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Abstract: Zeolite (ZE) was synthesized in low-temperature and alkali-fusion-hydrothermal crystallization
process with flyash(FA) containing high SiO, and Al,O; content as raw materials, NaOH as modifier.ZE
was characterized by scanning electron microscope coupled with energy dispersive spectrometry
(SEM-EDS), X-ray diffraction (XRD), X-ray fluorescence (XRF), X-ray photoelectron spectroscopy(XPS),
Fourier transform infrared spectroscopy(FTIR), and Brunauer-Emmett-Teller (BET).The adsorption properties
and mechanism of synthetic zeolite for Cd** were investigated by static adsorption experiment.The results
showed that the Si—O—Si and Si—O—AI bonds in FA fractured to form [SiO,4]* and [A1O¢]>” monomers
after NaOH modification. The surface area of ZE increased to 21.54 m*/g. The equilibrium adsorption capacity
of the Cd*"on ZE was 49.38 mg/g under the conditions of the ZE dosage of 0.1 g, Cd*'initial concentration
of 100 mg/L and adsorption time of 30 min. ZE adsorption of the Cd** removal efficiency was more than
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90% at pH=4~9. At 35

, the adsorption kinetics of ZE for Cd**followed the pseudo-two-order kinetic

equation model with rate constant of 0.0586 g/(mg-min).The Cd*" adsorption isotherm is accorded with

Langmiur model, 1/n was 0.4324. The thermodynamic experiments revealed that the Gibbs free energy

change AG was between —20 and 0 kJ/mol,indicating that the adsorption was a spontaneous and

endothermicprocess. From the D-R isotherm model, the adsorption energy was more than 16 kJ/mol, which

demonstrated that the adsorption of Cd**was a combination of physical adsorption and chemical adsorption.
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Fig. 1 SEM-EDS images of flyash (a, c) and zeolite (b, d)
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Chemical composition of flyash and zeolite
Bt 2550 %

Na,0 CaO ALO; SiO, P,0s Fe,0; K,O TiO, Hih

3.27 37.7 51.5 0342 3.14 0908 1.62 1.520

0.277 1.58 0.732

Table 1

FA —
ZE 128 376 33.6 445 0.151 2.6
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z Z-NaAWHA K880
M-EORA  N4EEBRA
z T-HEA  H-IRER
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20/(°)

K2 By S A1  XRD A
Fig. 2 XRD patterns of flyash and zeolite
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SEAEAE— MR TE BRI, J2—O—H BYff&idiRzh

T FRYE BB i AL ; 76 1654.80 cm™ 4b 2l H—O—H
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X FRARAE R S, 461.09 em™ AbH Si—O & Al—O
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MR T A, W T EERAEY, BHFRFXF
48 AL

WA (ZE) Wt Cd*' i, J5 FTIR KWLE 4,
& 4 750, ZE Wl CdZ*ET 3418 cm™ #b—OH
i 45 4 sh G I s s 55 , Ul I R 38k /b, ZE Kim
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FEARAR X 1000 cm™ AbF — 4 5 il , ok Si—O 1)
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Fig. 3 FTIR spectra of flyash and zeolite
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Fig. 4 FTIR spectra of Cd*" before and after adsorption

WHEIK (FA) 534 (ZE) B9 XPS EIWE 5,

S
8.0x10 N oL
6.0x10° -
2
8
2 40x10° | e
g
£ ZE
= s |
2.0~10 FA Cls Si2p
! Al 2p|
0+

1400 1200 1000 800 600 400 200 O
Binding energy/eV

S5
LOX10° R 0 1

8.0x10*

6.0x10*

Intensity/a.u.

