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N ARERAE, AR ZAENILT RS
o AT B o 5T TR AT R R, R IR Cu
Au. Zn. Cr f1 Hg® 2, IR &R, WRg
5 Ni. Co fEH, WA ATRESZIL Niv Co HIEFEME 25
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1 SEIg

1.1 SEEGR5

AT AR R SRR A, K
HRAE . SNKEFE. R, AR
95 trat B K 9 4tk .

1.2 RBFEREE

B 3 mL VKEEFR VAT 97 mL 7K C B % 3% BE B 1%
W, HERAFRE 3.3 g MoK 7 BN B BRI, T
JITHE TR BRI . BCE 1 mol/L 300 mL (1)
NaOH %3, 7E 200 r/min FEFEEEHE T, 2 A & 47
(1) 5% SRWH T P VS R 2R 12 N 1) NaOH I, TR R E
R o

YT N 52 RS I R S AT I v, DA AKX
KBRS, BT 60 C R4 24 h, EWFES S
B J5 5E SRBER N FRI(CTS)

1.3 EEFERMHYTRHIRS
1.3.1 WRBHAT R s

HERAFRE 5 0 0.1 g BERMEE T 10 mL Ni**
WRE3 )5 0.2,0.4.0.6. 0.8 1.0 g/L [V (pH=5.26,
p(Co™)=1g/L)F1 Co™ HE N 0.2, 0.4, 0.6+ 0.8,
1.0 g/L HIVER (pH=5.26, p(Ni*")=1g/L), 43 HIUERIFRE
0.05.0.075.0.1. 0.125. 0.15 g HAFERBEE T 10 mL
11 NiZ*. Co* VAW (po=1 g/L, pH=5.26)", HEMAFRE 5
0.1 g ALFERBEE T pH 73708 1.32. 2.24. 3.26.
4.42. 5.26 [ Ni**\ Co™ ¥ li(po=1g/L)H, K FRAR[H
MR IAR S B R R RRA ST 303 K R
24 h, RIEHHERECGH T Ni*L Co™ IR FEAR I,
A (D) TR T2 AR N2y Co™ MR P & AR
A DA B SRR T Y e SRR PRI PREAT A
O=V(py—-p)/M M

e po Il p 0508 Nit*y Co® FRMIUAIR AN 423K
FE, g/L; VR, Ly MR EREHERINE,
g O NMAFERFEN Ni** . Co” WLt &, mg/g.
132 WRBf3) )5 5e 5

HEMIFRE 0.15 g A FERMEE T 150 mL Ni*'s
Co™" & Wi(po=1 g/L, pH=5.3)"+, T 303K TN, 4
BI7E 5 min, 10 min. 20 min. 35 min. 90 min. 4h.
6h. 11h. 24 h BUBEFEIE Ni** Co” [k, HR¥EK
(A3 AR 1] AL 52 SR Ni* L Co™ 1 W P &2
PR T BRERT Ni** L Co™ [R5 F12
1.3.3  WRBM# 2505

HEMFRE 5y 001 g WA EMET 10 mL
Ni*". Co™ #fi(po=1 g/L, pH=5.26), 4rHI7E 303,
313, 323, 333, 343 K MEEIRZ KN 24 h, TG
BUBWIE NIty Co™ MR EE, AR¥ER(1)A A HE
FE TR R AFERREST Ni** s Co” I P&, HRIERES
R SE BT NiZ* L Co? Wit i & .

2 HREDH

2.1 FEEHE FT-IR &0

1 BT st e ShE 28 Al i (0 20 AN it i &5
Fo B 1 WAL, 7E 3430 em ' HBLH SRR T
O—H M N—H M4adiz), fifE 2919 cm ' Hl 2872
em ' IR IR T C—H [R5 AR B BT AR K1 4
3, C=0 #kzhEERIEEF 1655 cm ™' [0, N—H
(25 iR Zh 2 Bt 1604 cm ™' 14, 894 cm ™ (ISR H
ML IR K % LRI, 5 MR AE SCRL AT 5 404k

