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Abstract; To enhance the adsorption capacity of sepiolite (Sep) on Cd** in solution, an acid-base Sep ( ABsep) was obtained using
the method of combined acid-base modification. The structural properties of Sep and ABsep were analyzed by adsorption-desorption
isotherms of N,, scanning electron microscopy with energy dispersive X-ray spectroscopy ( SEM-EDS), transmission electron
microscopy ( TEM ), Fourier-transform infrared spectroscopy ( FTIR), and X-ray powder diffraction ( XRD). Static adsorption
experiments were carried out to evaluate the effects of time, mass ratio of ABsep/Cd** , temperature, adsorbent dose, pH, and co-
existing ions on the adsorption of Cd** by ABsep. The results showed that the pore structure of the ABsep was more developed than that
of Sep. In comparison to Sep, the specific surface area, average pore diameter, and pore volume of ABsep increased by 66. 1%,
15. 7%, and 34. 8%, respectively, and the exchangeable ion contents also increased. The main components of the ABsep were SiO,and
Mg(OH),. The adsorption process of Cd** by Sep and ABsep could be well fitted with a pseudo-second-order kinetic equation and
Langmuir isotherm, and both were spontaneous endothermic reactions, which were mainly chemical adsorption along with physical
adsorption. The best mass ratio of ABsep: Cd>* was 3: 1, and the maximum saturated adsorption capacity fitted by the Sips model of the
ABsep on Cd** at 298 K was 142.43 mg-g~', which was 3.55 times that of Sep. As the adsorbent dose increased, the adsorption
amounts of Cd*>* first increased and then decreased, with the optimum dose being 0.3 g+L™'. The amount of Cd** adsorption by the
ABsep increased with the initial pH of the solution, whereby the best pH was 7. We also found that the presence of K*, Na* , Mg** ,

2+

and Ca’* at different concentrations could inhibit the adsorption of Cd** , whereby the inhibition of Mg®* was the highest.

Key words : sepiolite ; acidic and basic modification ; cadmium ; substructure ; adsorption
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Fig. 2 EDS, SEM, and TEM images of Sep and ABsep
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Fig. 3 FTIR images and XRD images of Sep and ABsep
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(110) . (130) . (060) . (131). (260) . (080) Fi
(371) , 55 #3147 ( PDF No. 13-0595) #H£F, BonH
A2 [AEE Pnen IIEAS f R 5 RIRIA M L,
ABsep HATITR B2 REAIG, FRAEAT S04 (110) | (130) |
(060) Sz (131) 4535 2%, HLH B0 — 26357 1 FRAE A7 3 0
20 4 20. 859° . 26. 639° F1 50. 138°, 5 Si0, (PDF No.
46-1045) AHAF , 43 HIXT R Fh 1A (100) | (101) FI(112) 5
[, — S48/ ISP TG 26 A 18.527° . 50. 785°43 5]
X} f T (001) . (102), 45 Mg (OH), ( PDF No. 44-
1482 ) AH—2, & BH Ay TRV R A A P 5 1T B8 AL 1
T Si0,-Mg( OH), #KA K}, 5L 45 3R —3,
BEAh, ABsep B =0 f R ARAEDS | BorE 5 AT i

(RS LRSS , W] LAY R R R 3L Sep A PTREAR, 1T
HOVERIIR TR 2R AR SR AR 5 TEM 4525134
2.2 MERTE TR Cd® T IR B R 5
2.2.1 Wk sh e

W T AR S cd® s (1, 3.5,
10, 20 F1 25 ) i F) W B 51 97 24, SR T E— 2 3
J12577 #2 ( Pseudo-first-order ) I — 2 sl 122 7 2
( Pseudo-second-order) #EATAE L EL G (45 1 WA
4.51).

q, =q.(1 —e™") (3)
Kqut
= 1T ¥ K1 (4)