4.0x10*

2.0x10*

0 1 1 1 1 1 1 1 1 1 1 1
538 537 536 535 534 533 532 531 530 529 528 527 526
Binding energy/eV

1.8x10°
1.6x10°
1.4x10° [
=)
& 1.2x10°
‘E 1.0x10°
5 nk
E 8.0x10
6.0x10* [
4.0x10% [
2.0x10*

¢ ZEO1ls

0
538 537 536 535 534 533 532 531 530 529 528 527 526
Binding energy/eV

Fl5  BERSHA XPS 423 (a) F1O 1s 4335 (b, ¢)
Fig. 5 XPS full spectrum (a) and O 1s spectra (b. c) of fly
ash and zeolite
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THEEFRRER LM e, (S A S Na'85 6. B,
SEERRAES N ZE R BEAEEE Y,

FA %3 NaOH ePE)5, i BET 434 nl A,
Fe R WA 1.45 mYg BN ZE 21.54 m¥/g, FLIKFR
0.0015 cm®/g #4K % 0.0121 em’/g, B 2 At M 20~
100 nm 28 8% /N 20 nm, ] FA 5 NaOH 7E&; %2
i, NaOH 512 FA HK 53T, 3EEAR R IE
PR RZERE, FLARRR | HER AU, WA RS 5

K4 FTIR . XPS & BET J3:#r4s B4l , NaOH
2t FA 25 NaA B9 A 3L F2 40 °F P o FA 5 NaOH
TER e R B T ac i BB L A fE Si—O0—Si
Si—O—Al, Na'#EA FA 1, ZudskK# iy, fifi Si—
O 1 Al—0 Wi, JE BTG T ik R &k R AR R 5k H 44
e il R, FRIGER S, JE AL NaA ALk £ .

: I
$i0;  NeOH - Nao—sioNa __,

7
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ONa
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2.2 pH X} ZE MR B Cd* M AERIS MM

E ZE Bofinte 0.1 g Cd> WA AR E 100 mg/L
W FFFERE ] 60 min . MBS R 25 CF, S240 k[
1.2.2 75, pH Xt ZE ekt Cd> PEREM S ILIE 6. ¥
WP pH AT AR i 5 4 i 25— 5 W A ) 2% 1 )
s G N . FrE AR T . ZRTE T UE S5 B2 0
BLEINT . Y pH<S B, FAEF 2L, Cd” I CdNO;'
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Fig. 6 Effect of pH on the adsorption capacity of zeolite

for Cd*
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M2 quu=0 FFFTXT R pH Ay JH: 3 18 2 5 L o
( pHpse ), ZE. FA 1) pH-g,u HIZ LR 6a; ZE Wt
Cd> B I B 1 25 bR B pH 9728 AR A% B UL I 6b,

1 P 6a AT %1, ZE 1Y pH,,e(7.92) Lt FA(pH,,.=6.80)
112, RS ZE kR, Xt cdT kbR
BORBEN ., 24 pH<7.92 Bf, ZE KAy LRy, ]
Cd*' % ZE, M pH MK, quhBELGH, ZE %
WML, ZE FHS CdEE T dEs,
KIEHAEA—OH Wk AhiYy cd*4is, ZE Xt
CA> W s i in , R4 B UiiE ). A 6b A]
1, pH IAF] 7 W, ZE % Cd> it W A 1k 21044 1,
I BT 25 [ 3R RN B 52 3 531 A 98.72%F1 49.36 mg/g.
M pH>7 J5, & CA™ A EIMERSE, B T2C
eSS, CA(OH), EA £ FHh, NE 6b F
e, TEBPESRPET, pH X Cd* I L BRRE A K,
pH 7E 4~9 i}, pH X} ZE WEffl Cd*" sma#ic/N, Wt
AR E 7.71%, Kitk, ZE AP Cd¥ R KA 85
1 pH i& FHYE .
2.3 ZE #mExtH M Cd* Ak R 00

TE pH=7 . CA* WA R W T 100 mg/L | W Bt
1] 60 min. WHHEEE N 25 CF, SEEriklE 1.2.2
7, ZE Bl g B Cd® i RE A RZ i LI 7.

