EP 24 4.51([& 1c), FTEME pH 44 T, H' 5 HE4 R 5 T
Ta 4 P-nZVI WAL AL, 30 H AR F 0 MR AR, B pH ST, P-nzZVI R iy B 0 £ e, X
4 BH B 7 P e LI 15 | KRG I, W At it 2 T o . R UG, 4 pHL 7—8 B 5 43 1 S BRASCR £
223 THE TR

Mk — B HRGE P-nZVI FESLBRAR X Cd* | Zn®', N il EBR BN, AWFIEE$ T A Rk il
UL LA B BH B 7 SO, HCO™, Ca® Fil Mg, DL K 12 4446 T F SR KA v (1) SR A7 B4 I )8 7
HA (B TR & H>90% ) A TR 5T 455 5 1 — 20 (& 3£-h), PHE)F Mg Fll Ca> X} Cd*", Zn*", Ni*' [y %
BRI P W Sk, LB 5 VA B A 1, B 4 PR3 5. R R Mg Fil Ca*™ 5 H A B8 iy A AR ] A Hi fr L
BFOKE PR, RS S B8 T84 P-nZVI RIEES G075, S E A BRACE N i
251 SO,>. HCOsAEAERT, P-nZVI X H A7 85 1Y Wz Bt L AS A2 5%

YN HA B, AR &8 105 5RR2 3 &5 0. 24 HA W EE M 0 mg L' #8051 50 mg-L!
i, X B ARES TR EBRBCR 20 R 20%. 3% 5 HA 00 3 5 105 fEHE A4 56, ZR I B
B Y BC 7 25 e 1), A R I (R AR 5 o A R R TR R 6 05, 5 35 E A A R
2.3 HLEEAFSY
23.1 XRD

& 4 2 P-nZVI, nZV1 5 Cd**, Zn™", Ni*'3 P84 J& 2 [ Vi 2 h J5 19 XRD K15, #5 & B, 78 20 =
44 8°FfHT X5 HH BE T AR, 28 XF Fe Ak, R Fe(110) i 1 14 (PDF # 89-7194) ; 7 260 = 35.5°BfF3IT i B8 1) 16
M Fe304(311) M 1Y i 46471 5 04 (PDF # 75-0033), W] P-nZ VI, nZVI U J5 ¥ 3R 90t — o 2 B 1) LAk
Hrp, 5 cd”, Zn* Ve, %A ARE(E S 5089, v Rt T 2R ek (20 S i 4 b R 22 s £ 2 LLTE
SETEASAETERY; 5 N RO, A A0 i A A5 5 R TR S (L AL W1 2, JF HL P-nZ VI (W 846 T8
3 A E SR, P-nZVI 5 CA* W 5, 18 20 = 13.2°40 B T 21, 1X 5k A T Fey(PO,),-8H,0(020)
i If] (177 4 (PDF # 83-2453), B/ HE R Eh 0 nT RBIE— 20 7€ nZVI R IAE BUEAT — & 45 b B W 0™
A2 XRD B3 AR B 5 Cd, Ni Zn J6 2 M 509 & T AT 5 06, DR 75 2 485 45 ot e iF - B st —
HarH.

e Fe” oFe,0; aFey(PO,), (Hy0)g
*

.
o PZVI+Ni(I)
L]
*
. nZVI+Ni(IT)
* *

= o

& P-nZVI+Zn(T)
= o

2 [ o/l

2 4 R VR N nZVI+Zn(1)

. VA A AN A Ay i AN o

P-nZVI+Cd(I1)
*

nZVI+Cd(1 )
*

1
10 20 30 40 50 60 70 8 90
20/(%)

B4 nzZVI, P-nZVI 55l Cd™. Zn™ . Ni*' W 9 XRD Pl i%
Fig.4 XRD diffraction patterns of spent nZVI and spent P-nZVI exposed to Cd*", Zn*', Ni**