—— Chitosan
—— Chitosan beads (CTS)
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Fig. 1 Infraredabsorptionspectra of chitosan before and after

formation



294558 7T A

AT, S FORBEEPEERBN > B BT 1499

e AR A R (AR, BT 58 R AE R DR SR AT ()
iR RVE REM], TR BRI A (K52 R BT RE DR 5 4T
PRI B fE o

2.2 FEHE SEM 1

XF e R AT FE AT T SEM R, ATRFTRR
R R RBEE IS s m, 1 2 B N e fE 5T
EHEN) SEM 5. A 2yl EH, FEEERK
RURTRLEZTE 20 um 247, RIEGERERS, 5 i,
HRMAMERZ K 24NN, Sik.
Bl 2(c)fI(d) T &I, &G, 7R mEiam A=
AR R SR, REELN 60 um 747, RIEHEIE
B AN S S I S SR BE AR B AR B3 0, i
HAREER BRI T:, AR TR PR 5 058 S0 4 25 A
TP

2.3 RREFERPE(CTS)IRBHITA

K 3(a)FTm A RRBE R NIty Co™ It &5
SIS TR DS R o B 3(a) T 4, BB SE BN Ni's
Co® " [ W Fft il 5 I 161 fF) A T AT T3 m - %o v 8 1
(I A SR 6 R T BRSSO Co™
P FE 2S48 5 TP R 2B R, X Ni>* (I P 7 3
P G F AR R IE I N

FRAFEEBERT Ni2*y Co? HIWR B HEAK 7T 43 g =4

<Xt \«‘\ s
B2 FERERIEETE R SEM 1%

BB WIARY BL(0~1.5 h), IR B(1.5~6 h), Ja AR
Be(>6 h). {EYIHIMEL, RO FE RPN Ni* R B e
P, PR EIGKEOR: B T AR B, U T SRR
Ni* W g 0, TR P K g BT 6h 5, B
HENEG A B, M IR PR 2P, E PR A
B PR A LEWR BN SN 24 h S, R 5E SROBERT N2
Co™ IR I By 3915 3] 48.4 mg/g A1 9.36 mg/g.

5 BAT AR, R TR B Ni** s
Co” WAl B T IR B AE B BT e, XoF N> R RS
HIL T RS, Xt Co™ BN B B 7R BB PR,
FERBHT NI Co” MM BT S50

TE R 58 SR P ARSI, R 28 R O P
AT BB, TR PR R AR, TR Bk
FFE, WO E RER AR, NIt Co*' R R
FoRWE LIS A PR I T AR I R B i E TSR SR
RSN NI A RE IR, 3 Co™ BT R )
P SURET R NS TR, AN I T R e 3R A
N> P W 2 T2k SRR B SPA48 S A SR T il Co®™
(107 5 o 32 T PR Y TR R

B 3(b) AT A AR 72 SRR NN &5 H6 Ni** L Co™
W R Lk . FHIE 3(b) AT A, MR e AN
NEBWG AN, HXF Nitts Co®" W BB Z T R AIK
ER TR R 0.05 g WINZE 0.15 g EHL T,
FRALFE R BT NI R #H 37.6 mg/g FEKE]

Fig. 2 SEM images of chitosan before and after formation: (a) Overall image of chitosan before formation; (b) Surface image of

chitosan before formation; (c) Overall image of chitosan after formation; (d) Surface image of chitosan after formation
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Fig.3 Adsorption of Ni*" and Co?" ions onto CTS as function
of time (a), amount of CTS (b) and initial pH (c)

28 mg/g, Xf Co” MWL & h 6.4 mg/g FEIKH] 2 mg/g.
I T E NN IE & il B 58 SB35 Nit A &
Co™ VWi R b 2 7 M b M 2 B e SR pl it — 20
gy, RERGSHERIBEAES, HFTH
Ni*" 50 DL B Se RBE N B BE 45 6 Co” T

B RERI LS & f13m /T Ni2°, 5 Mk DA B 2 R 5%
S, AT R B3 0 R B 5 SR B AN R 00 N>
Co W P B R 12

3T NETRIME pH 1H 5 R 58 b X
Ni*'s Co” MR Bt &I R k. I 3(c)nT WL, BEET
TAIGE pH G0, R SERBERT Ni*'s Co™ 1y bt i
drsahn, ENSRTHE pH (A R BB S RS Ni*
Co™ [Pt . 477 pH E M 1.32 4m 3] 5.26 i, &
RUGERBERT NTHOR R 12.4 mg/g BENE] 48.4
mg/g, Xf Co” fRIML P & H 1.4 mg/g HEINE] 9.4 mg/g.