& 7 nIg, B ZE SOmE R, weoh

CA* M EPRRE L%, WMzl P, 35
R TREE ZE Bhnsasan, 2 mAa 200 ks
Wiz, ffi ZE XF Cd> AL X W BN, RBRRE T
FrEtl e Cd REWE AR, T ZE
Behnttsghn, S5 ZE X Cd* By W i i b .
M ZE BAEN 0.1 g iF, C& I EERRILE] 96.77%,
Wt A 48.68 mg/g, Z AT FA. GAHIE, B
BZE ik 0.1 g BN AIE

100

—o— ERER
80
= 198
E; S
= 60} 196 5
= i
§ {04
40t
492
20+
90

005 0.0 015 020 025 030
Bhni/g

Pl 7 ZE St x Fu B Ca® R s i
Fig. 7 Effect of dosage on the adsorption capacity of
zeolite for Cd**

2.4 CA*#ARERE ZE RHM Cd* HAERI MM

16 pH=7 . ZE it 0.1 g W] 60 min .
W BRI Ry 25 °CARPET, SEl Ik 1227, &
LT CA> W) Uf I H e BE X ZE W B Cd> Mg A S
G 8,

120 - oo
1000 TSo— 7 s

B gt —e— I it \ * 196

‘é‘) —D—£%$ o loa o\\o

mﬁf 60 [ ir

§ o 192 ¥
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o
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CA* IR R R B ((mg/L)
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Fig. 8 Effect of Cd*'initial concentration on the adsorption
capacity of zeolite for Cd**

NI 8 AT, Wt Cd> WIth Rk AR N, 25
BRI, Y CA* IR TR 10 mg/L #410
9 100 mg/L B}, EBRFFFLENE, 7£ 100 mg/L A,
Cd™ 2= BRI 53714 97.87%F11 48.94 mg/g;
TE W RN E 250 mg/L B, EBREFRER
85.41%, WM AN % 106.78 mg/g, FH 2 TH
#F CA BRI, cd BRI, Y ZE )
B P AN, a0 Cd™ AN B I B I A7 B3 A6 K
i CA™ K LR AR N, ZA%IE,



° 2124

A% 4m 4£ T FINE CHEMICALS

35 4%

VEHL Cd> W1 R A 100 me/L 55038 H.
2.5 WRMEFEXS ZE BRBT Cd? ik Bk B 220

16 pH=7. ZE $hnt 0.1 g, CA> Wi R e i
100 mg/L. WLRFHEE N 25 CAHTF, S5
1.2.2 745, WERRHAfR] Xt ZE W BRF Cd™ 1 RE AR i I 9
NAE I . KL 9 AT LAE Y, ZE %F Cd> il W [ 53 S 75
BB, € 0~30 min P, FEWETEER, ZE
Xif Cd* L BRRB WA, MBI 30 min B,
ZE Xf Cd* B)RBRARAMHE L F] 98.68%F1 49.38
mg/g, 7F 30~60 min N, ZE % Cd> 14 W2 it i T4
X E S TR I, ZE 2 A7 K A s
B, WRBHE S F K, X Cd™ R B i e 4 5
01 Bt %5 ZE WL BfE Cd> IRl U SE K, ZE 2 i F 7
B, S8 ZE X CAT W R ER AR, ELF
ZE iKY, WHHE ZE KR Cd¥ AP
ZE W#B, I 5ZIBME A, Wik, ZE LFREK
th Cd LR 4 30 min,

50 +
A A A A
T s w
Y 50 96
g 461 A/ 48 94
~ 2 25
g 44+ i 4 88 &
= S0 fo
540 —e— R g,
42 —O—EBR%E 80
Z 38 78
0 10 20 30 40 50 60
40 + t/min

0 20 40 60 80 100 120
t/min
FE 9 mERfta R X ZE MR CdP kB R
Fig. 9 Effect of adsorption time on the adsorption capacity
of zeolite for Cd**