2.3.2 SEM

nZVI, P-nZVI £k Cd™, Zn* Ni'Ja BB S LN 5 iR, P-nzVI £ BR Cd*Je (18] 5b) Sh 3R
AFLIERIE I 3 B ERITVE, T nZVI 5 Cd> S A H ] 2 ZURITVE . 120 LR W] P-nZVI 1Y 2 bR g
J138F nZV1, P-nZVI R 1 55 W BB IR ER AR AL d CTE L T Cd3(POy), ﬁﬁ?ﬁjﬁ(szp =32.6)". 5
CA* KA, Zn* F LS 49 K Bk 1 3R ETE S TS R DR A5 01 s B /D 1 BUIRTTE (1] 5S¢, 5d). fH 5 N b f=
P-nZVI R IH I BRIE W 58 40 %, SRR i 2 RG50S IR E5 49 3 55 (1] Se. 51). 254 18 XRD 1%
P, X FRUIESE P-nZVI % N #9 25 BRAE T 5coi , 76 Sz ML R AR i A A0 A W, AR B T 45 it B IR e
TRk (0 EALY, MR8 S LZE AL HEI 5= 2 i 73 7] BE S FeOOH™),
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& : o |
et zfquck o | R RS LY o™ n'" B
B 5 SEM EIE: 5 Cd™ i) 19 nZVI(a) Hl P-nZVI (b); 5 Zn* I B9 nZVI(e) Al P-nZVI(d); 5 Ni* N i
nZVI(e) 1 P-nZVI(f)
Fig.5 SEM images of spent nZVI exposed to Cd**(a), Zn*(c), Ni*"(e) and spent P-nZVI exposed to Cd**(b), Zn*(d),
Ni**(f)

233 TEM

Xt P-nZ VI JZ 1 J (4 B 0RE #E 4T 7 STEM K EDS 4347, DA — 25 X b 38008 55 1 9 48 4k 1Al 6a.
6b JIi7R, P-nZVI 5 Cd*| Zn* W &, “Fe-1% S M TSR R4, SN B N 45 W 10 A I I 5 2, 0k 11 284
20 K AR I S AR 2 T B T L. {0 EDS BB Y R B 25 R, BN IS URL O SR X B /DN i 48
(£ 3), XEH THEW T 0, HyO X Fe® BYJE i /E ™. R4 Cd. Zn S P Y EDS JC % 4311 B, Cd™",
Zn*5 P OCR oA EAR G, YA A TE A2 2, h B A DU B AR 2 T 7E Cd> | Zn® () 25 BRad 72 v ke 2]
FFEH.

50 nm

B 6 P-nzZVI5 Cd*(a). Zn*(b). Ni*'(c) )X N5 i) HAADF-STEM &, Fe, O, P K HAr & FIoo & 501 K
Fig.6 HAADF-STEM images of P-nZVI after reactions with Cd*", Zn*", Ni** as well as the corresponding elemental mapping
of Fe, O, P, Cd, Zn, Ni:(a)reaction with Cd**, (b)reaction with Zn*, (c)reaction with Ni**

HAADF-STEM & & 7%, 5 Ni* ¥ 2 h J&, P-nZ VI JF0RL (1 <50 A% 45 ke 8 31 7 5 B Ak, 2020 45 40 1

o0, MG I IS 4ok J3E 1l 22 553 B et s 2 9 A S 8 k. N, Fe DT 201 181 6 W Ni JC R AU A 7R AN )2

VR ABRAZ N, R i kT R i /0 (K] 6¢). [FIET, )N 5 P-nZVI i%ﬁ*iﬁij Ni JEF-AE X 3

m? Cd. Zn, 3 H O J&F t il Fh 55 28 54.5% . Fe JiF % HL B B FEAIR (5% 3), X it — 2B P-nZ VI ik;
AR bR AR A R Ak B TR R LR BT, R, P-nZ VT 5 N B B R R ZL, 3% 5 SEM e HE 45—
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3 P-nZVI XEBRE4SJRG K EDS E s