TR & K E—NH,, —NH, fER+ 5
HEER%E, S5 HEAEM—NH; , TR
LR :
M**+7nRNH,— M(RNH,);" )
H'+ nRNH,—> RNH; 3)

TERR pH HEAESL T, b H & &8,
FERFEF—NH, 555 H 44 WM—NH; , it
i/ 5 4 B T M A AR, B SE SRR Ni*
A Co™ AW Bt L% 7EVAWR pH (BT Rl 38R
) H R D R 22 [ —NH, 5 Ni**. Co™*
ghEE, RTFERPENT NITH Co™ R Y 2 T e
fE pH {HPE 3 — e R E S, FERBEPIN—NH, 5 Ni*',
Co™ G IR FIMIA, R 2 52 FBE X Ni**Fl Co™ 1
W B s 38 P-4 o

2.4 RBFRECTS)WNMEIHE

AW TR I — 8 )15 D7 R R — 8 )15 07
FECT et i R 52 S BE Ni**y Co” P Al T (I
BB 1 BT, R TR T P R e R b
X T P PR A R

1 - =1 1 uy 4
g(g. —4,) =1gq. 2303 “4)
Lo Ly (5)
q; kzqe qe

efe g T g, 48R TR ¢ B 6] AR B, me
e R — BN A TR R, min sk A
PN TTRERERFEL, g/(mgmin); ¢ NS,
min.

1R 4 R ot —Gsh 25 I R R, — 24
HEFRRMA SR, M PR, B
FEXT BT S8 SRR B N2y Co® RN S T 4L & A 5%
FEIIET 0.98, T HIAME Ni*'\ Co™ ikt e+
ORI 5 RS TR NP Co? PR T
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Table 1 Kinetic parameters of pseudo-first-order model and pseudo-second-order model for different ions adsorption

I qe(exp.)/ Pseudo-first-order Pseudo-second-order
on
(mg.g ") Jy/min”! gJ/(mg.g ") ko/(g'mg ' min ") gJ/(mg.g ) IS
Ni** 434 0.97 32.1 0.90 0.13 39.4 0.98
Co*" 21.8 2.65 17.6 0.85 1.43 18.3 0.98
@ 0.05 ©
L6F N Ni
0.04 +
E
3 3 0.03|
ly g
> & .
= X 0.02f
=
0.01}
(]
0 [ | I |
. 0 0.5 1.0 1.5
Time/h Time/h
1.4
(c)l Co
0.03
1.2 —_
g
};: & 002
2 1.0 £
5 £
E‘s 0.01
0.8 ~
- 0
0.6 | 1 1 | 1 ] 1 1 1 Il 1
0 0.2 0.4 0.6 0 01 02 03 04 05 0.6
Time/h Time/h
Bl 4 AR TR B B8, — 28 70 2 D7 RN, — 8l a2 T R A R

Fig. 4 Pseudo-first-order((a), (c)) and pseudo-second-order ((b), (d)) kinetic plots for different ions adsorption

SIS AR — 2. T — s s R A sk
B A R R BB, A RBCRA I = 3l )15
Jifg, T HAE A B PR T T R Y S SR
P B A 250K, I BARER I — s /12 07 ek
AL Ni-Co P B Fe X Ni**L Co” Al
I B I R o