AR IR ) (min ) 5 K, b —2sh 112 07
BRFR (min ") K, I RS RO
Bl (mgemin) ~'15q, A q, SMH o N2 AT
i Cd>* WG FtHE (mg-g ™).
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UnTE 4 B R[] 0 38, 2ot S B0 T A X
Cd® ™ AW B i g S PR B K5 8 T e , 7520 12 h
TR B R P8 5 SR AN [) S5 2 1) 2 B 55/ G I
ABsep R AT BF 445 T Sep , ELECPE RS 7R
BRIy Cd> 1 3 A% Hef 45 58] g5 P16 i e
%,/H\:qﬂ ABsep XF Cd?? e R 72. 56 mg~g71 s
PR 2. 09 4% 3X AT RER y ABsep BERH LR
T ARURIFLAR , S TR 1 A A5 25 R 7 8 A,
BERE 3 185 ) A PRSHIRE B 7T RE PR S € ATk
B T RES DR T, i i 2 B 1 AT i AN Ay B
MR R, 3o R A5, L I 5 TR B A 2R 4T, B2 S 5510 2 T ]
AR BT Cd®* B3 P57 s s/, VW5 W A 3R]
TET G A 2 A6f FE T e, TR B 4 3 T i)y, HLVA R

HRE RS Cd®* 1) W R 55 PN B0 38 A4 I R 3 R
W o 56 32 i 10 20

P 1 AT SR SR o it E W B )/ Cd® Sy 3
i, e sl S5 1 Sep T ABsep X Cd** W [
R {E43 53531 0. 9599 Fi1 0. 9530, 4814 B ¢ F- i 1)
Wi g, . 73R 35.75 mg-g ' M170.67 mg-g™' 5
SEGIE W g, ., 34.65 mg-g ™' Fl 72.56 mg-g L
eI, BEIIHME 208 ) o BT RO 4 A e Pk T
WA X Cd> W BR. P v — g B g 2R A R G R
AR ) P IS BV A R B Cd® T I R DL AR
“E W B A s D IR WM R Cd® T 22 ) v e
it M e e e e TR LAk 4 L e B
AT S A R 2

Hflm 1 %3 A5 vy 1020 B 25
— g R - e SRl J) 2 B
36 75 s
(b) ABsep

20 60 I ‘,,::____,___._-_.-.-_-.:-.-_'_'_'_'_'_'_'_'.'.'.'.'a

T 241 To 45 =

£ g v

:%:‘. 18 :‘f —

= &= 30 f o

L = >

15
6L
ot
0 [I} 3IIJO ﬁ{I}U ‘)[IJO | EIOU 1 500 fjl 3{11[1 (!;JU ‘Jil][I 1 ElU[I 1500
‘ . O g |ii]-"lllil:l . P O B I ]/min
o ' B4 xr%bﬁ%}_ M3/ Cd2 * TR M 30 1%
i Fig. 4 Adsorption kin.etics of different mass ratio adsorbents/Cd**
F1 Ca*BMNEHEXSH
Table 1 Kinetic parameters of adsorption on Cd**
HE— By 2 A i P ki
5iH Rty e = K - = N @
/mg-g /min /mg-g /g* (mg+min)
1 32.14 28.61 0.0992 0.8103 30.35 0.004 0 0.9295
3 34.65 32.53 0.0104 0.9242 35.75 0.000 4 0.9599
Sep/Cd2* 5 27.03 24.09 0.0817 0.8592 25.60 0.004 0 0.9552
10 16.09 14.38 0.088 2 0.8647 15.20 0.007 6 0.9518
20 12.90 11.66 0.074 8 0.9329 12.27 0.008 6 0.976 2
25 11.35 10. 61 0.276 3 0.7650 10.89 0.044 5 0.9455
1 50.94 43.24 0.0336 0.8310 46.55 0.0010 0.9204
3 72.56 60.55 0.005 6 0.9090 70.67 0.000 1 0.9530
ABsep/ Cd* 5 61.45 47.11 0.040 1 0.8658 50.86 0.0010 0.9279
10 40. 46 34.83 0.0193 0.8572 38.02 0.000 7 0.9291
20 29.37 26.37 0.0735 0.8763 27.80 0.003 8 0.968 3
25 23.36 22.04 0.1154 0.909 8 23.02 0.007 1 0.9855
2.2.2 WEHFAEIR DT (10, 25 1 45°C ) WM AR I AR LML A 2521 DL

W 457 T 2 T 4 3 S A7 R B 5 B G v BE 1)
AR A BT I B 5005 B AR T2 A SR
Langmuir , Freundlich } Sips (L-F) #1474 [A] & &

5, MHKESHULE 2 FiEk 3.