Table 3 Quantitative results of EDS before and after removal of heavy metals

Pz VI FrCd e BrZn' 5 BREN 5 .
After removal of Cd** After removal of Zn*" After removal of Ni**
Fe 85.68 63.55 76.01 28.22
(6] 13.83 34.37 21.90 54.50
P 0.49 1.45 1.13 0.62
SEZREE S 7/ E— 0.64 0.95 16.55
Mt 100

234 XPS
Wi E P-nZVI £ E 4R AL, K XPS 2387 5 5 i) 3% 10 6 2 20 8 S 257284k 4
El 7a fr7s, ROV JE ) XPS 3 ERSIN H T Cd, Zn, Ni JCER R, IESE & 48 B I 45 516 P-nZVI

[ Ni2p .
JANi(ID)-OH
. . . J
3 i & Ni(I)-0; / i
z 2 z w/"‘:“vwf :\
g 8 B o i PNl Pz VI
K= = = ' i i A
I | I | L ! 1 | 1 L 1 1 1
415 410 405 1050 1040 1030 1020 870 865 860 855 850
Binging energy/eV Binging energy/eV Binging energy/eV
Niz+
- :
[ 4 P
L 4 |
o
Adsorption; ® Reduction
L

& Me(Me=Cd.Zn) #e Phosphate group © NiZ/Ni oo Phosphate group
B 7 5PnzVIRWE, Cd3d, Zn2p. Ni2p i XPS i K FIH 4 Jm iYL BR AL R 2 7
Fig.7 XPS survey spectra of Cd 3d, Zn 2p, Ni 2p, P 2p of P-nZVI after reaction, and schematic diagram of mechanisms for
heavy metal removal by P-nZVI

Cd 3d 5 Zn 2p By XPS i&% K B8, nZVI £ Cd*J5 Cd 3ds, Z5 G fE N 405.28 eV, T F Cd( 1) 7E
nZV1 3 T 1 W B 5 Zo*2py, 45 G B BT i, R AR I {E 7E 102238 eV BT, ¥ 5 SCHk ki — 3. 5
P-nZVI I Ji5 , Cd 3ds, FRAE VRS RS 2285, 38 28 43 06 73 ) 45 B I (B 405.5 eV I 406.18 eV 1/~ I,
HRAE CA™ fr 4 i A2 R 55 AN [R], HF 405.5 eV A 1 W8 53 I 25 W B 72 nZ VI MR 5 1 1 Cd™, 406.18 eV
Qb eI T 45 T B TR R JE A Y €™, T Cd>/Cd(Ey = — 0.40 V) B4R E L7 I 3 $5 3T Fe®/Fe(E, =
—0.44 V), FIKTE nZVI | Ca*#a 5ol Cd° a2 EIRAFICH, I HAE pH<8 i} Cd* JL-P-A KA
TUUEN. i EHEN, P-nZVI FZELAPIRPOA[R]E 5 20256k Cd>: (1) BB T nZ VI8 2 0 P 7 )
(2) SRR IEI 45 G, BB =T04s WU, T W2 BRI 35 A1 o7 a5 Y Cd A g T AR O T B 4 I o
TE nZ V1 2 1 ()RR AE 0 T AR, 33X 00 R F BB AR X Cd> 55 i1 0936 T (pKpicaspos,) = 32.6) , TIESER iR 5 4]
XF CA* BB B T 3 FAE . Zn® 1 XPS 455 5 Cd* 2 AbL, ] 38 3 R 9 7 2000 16 3 43 e 28 S [R) I
B2 A5 B Zn®. T Zn*/Zn 1 Ey = — 0.7624 V B E KT Fe*'/Fe, Zn* £ nZVI 1 LAk 3, IF A
Zn* %} PO A 15 25 AL (PR giznon, = 32.04), R Zn® ] g 59 Z2BRALEH 5 Ca> ML, BIAR Sk
M TEBERRAR A7 25, i B4R 5 nZVI R (ED) AW a5 7). Cd. Zn™ 5 nZVI I U 5 72
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A FRIENT.
= FeO(PO,)OH™ + Me** —= FeO (PO,)OMe + H*
= FeOH + Me** —»=FeOMe* + H*