2.5 FREIERBE(CTS)IRMF R

5 Fias NASFE Nit*L Co™ WREETR, R 58 Jp
XFNi*y Co” ML P& . I S AT%0, 78 Co™ R 1R
PRGN, BEE N VR EE T, 58 ot Ni**
PRI B e fE S i, A 8.72 mg/g FHZ 31.05 mg/g,
Xt Co™ ML B & 7E T F%, M 14.02 mg/g B 12.40

mg/g. [FIFE, 78 NPWRERFFAEBO T, B Co™
WIETFRE, TR RRET Co™ HNR P B A B T
M 3.3 mg/g F+#] 16.98 mg/g, 1M AL ¢ REREXT Ni fIT%
WA BT RS, M 31.05 mg/g BRI ZE 28.50 mg/g.
AT 5t FFH Langmuir 75 #£#1 Freundlich 75 f£P4 3¢
SR xt R FE B N> Co” P A B T IR B 5
LHARIATIG, PRI B B2 57 BT 79 Fof
IR, PRS2 FIE 6 Fras, H
1 pe FREE BT F 1S AR . o a3k 2 FTED 6 W,
4 Langmuir £ Freundlich P # 5 F2 #0515 21 25t
BRI, MRBFERBEWH NP Co il R E A
Freundlich 52, £ Langmuir BRI 515 21 A B
BB 5 S B0 P AR B A 2 OK, HAH SR R EURAIK(<
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0.9), F& B R 58 R B Ni* A1 Co” W REAFF & Ni*¥
1 Co™ I Te GriE ML P AR, 4R Freundlich FAI L&
(A2 REGIA 0.99, FRIIRLAL 72 R Ni* Al
Co” It LB /54 Freundlich J5f%, B s By 5% B0
Xt NI Fl Co™ R I A2 2, X HAE SEM &l
R e SR I 2 2 5 R R IE S

2.6 RRBIREBFECTS)IRHMIKETS
7 iR AR B SR BT Ni2* . Co® HIW [ & 55

(@

T30t

o0

30

g

&

=2 %
% 20+ —=— Ni
33 ——Co
£

=

2

Z 10}

0.3 0.6 0.9

P(NiZ)/(g-L™)
5

£R2 RBE BRI N2 Co® ) Langmuir 1 Freundlich
2
Table 2 Langmuir and Freundlich parameters for Ni** and

Co*" ions adsorption onto CTS

Langmuir Freundlich
fon gy K/ . Kyl )
(mgg!) (L'mg)) (mgg )
Ni?t 72.57 0.0009 0.84 0.72 6.96 0.99
Co®* 28490 0.00006 0.29 0.57 5853  0.99
(b)
‘_,-\ 30 - \-—.
o0
3
£l ——Co
=
S
g
g‘ 10 |
B
<
0 0.3 0.6 0.9 1.2

P(Co*)/(g-L™)

FRALFEEMERT Ni*F Co™ [HRPR 15 Ni**s Co™ RIEII K

Fig. 5 Adsorption of Ni*" and Co®" onto CTS as function of Ni**(a) and Co®*(b) concentrations

lg[g./(mg-g™)]

27
(a) Ni
241
— [ ]
"a n
2 21}
~~ n
=
-
18}
15 =
200 400 600 800
p/(g L)
(c) Co "
641

(pelge)/(g-L™)

58+ "

1000

200 400 600 800
Pel(g:L™)

& 6 Langmuir 57 F2HI Freundlich J5 2% 4452 S BEI B Ni> R Co™ froduh & i 2k

Fig. 6 Langmuir adsorption isotherm((a), (c)) and Freundlich adsorption isotherm((b), (d)) for Ni*" and Co®" ions adsorption onto

CTS
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BEMXR. HE 78, MEREN R, BT
TEWEXF Ni™ R B R AR i T v, T Co™ " 1A R B e
TEIRBT AT, RIS FETRMEXT Ni** I fft L AL 31.00
mg/g JH & 42.90 mg/g, ifixt Co™ WKL B 7 M 9.80 mg/g
P A 5.56 mg/g, FWITHEA FIT A7 BpEx Nit*
A Co™ MFa PRI B, i AT R e B X Ni™*
R FEE o

KH Clausius-Clapeyron 75 F£(5) 15 il 58 b
X Ni**L Co™ UM EAE (AH, kJ/mol), 7R
TEREXS Ni** . Co™ [rIW bt #h 7 ML
InK = AH /(RT) +In K, (6)