26 WHizh hZEEER
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Table 2 Adsorptionkinetic parameters of Cd* on zeolite

HE— ) = PA S | XU RO RG]
/(mg/ K>/ K/ /
q ( g g) qe,exp/ Kl/-l R2 qe.exp/ 2 . A B R2 3 [ f/rzlg C RZ
(mg/g) min (mg/g) [ g/(gmin)] (g'min'?))
49.38 40.03  0.059 0.8862 49.75 0.0586 0.9999 3.7589 0.0347 0.9033 0.6416 43.981 0.6873
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Table 3  Adsorption isotherm parameters of Cd*" on zeolite

BRI BH P
25 35 45
Langmuir b/(L/mg) 0.192 0.1793  0.4822
gm/(mg/g) 86.21 90.09 99.01
R? 0.9966  0.9968 0.9845
Fredunlich Kr 9.76 24.11 32.68
1n 0.5927  0.4324  0.3922
R? 0.9600  0.9585 0.9679
Temkin A 0.09 41.86 45.82
B 63.17 49.49 45.82
R? 0.9207  0.9105 0.8590
D-R gn/(mg/g) 58.83 63.17 66.34
E/kJ/mol)  41.67 50 90.91
R? 0.815 0.8237 0.8174
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Fig. 10  Effect of adsorption temperature on the adsorption
capacity of zeolite for Cd*" at dififferent Cd*"
initial mass concentrations
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Table 4 Comparation of the adsorptioncapacities of Cd** onvarious zeolites

% B 551 % B/ (mg/g) Rl Sk
pH BMEL/(g/L)  CA> WG B AR /(mg/L) I Ji] /min

FA 1% jf 551 29.93 7.7 300 120 [10]
R B 9.68 7 100 30 [11]
FA W £1 86.96 6 20 90 [12]
SERBESE W A 9.10 5 100 420 [22]
Foy 2y 6.46 7 10 1440 [26]
NaA £ (ZE) 49.38 7 100 30 EN'S
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Fig. 11  Effect of temperature on the coefficients
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Table 5 Adsorption thermodynamic parameters of zeolite

for Cd*
R/ AG/(kJ/mol)  AH/(kJ/mol)  AS/ [ J/(K-mol) )
25 2230 19.83 75.65
35 -3.01
45 -3.57

HiZ 5 [, AG<0, UiHH ZE %t Cd™ AW fff
H & HEATH o AG TE—-20~0 kI/mol , B G Wy 3 2!
AH 24 19.83 kJ/mol, ULHH ZE XF Cd> W Bt 2y W #4
7, % e Bt e B B T TS K, AS h 75.65 J/(K-mol),
ULIARE S SOV I HE T, REMTCT R K, %%
5 R LR 25 e —F

3 &g

(1) FTIR 5 XPS K%K, FA £ NaOH
PJE, Si—O—Si Ml Si—O—Al WiZE i, Si—O0 Fl
Al—O, #E—HREM NaA Bk, N XRD K
KB, FA BCHESG B A S AR Y, L R R )
I, detEJe ZE LR MAUY K, 2078 FA 19 15 %,

(2) @t PR EIE LI, pH 1E 4~9 Bf, ZE
X CA I EBRRIE 90%L) F, CA* Byt FE ZE
PN AR R, B Cd R T R R Y
I EEAR . 24 ZE #hnE 0.1 g, CA* WA H v
100 mg/L . WZRFEFE] 30 min B, Cd* 2R3 AT 1k 5]
98.68%.

(3) ZW M B4 A Langmuir 28R 5 FE, MR
WM, 7E35  F, MR 90.09 mg/g.
H Un 78 0~1, KA, ZE Xt Cd™ W4T &



© 2126 ¢

# @m 1k T FINE CHEMICALS

35 4%

i o

PN S1ETT AR, R YR 2 0 R A

RL A IR I [ 4 ) W B B I AR IR R o
Je F R HEAT BB, e ) B S e i 3
[FIVE B4R

SE

(1

(10]

(1]

[12]

[13]

Santosfrancés F, Martinezgrana A, Rojo P A, er al. Geochemical
background and baseline values determination and spatial distribution
of heavy metal pollution in soils of the andes mountain range
(Cajamarca-Huancavelica, Peru)[J].
Environmental Research & Public Health, 2017, 14(8): 859-880.