= FeOMe" + H,0 —=FeOMeOH + H* (Me = Cd,Zn)

NiZ"5 P-nZVI X i/ J5 # XPS i & 78, 7£ 851.89 eV, 855.60 eV, 861.25 eV ff i1 i B T Ni°,
Ni( 1)—O 5 Ni( I1 )—OH A FRFAF I, JFE5 G BEAHEL T nZVI Y0 [n] 22w A% . [FIRT, P-nZVI % Ni( 1)
—O. Ni( I1)—OH F#EUEAE 5 B 38 T Ni°, 3R I BEIR 1k 8 i 9 90 oK 5 401 420 2% 1T 8 ) W BFF N>, 20
N2 B8 )5k Ni°. 177 STEM K EDS JG & 434 [ 7R, P-nZ V1 114 A 5B ™ 5165 ol ARl [ R BG4,
P-nZVI 1 il it = 02 G HIHE R i N0 B AE 2 10, 35 70 Ni* BB 38 o 428 1] 24 S0 45 0 TR B Es N,
KB ) B A4 I iR RN . Zhang S5 PSR B XPS Z il BEAE LA T NiTFE 4 h N X nZVI &
P-nZVI 2kt 8 s B2, 45 AR SE P-nZVI B8 R REE T T SO e | (i ik J R AT /R 4n R 43
VR B B DI DA 2 T e i N R A R I e R R, B AR SR ) A ot B 3% Tl 1k AT BELAS: Ni2 5
Fe® W) BLEz Ak, {H i T P-nZ V1 2 [f £ HL fof B, BB E nZ VI B 3ok bl 3o i Pl 5 | 1V RV 8 80P e
) N2 DA B | A2 W i 245 6 A2 k7 2R T, A58 /8 0 Ve B B 41 1 N2 B5 1 P-nZVI AL A2 )2, 1 8k
e ; HUK, P-nZVI MURF A% [n] 24 80 b 3 T ik o T B T N> ) e R/, bR 35S, B Fe 1Y
FIHER(EL 7). L, P-nZVI B S5 FEAR T N s sk S Ak oe i BELAS, S g 7 AR T Rk ks

= FeO(PO,)OH™ +Ni** -= FeO(PO,)ONi + H"
= FeOH + Ni** —»= FeONi* + H*
= FeONi" + H,0 —= FeONiOH + H*

= FeONi* + Fe’ + H* —»= FeOH — Ni + Fe**
3 458 (Conclusion)

A SCLL KH PO, by B A 570 38 2ok 8 AH 30 J5E 2 ) 25 H0 Wl 1R A6 18 1 19 48 oK 2k, JF 45 & XRD. SEM.
TEM. XPS 2553 Hr FTBARFTHXT Cd*. Zn . Ni* (9 K BRECR BAHOWAE FIBLE . 45 /R W], P-nZVI & —F
FETET BB . PR L A AN R BRI, A R A B 2% e AR 3 T B 104l TR 5 1A A 4 T ) R B A
HETHE L7 . R BN 125 E W, P-nZVI X} Cd¥, Zn® . N'HY 2SR BCR Y B E T nZVL, 2 h 2245 435
KB T 79.6% . 90.6% . 92.6% . Forb, P-nZVI X Cd*'. Zn"1) 2= 55 DA 2 1 il 152 5k A Ay i BfE o 32, TR R T
nZVI-PO -4 & FHE T = o AW, M &8 5 745 G 22 B . A5 . Z W B R34 mT F e —2sh )
SERR. T NI 22 R T AR TR, HoE e A P-nz VI % T W B VR R 9t 4, R 4 Nzl i 448
0] Z4 BRI Bl PR A R, PR P-nZ VI IlVRR () 4 S0 S5 M BEAR HF FL 7 1 54 85 25 1, P-nZVI R Hi
TR A s R g B 5 A ) B, o HL LA A e 1) 4 S R T 1, AR 9 5 SR Sl T T LS )
nZVI E 3025 R 4 8 1 VAR T — s nT A T
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