A KM Ky AHHG T AWMHRE, K: R NEEK
SAREEL BUE N 8.314, J/(K-mol).

gEHL IR, Clausius-Clapeyron A5 8 ] 45 47 3L &
TR 7 AR B NG AN Co™ RO, R 8 AR 3 W]
WL, I TE BN N WG A IR, W
RN T BRI 5 SRS Co™ PR PR A8 A8 A2 7 A
KBS N Co™ ZMIIISE e A 2%, mil ~
JRT SR TR N R B0, AT B Co” TR
TS

45
Tt.u) 40
80
g
=35
g
§ 30} —N
; —e—Co
=
g 25+
<
< gl —\\
6 L
4 1 1 1 1 1
30 40 50 60 70
Temperature/C

7 RRBSEIRAEN Nit* Co™ MK B & 5 IELE (55 2R
Fig. 7 Adsorption of Ni*" and Co®* onto CTS as a function

of temperature

%3 Clausius-Clapeyron J7 2%} i 5 5 FEBE W Y Ni* Al Co*
DEDR=
Table 3 Adsorption thermodynamic parameters obtained from

Clausius-Clapeyron equation of Ni** and Co*" ions onto CTS

27 REERBEESHEEASEPHONA

BT IR IREER, ARWFFE X Ni-Co 149t %Y
T2 B R AR AR T IEAT Ni* AOVR FE B 2% B
HEATIRTE, 2 g AR ERBES 20 mL S EGIRER A TR
(p(Co*")=4408 mg/L, p(Ni*"=73 mg/L)iFE4T I8 &,
SRV 24 h JE BUB A BT BR A 80OR, &5 Rk 4 Fiow
MFE 4 FRT LRI, B 5 SROB A e A R A R
AR AT HO BRI NIZ RIS &, fEK 8.8% Co It
T, APBIEIA I NP 58.9%, M FEAK Ni*t
XV TRAEBR BRI o RS 570 RO VI B v A IR AR T
WA L AL T 200 60:1 $2 R 2 12101, ELA
W — Atk

F 4 BT EWH NiZR Co* i B 1k
Table 4 Concentration variations of NiZ* and Co?" before and

after adsorption

Concentration Concentration  Adsorption
Ion before adsorption/  after adsorption/  efficiency/
(mgL™) (mgL™) %
Ni* 73 33 58.9
Co™* 4408 4018 8.8

Ion Fitting equation R*  AH/(kJ-mol™)
NiZt In K=435.94/T-1.72 0.95 3.62
Co** In K=-112.26/T+0.26  0.97 -0.93

2.8 FREFERPEXT NiT'H Co™ BIRMHHIRIRST
KH XPS F3 4 B 53 SEBE W B T S B R
M AS MR, RIVRBFEREREST Ni*. Co™ )
EBEPEW LI . &1 8 P Ay 2 5 MR I B 1T /5 1)
FREEER . R 8w, R SRR M A S AR REAT
e HPILLE 284.7. 399.2 1 532.5 eV (R, iXiy
WET] 7 SIVAZE A C sy N 1s F1 O 1s. LEWL I i ) A
FoRBERTI 5 R, RTLER B /D& Ni Fl Co MIFFAE
U, 28R R NI IR R T Co MURRIENE, £
B Ni**-Co™ ¥ Hh e 28 5 B %t Ni> A1 Co™* R B 17
TG AR, B NPHITES SR T Co . N
T HE BRI NS Co™ AW BRATLER,  ASHIF 78 %6 e B
JE MRS REF N 1sy O 1sy Co 2p1ns Co 2psns
Ni 2pip Al Ni 2pa AT TG, &8 Funl 9 f1k 5
Fizs. 1E399.2 F1400.2 eV HBLHI4FHEIE 5 —NH, Al
—N MX L. X ARFEEER S, A TR
ARtk , RS RES N RIS N B
Co*' %4, RI—NH, M—NH 5 Ni¥'8{ Co* #4745 & .
i HL B 52 b vh 5 C—OH A4 & /K AR . FY) 532.5
eV MIRFEIE SR B2 BT g N 533.4 eV WA TR,
R A FERFEF K O 5 NIt Co” AT T il
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Fig. 8 XPS wide scanning maps of CTS before(a) and after(b) adsorption
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Fig. 9 Energy spectra of C 1s, O 1s and N 1s of CTS before((a), (¢), (¢)) and after((b), (d), (f)) adsorption
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Table 5 Assignments of main spectral bands based on their
binding energies (£g) and mole fraction (x) for chitosan before