_ QmKI,Ce
T« = T+ K,e,

(5)



208 7 a1 %
0 = K, c% (6) 2 X B0 B 75 A A0 BRI S A Al
QmK C = 1
& 1 + K.* (M o 1+ K¢ (8)
S%e

K, g, R B 0 B (mgeg ™' )5 e, OB IR
(mg-L™");0Q, MBI (mg-g ™) ;K (L-mg™) |
K[ (mg-g™)+ (Lemg™" )" TR K [ (L-mg™")" 15351
N Langmuir W [} 8 4% . Freundlich W & %% & Sips sz
BRI 1/ n a7 W BB B2 1 8 5, SRR AN
SIPETIAEE 8 S Sips SRR

ARHEE T, Langmuir & Sips FFh AR R
B = F Freundlich 55330 (38 2) , BB AF Hb 4 8
Sep M ABsep XF Cd** FW I, Hor Sips AR AH &1
He i Langmuir 55 i 2k T W B 570 35 1 0B 7 65 53
AT X5 B B3 S W B, 0 AH Q87 a5 R W2 Bfk o [
F AR E AR R AT AN R T Sep K
ABsep X Cd** Fy W B 3 2202 0. 03 )22 35 59 Wi it
T Cd™* B PHTHE ¢, <80 mg- L™, Sep M .ABsep
X Cd™* WP i o g, B e, A R TV 34 n , T

Cd** ) ¢, >80 mg'L g, Bl e, miﬁj(tT*%,ﬂ{, >

Sep K ABsep XT Cd2+ SP@I%WE(%)%%@ ?}ﬁ%
ﬁﬁiﬁji Jﬁliﬁﬁﬁwjﬁ‘ O3 ?ﬁ@ﬁ?ﬁxﬂ‘m_{
Uﬂﬂjﬁ#%f?ﬂﬁﬁﬂm%?ﬁéﬁ ¥ @ﬂﬁﬁ’]ﬂ‘m

sl 5 30 02 5 ) 3 o
Cdzi’ﬁﬁ%*yﬁﬂjjﬂlj\m Langmulr ﬁ:}'Fi% ,%ﬁﬂl(RL)

150 ]SU

=

Kf, ¢ N CE T RIFWEE (mg-L7") , 4 R, >1 i,
PG AN B R A5 R, =1 e MERPEL ;0
<Ry <1 oW Bt R0 A RN B 5 R, = 0 WoR
W RFEAS T 306200 g 3 AR 5 ob A 90 B v T S L
I, Sep & ABsep X Cd*>* Z& i W B 19 R, 43 I 7E
0.103 8 ~0.519 5F10. 195 7 ~0. 727 975 [l , ¢ HH Sep
e ABsep X Cd** AW B 2 i 5 T & A iR B e
YRR Cd* B R SRR .

Sips AR R 2 Langmuir H1 Freundlich 77 #2119
AT, T8 TR AR 7 AR 240 W% B 2 48 1
B SRR () R S, < 0 R LR AR , il
Freundlich %{ﬁéﬂé Wﬁfm/l%fT Bk Lar}gmurr &
TELZE 2L ) Ty 2 3R 22 g 24 SlpS WK,
] FSRE DA U o K %%Eﬁﬂﬁﬁﬁﬁ L7
MApIRRT @uazms@%ﬁwﬁ R 2 FF'E@K {E
b, AT %0 ABsep =4 Col2+ WWE’J?&FF@/&E%WW%
A Zlgﬁq/\ﬂiﬁ*ﬁﬁ fﬁﬁ}"”ﬁ Sips, %@%E&@EU