Lu Quanfang (i} 75), Zheng Jidong (FF4EAR), Yu Jie (AT7), et al.
Preparation of chitosan/poly (acrylic acid) hydrogel and its adsorption
properties for Cu*" and Cd*'[J]. Fine Chemicals (K540 T), 2016,
33(12): 1398-1404.

Du Wenqi (F13¢3), Cao Wei (BH5), Zhou Hang (JEfiL), et al

Optimization and the mechanismin treatment of heavy metals

International ~ Journal of

wastewater with magnetic biochar[J]. Acta Scientiae Circumstantiae
(AEERLE2AR), 2018, 38(2): 492-500.

Xiao Liping (14 FI#), Geng Xinhui (HKIEE), Pei Ge (FE#%).
Immobilization and regeneration of heavy metal ions by composite
saturated bentonite adsorbent[J].Chinese Journal of Environmental
Engineering (JF355 T2244R), 2016, 10(4): 1645-1650.

Li F, Wu W, Li R, et al. Adsorption of phosphate by acid-modified
flyash and palygorskite in aqueous solution: Experimental and
modeling[J]. Applied Clay Science, 2016, 132/133: 343-352.

Deng X, Qi L, Zhang Y. Experimental study on adsorption of
hexavalent chromium with microwave-assisted alkali modified
flyash[J]. Water Air & Soil Pollution, 2018, 229(1): 18-22.

Neupane G, Donahoe R J. Attenuation of trace elements in coal
flyash leachates by surfactant-modified zeolite[J]. Journal of
Hazardous Materials, 2012, (229/230): 201-208.

Shigemoto N, Shirakami K, Hirano S, er al. Special articles on
chemistry and technology for recycling inorganic and organic
materials. preparation and characterization of zeolites from coal
ash[J]. Nippon Kagaku Zassi, 1992, 183(5): 484-492.

Wang Guanghui (FJ:#%), Li Min (Z5£), Guo Feng (3F1%), et al.
Study on adsorption performance and mechanism of synthetic zeolite
from flyash[J]. China Resources Comprehensive Utilization (" [E %%
LA HI), 2017, 35(9): 35-39.

Zhao Liyuan (BAWNEZ), Li Beigang (ZEJLSE), Wang Wei (F4).
Adsorption capability of flyash-based adsorbent for Cd*" in simulated
wastewater[J]. Environmental Protection of Chemical Industry (fkT.
), 2012, 32(2): 113-118.

Yang Wenhuan (1 3C/t), Chen Ahui (4B #%), Li Weiping (Z£ 1),
et al. Synthesization of Fly-Ash zeolite by alkail fusion-microwave
crystallization process and adsorption to Cd*‘[J]. Environmental
Protection of Chemical Industry (fb T¥#), 2015, 35(5): 547-551.
Li Xianbo, Ye Junjian, Liu Zhihong, et al. Microwave digestion and
alkali fusion assisted hydrothermal synthesis of zeolite from coal fly
ash for enhanced adsorption of Cd (II) in aqueous solution[J].
Journal of Central South University, 2018, 25(1): 9-20.

Soco Eleonora, Kalembkiewicz Jan. Comparison of adsorption of Cd
(II') and Pb (II) ions on pure and chemically modified flyashes[J].
Chemical & Process Engineering, 2016, 37(2): 215-234.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

Jumaeri, Santosa S J, Sutarno, et al. Synthesis of zeolite a from coal
flyash by alkali fusion and hydrothermal[J]. Advanced Materials
Research, 2014, 1043(4): 198-203.