and after adsorption

Before adsorption After adsorption

Element
Ep/eV x/% EgleV x/%
Cls 284.7 40.12 284.5 28.35
Cls 286.2 26.67 286.0 32.51
Cls 288.4 6.27 288.0 6.60
Total C 73.06 67.46
N s 399.2 3.11 399.1 4.36
N 1s 400.2 0.53 400.1 1.19
Total N 3.64 5.55
Ols 532.5 14.42 5324 21.10
Ols 533.4 8.64 5332 491
Total O 23.06 26.01

3 g

1) FIH NaOH 572 S 0E B BRI T ] £ Hh 2
JE R FERRERER, RIEELIN 60 um, HEAHTE T
B RE AR R AL

2) B AT R BECE Ni-Co ¥ IR B 47
IRE, RIEW pH. NiZ W EEFIR T T R
ST RBE Ni* WY, 1T PR X Co™ R B s 7E Co™
WREF R OL R, A T RBERT Co™ MR b & L7, T
X NP RO B R B B S R I B AR T
LK RS R

3) BFEIEHEN NiZH Co AW B &4 — 2%
B /1% 5 FE Freundlich 58, HiBTBAHHH &I
JRAFE R BEXT N R G AR B, X Co™ [
BHSAE N, RARBFEEREXT Ni*L Co™ M
N EWRHE, T A S R X NI PRI B R AR
B2, X Co™ FRIMR B AR AR B o

4) B RF XPS FBAR TR 5T R Ni**
Co™ W B PENLER, R B 75 R B v (1 —NH, A
—OH EE KA, TR RN R 72 R
fl)—NH, Ml—OH 1 Ni**, Co®'&5 & it

S) B oK R R R B T A B Co
N IR BE R 2%, R B v A I B V0 W (p(Co®)=4408
mg/L, p(Ni*")=73 mg/L)H{E#1 K 8.8%Co> HITEIL T,
FI PR 58.9%IW1 Ni**, R FE B Al (AR 1A b B 52 3R
AT N> HEAT IR BB 44
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Selective adsorption separation of Ni and Co by modified chitosan

70U Xiao-ping' %, WANG Hai-bei" >, WANG Hong-yan™*, HUANG Kai*, LI Ping’

(1. Beijing General Research Institute of Mining & Metallurgy, Beijing 100160, China;
2. School of Metallurgy, Northeastern University, Shenyang 110006, China;
3. National Engineering Laboratory for Hydrometallurgical Cleaner Production Technology,
Institute of Process Engineering, Chinese Academy of Sciences, Beijing 100190, China;
4. School of Metallurgical and Ecological Engineering, University of Science and Technology Beijing,

Beijing 100083, China)

Abstract: Ni and Co are difficult from separation due to their similar physicochemical properties. Based on the
difference in complexation ability between ammonia and Ni/Co, selective separation of Ni*" and Co>" was conducted by
using modified chitosan as adsorbent with amino group. The results show that the modified chitosan with the size of 60
um can be prepared by mixing chitosan-acetic acid solution with NaOH. The adsorption behavior of Ni** and Co®* onto
modified chitosan, including adsorption isotherm and kinetics, is fitted well by Freundlich model and pseudo-second-
order model, respectively. Adsorption enthalpy results indicate that the Ni*" uptake onto modified chitosan is endothermic
while the Co®" uptake is exothermic. The adsorption mechanism shows that the Ni*" and Co®" are chelated with amino
and hydroxyl groups of modified chitosan. In the specific application, Ni** content of high concentrated Co** solutions
decreases from 73X 10°® to 30X 10°%, realizing the selective separation of Ni.
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