@EHQPMW%EEﬁiffﬁﬁﬁ%W’
318K i slps iﬁw ABsep % Cd** 5 SN UGG o8
166.2 mg-g' i KT Sep(48.50 mg-g™'), il
53 A O 1 B A AR A A T

150

Langmuirifg b 455 25 Freundlich i 25 48 Sips il b} 4kt 2k
*
120 - 120 + L 1200 + L
& v Sep 283K
‘e ¢ Sep 298K
o 90 + 4 Sep 318K 90 + 90
< m ABsep 283K
:?,_“ * ABsep 298 K
= 60| A ABsep 318K &0 L 60 Lk
=
30 ¢ 30 b 30 b % ey
0 40 80 120 160 200 0 40 120 160 200 0 40 80 120 160 200
Pl i ee/mg- L™ Pk fEce/mg L™ Pl ce/mg-L7!
B s MMEREEaA Cd* MRMERLE
Fig. 5 Adsorption isotherms on Cd>* of Sep and ABsep
% 2 Langmuir, Freundlich #0 Sips(L-F) WM& BN EX S
Table 2 Parameters of Langmuir, Freundlich, and Sips( L-F) isotherm equation fitting for Cd>*
L Langmuir W fi 45 R 2k Freundlich W B 45 £k Sips(L-F) W Ff 254k
whE K, 0 Ky On Ks
/K 2 n R? B R?
/Lemg™!  /mg-g”! /(mgeg™) - (Lomg™H)M" /mg-g~! /(L-mg™")”
283  0.0342 39.33  0.9453 7.681 3.44 0.8584  37.91 0.0257 1.10 0.9290
Sep 298 0.044 0 45.35 0.9233 11.29 4.00 0.7597 40. 16 0.006 4 1.65 0.9534
318 0.0410 52.82 0.9470 11.98 3.74 0.8178 48.50 0.0159 1.33 0.9475
283 0.0128 193.0 0.9023 8.755 1.86 0.8235 123.4 0.0002 2.35 0.9803
ABsep 298 0.016 6 193.8 0.9500 12.23 2.04 0.8798 142.4 0.0022 1.73 0.9769
318 0.0214 194.0 0.989 2 16.62 2.25 0.9266 166.2 0.0102 1.30 0.9963
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#*3 Langmuir BMEEXSBRH R,
Table 3 Separation factor of Langmuir isotherm equation fitting for Cd**
W Cd* SR /K ) Cd? * Skl /K
e /mg-L~! 283 298 318 HeE /mg 17! 283 298 318
27.05 0.5195 0.4566  0.474 1 29.20 0.7279  0.6735 0.6154
40.40 0.4199  0.3600 0.3764 44.64 0.6364  0.5744 0.5114
Sep 51.20 0.3635 0.3074  0.3227 ABsep 53.80 0.5922  0.5282 0.464 8
78.30 0.2719  0.2250  0.2375 84.60 0.4801 0.4159 0.3558
95.00 0.2353 0.1931 0.204 3 110.8 0.4135 0.3522 0.296 6
196.2 0.1297 0.1038 0.1106 192.0 0.2892  0.2388 0.1957

ATV ABsep X Cd** W FHPEBE B H 5K
I) A R B RN AT He A, 36 4 T LB Y AR 45 1
AP VRE IO A B R A B o S v T R 2 R A

B, ABsep XA TR CA** A 1R & W B o, Hooke
PEEAVET 8, B AR A 0 A5 IR, BT LA ABsep
AT IR Ry — s 8 v MO BT %) e b et

®4 TRBHFINELE Cd** BIRMIIERE LR

Table 4 Comparison of adsorption properties of different adsorbents for Cd?*

, mas W B S R i
. /mqg'g’1 FIAUSE /gL~ /K pH FREE o
SIETRNRTE RN 257.2 20 298 4.26 Langmuir /% .-“'[39]
RIS A A 142. 4 30 ~200 298 - 7.00 Sips : PN
2N-SBA-1S 101.0 s 298/ 4. 26| Langmuir  47731]
TR T Y B 91.07 10 ~ 150 298 k00 Langmuir. & [ &
Fe( ) -HH 47 79.30 L 5=is0 208 7 7.00 Sips '['29]“"
Bt EDTA-nSi02 .61 | 1 ) @Y 5550 298 230 ¥ g8 Langmuir )
2 30.40 W ) 47 275 <800 208/ 600 ¥ Freundlich . [32]*"_J