Gong Yongfan, Fang Yonghao. Preparation of belite cement from
stockpiled  high-carbon  flyash
synthesismethod [J]. Construction & Building Materials,2016, 111:
175-181.

using  granule-hydrothermal

SaniNazifi Dalhatu. Hydration of flyash blended cement[J]. Journal
of Civil Engineering and Environmental Technology, 2015, 2(8):
763-767.

Zeng Liding (%% 717T"), Zhang Hui (7KZ), Mo Mingen (34413,
et al. Adsorption behaviors of modified chestnut shell CACS on
Cr(1l)[J]. Chinese Journal of Environmental Engineering (M4 T2
2:4R), 2016, 10(2): 697-703.

Liu Zhixiong (X /ME), Sun Lin (#hH#f), Hu Jie (%), et al.
Preparation and characterization of CuFeO, and its adsorption
properties for methylene blue[J]. Fine Chemicals(f54i{kT.), 2017,
34(4): 444-450.

Yang Wenyi (#7525K), Xie Hualin (i##£4K). Absorption treatment of
heavy metal ions in electroplating wastewater by chitosan intercalation
Kaol[J]. Materials Protection (1 BH¥:4/7), 2016, 49(11): 75-78.
Zhang Yan (5k¥k), Zhang Wanjun (5K J742), Dong Mengguo (FE4F
H1), et al. Preparation and adsorption properties for Cu®" of magnetic
graphene foam[J]. Fine Chemicals ({54l1k T"), 2018, 35(1): 10-16.
Vidal C B, Raulino G S C, Luz A D D, et al. Experimental and
theoretical approach to multicomponent adsorption of selected
aromatics on hydrophobically modified zeolite[J]. Journal of Chemical
& Engineering Data, 2013, 59(2): 282-288.

Zhen Haobo (HZ£]), Hu Yongyou (#8549), Cheng Jianhua (F2#:
4£). Adsorption of Cu”’, Ni*" and Cd** by chitosan cross-linked zeolite
beads[J]. Acta Scientiae Circumstantiae, 2011, 31(7): 1369-1376.
Wang Togntong (EfEfE), Ma Jiangbo (Y1), Qu Dong (HiZR),
et al. Characteristics and mechanism of copper adsorption from
aqueous solutions on biochar produced from sawdust and apple
branch[J]. Environmental Science (FFEFHE), 2017, 38(5): 2161-2171.
Giles C H, Smith D, Huitson A. A general treatment and
classification of the solute adsorption isotherm.i.theoreticallJ].
International Journal of Nanoscience, 1974, 10(3): 391-396.

Sircar S. Comments on practical use of Langmuir gas adsorption
isotherm model[J]. Adsorption-Journal of the International Adsorption
Society, 2016, 23(1): 1-10.

Hao Shuoshuo (#ffiiifiit), Zhu Jialiang (A5 %%), Huang Hui (37 EF),
et al. Cd (II') adsorption equilibrium and kinetics by modified
zeolites[J]. Chinese Journal of Environmental Engineering, 2012,
6(8): 2693-2697.

Cheng Aihua (F2Z%£), Qian Dapeng (2% K ME), Yao Mengyao (251
F%). Preparation of Ca*‘imprinted cross-linked modified chitosan and
its adsorption properties for Cd*[J]. Fine Chemicals (K54H4kT)),
2018, 35(3): 482-488.

Deng Lin, Shi Zhou, Luo Lu, et al. Adsorption of hexavalent
chromiumonto kaolin clay based adsorbent[J]. Journal of Central
South University, 2014, 21(10): 3918-3926.

Ding Wei (T ff5), Batugimuge (I EIHAKK), Zhang Lingling (K3
1), et al. Kinetic and thermodynamic study of phosphate adsorption
by spontaneous combustion coal gangue[J]. Chinese Journal of
Environmental Engineering (P58 TFE24), 2017, 11(7): 4059-4066.