- ‘ % 4 ! - 7 v v, 2 | f 7 .,-I : l ‘...
2.2.3 IR A ' BY 1€ Sep J ABsep LMWK A AG" <0, AH" > 07 %
’fﬂfi A AT A e A ( AG' )\ B A2 | IR B IR SR, AS” > 0, 2 T IR ff

(AHY) VR AS? ) 903 Rl 12 5 00 B A
wo.

AG® = - RT Ink, (9)
AS*  AH’

anO = T - RT (10)

K=ol (11)
a(‘ 1)6 c&

K, eg HBIIGWE (mg-L7") 5 ¢, 4 M e B2
(mg-L™") s VR WART (L) s m S W B0 5 &
(g) ;R ABHSMAH 8. 314 J- (mol-K) ™' ;T K
A%t iR (K) 5 K, b W B30 2% 5F i K
(mLeg™ )3 a Ha, 535002 W 350 T IR 149 B
I B - iy Bt 2 0 TP Cd B TR M e, 2 TR R 90 % R
Cd* " By BE SRR BE (mmol =g ™) e, J= VA h 725 T
o Cd®* YR (mmol - mL ") v, Flo, 43520 Y K
W Cd BTG R LA In(e/c,) XF e, FEIRT, 2
Fo/N It et B3, 305 ¢, AMERE TR
WisE v WREE InK, FOME. LL InK, %F 1/7 EEL, £k
PERNE W1 TS A #REE | BRR AT AS® A
AH' AG" BIA(9) HIEITHA.

W% 5,418 i 283 K #6318 K B, Cd*”

FEHEIN T 8- L 4132 s TR RLRE B2 ; Rl I T
= AGY AR/ UL BT IR A R T CdP T BB,
W B B T A T T RS . AH® E 0 ~ 40
kJ - mol ™' Z [A] FEELH Y FRIZ K, 7 40 ~ 418 kJ +mol !
Ak AR AT F 283 ~ 318 K AF L
PERT IS WA 1) AH® 551 R 12,784 kJ-mol = Al
22.791 kJ-mol -, Bl 1 5 W B 3 B Y AH® A5 FiT B
T, PR ARG Cd® B4 R B 3 R T A 3 A, TR
FRAILT AT e e R S LB 5, 456 3 1+
W BRFE5 SR, AT 260 e i VI A X Cd® B IR o [
FETE S B Ko A=W B, H LAk 27 W B 32 5 InK,
AT 30 P85 ) T v T 38 R 10 BH R IR A R T R )
17, BRI BE B ABsep W B Cd** /) InK,, A8 fb
K, 5 32 5.
®5 CRHRNZELSY

Table 5 Thermodynamic parameters of Cd*>* adsorption

o AG® AH® AS®
WA REK dn K /kJemol =" /kJ-mol~! /J+(mol+K) -

283 7.982 —18.782 12.784 111.82

Sep 298 8.354 -20.698 12.784 111.82

318 8.586 -22.700 12.784 111.82

283 7.468 -17.572 22.791 142.76

ABsep 298  8.002 -19.826 22.791 142.76

318 8.537 -22.571 22.791 142.76
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2.3  ABsep X Cd** W BhHERE RS20 R & 20 A ABsep B AH X Eb 3 T AR RN BRF A7 o5 = 48 hn, A
2.3.1  WERMFRIEANEE X Cd** W R fE S i BEHT Cd** 2 B R L B R (HIE R P cd?Y

WP 6 fin, B ABsep il A9 3 K, Cd**
(2 B A Bl 2 38 K, SR 5 T AR . Y W R
B2 gL HE, EBRREE K, N
97.65% . SXM, ABsep XF Cd** [ o7 W o 2 i Wi
6 7510 18 o 22 B D 5 B R N R B 7R Y
ABsep 4 0.3 g- LB, W ik 2 i KA 72. 56
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HERE%

mg-g-
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2,372 | STAHETE Fxt C T RERE

—

Ve BEAE E | Ak SR B R B B Cd® T ZeBRR
S AN AR, (H 2 0 B R R — W (0.3
g L7") , ABsep $5 I A M A0 3 9 Hh s A TR A
A7 A T 87 R 7R A8 — 2 % 7 A BE 8
o8 A8 3 B AL R RS 5 BR B Cd® R AR
1117 2 R g B2 182 o 8 A 9 /0, 3 55 SCRiR [ 36,37
AT S 445 2R — 2K

75

L L L
100 150 200

BT e fE/mg L

1
50

G W HHI R 0% 6 FR | i A S i

S e e e R R R B ATk 2T Mg K Gl Na® <K P RS
T B, X Rl R R B BE P AR IR S | Cd® BRI RN Mg® " > Cat > Na® > K
PNATABE LK | N Ca™ B Mg I G o ®6 SRETWETEE ALLERABHAEEE ™

RN (Tl 6) W B2 S o), FL 2 A
T BRI, O Gl AR MR B 1 528 3 3
S A VE SRS Mg®® > Ca®" >Na® >K*, Y4
K*, Na®, Ca’" Fl Mg’* B F ¥ & 3 Jm & 200
mg-L ™", BEAF ABsep XF Cd** B 43- 51 Fb CK AR
T 49.61%. 81.24%. 87.84% H1 96. 69%, < W 7EAH
IR R, BB T (Ca® B MG ) H— M
BHES T (K * 1 Na ™) 300/ 38, FLr Mg i £
FRER K 0 0E P55 5 257 B B TR KA [l
BT U RO O G BRI SR B e Ty
Bt 1.

XATRER N Ca** | Mg** 5 Cd** B LA
TLERTTXT CA>* (935 4B T3 | FL3E 446 )
b B e R T R AR A B S T e
MR T ABsep 2 I NUHL 2R B S Cd** [a]
i AN BRI B X E AR
TR DU 55 T T R K AR, B
Tk A MATROK A A B HIAR 3, BT (0 o 8
AR YNT T RN il e o
T3 4 IR 7 R, DRI A IR JEE R, — A PR
BT (Ca’ Al Mg ) b— M FHES T (K™ Fl Na™ ) %}

Table 6 Ton radius, hydrated radius, and effective

hydration radius of metal ions

e BER KAEAR HROKE R
ERET /njn: J(/n?n: /l’l:l:':
Ccd*+ 0. 083 0. 426 0.231
K* 0.133 0.331 0.278
Na* 0. 098 0.358 0.207
Ca’* 0. 106 0.412 0.245
Mg?* 0.078 0.428 0. 199

2.3.3  pH ZAbX} Cd®* W fH BE A 5

VST pH AR AT L A% W 551 2% T P £ 45
S T 552 W 2 S 55 - K e 5500 A6 [ %) e FELAEE 38 T LA
AR 4 B AT AETE A TR M W RS R 2. pH S 2
~7 BF (I 7), ABsep XF Cd>* W Fff & K 25 s R Y Bl
pH HEKTIEIN, 76 pH Ay 2 Bk 18 B 200 SR A 22 , W
KBRS HR 3.60 mg-g™" | 6.89%, 3% &K Ky
pH BUNAR T H & wliE, H 5 Cd** XF ABsep
FET L BT A5 5 Sl B s e B pH Ry 7, W B
FBRFB RN RAE R 74,11 mg-g ™" | 36.30%,
X TR T pH M T Cd® TR A TEIE
A, pH BN Cd** RIS FAAAAE, BEFE pH (1)
BREWPH OH- &5 cd* 454, LA Cd(OH) *
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Fig. 7 Change of pH and its effect on the adsorption performance of Cd*
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