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Abstract: Zeolite adsorbents were synthesized through an alkali fusion-hydrothermal process, using
coal fly ash as a raw material. Firstly, the coal fly ash was mixed with sodium hydroxide at a mass ratio
of 1 : 1.2 and then roasted at 850 °C for 2 h to obtain the alkali-fused ash. The effects of the Si/Al molar
ratio of the precursor, reaction time, temperature, and liquid/solid ratio on the structure of the zeolite
adsorbents derived from coal fly ash were investigated through single-factor experiments conducted
during the hydrothermal reaction. The synthesized zeolite adsorbents derived from coal fly ash were
systematically characterized using X-ray diffractometer (XRD), scanning electron microscope (SEM)
and specific surface area and pore size analyzer (BET). Under the optimized conditions of a Si/Al molar
ratio of the precursor set at 1.5, a reaction time of 16 h, a reaction temperature of 70 °C, and a
liquid/solid ratio of 8 mL/g in hydrothermal reaction, the relative mass fraction of type X zeolite in the
synthesized product was 96.3%, the specific surface area was 489.9 mz/g, and the pore volume was 0.28
cmS/g. Subsequently, the gas adsorption performance of benzene, a typical volatile organic compound,
by zeolite adsorbent derived from coal fly ash was investigated and compared with commercial
activated carbon. The results showed that at an initial pollutant concentration of 800 pg/L, an adsorption
temperature of 100 °C, a gas flow rate of 200 mL/min, and an adsorbent loading of 0.1 g, the zeolite
adsorbents derived from coal fly ash exhibited a saturated adsorption capacity of benzene at 41.5 mg/g,
which was higher compared to commercial activated carbon (31.3 mg/g). This study provides a

reference for the resource utilization of coal fly ash.
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Table 1 Main chemical compositions of coal fly ash %
s Sio, ALO, Ca0 Fe,0; TiO, K,0 MgO Na,0 Pk
i 50.35 35.90 4.45 3.57 1.83 0.93 0.74 0.30 1.13
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Fig.1 SEM morphology of coal fly ash
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Fig. 2 Particle size distribution of coal fly ash
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Table 2 Specific surface area and pore structure data of

commercial activated carbon

oy Sper/ Sricro/ Vo D/
HH 2 -1 2 -1 3 -1

(m™g ) (m™~g ) (em™g ) nm
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Fig. 5 XRD patterns of alkali fused ash
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Table 3 Table for optimization of one-factor experiments

on hydrothermal reaction
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Si/Al-1.3 1.3
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Si/Al-1.5 1.5 16 90 8

Si/Al-1.6 1.6

Si/Al-1.7 1.7

t-2 2

t-4 4

t-8 1.5 8 90 8

t-16 16

t-24 24

T-70 70

T-80 80
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Fig. 8 SEM images of zeolite synthesized by precursor with different silicon/aluminum molar ratios
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Table 4 Pore structure and mineral phase data of zeolite synthesized by precursor with different silicon/aluminum molar ratios

(e) Si/AL-1.7

i Sper/(m’g ) Saiene/ (Mg ™) Vi (cm™g ") D/nm AT A AN 5 H0 % X A AR o R 4 B0 %
Si/Al-1.3 190.97 133.55 0.15 3.08 44.66 55.34
Si/Al-1.4 274.41 228.90 0.18 2.64 18.25 81.75
Si/Al-1.5 451.08 398.48 0.26 2.26 242 97.58
Si/Al-1.6 448.74 393.81 0.26 2.28 2.80 97.20
Si/Al-1.7 452.38 397.62 0.26 2.33 3.07 96.93
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Fig. 9 XRD patterns of zeolite synthesized with different

hydrothermal reaction time
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Fig. 10 SEM images of zeolite synthesized with different hydrothermal reaction time
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Table 5 Pore structure and mineral phase data of zeolite synthesized with different hydrothermal reaction time

RE & Sger/(m-g ) Siere/ (Mg ) Ve (cm™g ) Dinm AT TR X A 43 B/ % XTE b 7 A A 4 /%
t-2 58.26 33.88 0.11 7.87 — —
t-4 439.95 363.03 0.27 245 12.16 87.84
t-8 455.09 384.40 0.27 2.28 5.61 94.39
t-16 469.85 393.35 0.27 2.30 2.42 97.58
t-24 466.64 387.77 0.27 2.31 2.39 97.61
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Fig. 11 XRD patterns of zeolite synthesized at different

hydrothermal reaction temperature
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Fig. 12 SEM images of zeolite synthesized at different hydrothermal reaction temperature
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Table 6 Pore structure and mineral phase data of zeolite synthesized at different hydrothermal reaction temperature

A Sper/(m’g ) Suiene/ (Mg ™) View!/ (cm™g ") D/nm AT AR X SR 5 % XU s A R X S R 43 %

T-70 489.93 410.54 0.28 226 3.69 96.31
T-80 484.24 394.26 0.28 239 2.49 97.51
T-90 469.85 39335 027 230 242 97.58
T-100 376.76 309.61 0.23 2.46 20.54 80.46
T-110 363.40 300.34 023 2.54 22.65 77.35
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Fig. 13 XRD patterns of zeolite synthesized with different S T E A IR, By R B R AR R A L £
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Fig. 14 SEM images of zeolite synthesized with different hydrothermal reaction liquid/solid ratios
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Table 7 Pore structure data of zeolite synthesized with

different hydrothermal reaction liquid/solid ratios

B Sper/ Stniero/ Vot Diam
(m>g") (m>g") (em’g™")
L/S-4 281.96 202.99 0.21 3.01
L/S-6 362.83 249.15 0.33 3.66
L/S-8 469.85 393.35 0.27 2.30
L/S-10 116.06 52.40 0.19 6.39
L/S-12 59.36 22.63 0.14 9.49
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.‘,,P/WWM o
,,»/ W SR e
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w/w Oh“ y
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Fig. 15 UV Raman spectra of products with different

hydrothermal reaction time
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Table 8 Experimental results of benzene adsorption by

different adsorbents
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Fig. 17 Kinetic modelling of benzene adsorption on

zeolite adsorbents derived from coal fly ash
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Table 9 Kinetics model fitting parameters for benzene

adsorption by different adsorbents

Wt 2 g 2 A5 A 8 YRR A1 Tl Ak ¢
q/(mg-g ") 40.00 3435
ME—2 gl Jy Al ky/min”’ 0.0510 0.064 0
R 0.988 5 0.9959
q/(mg-g ") 48.73 46.66
W B SR k/(grmg min ') 0.0012 0.001 2
R 0.9912 0.989 8
q/(mg-g ") 42.82 32.24
ky/min~ 0.091 0 0.0410
Bangham3]j 7 224 71
z 0.770 1218
R 0.999 4 0.999 5
3 & it

ARG UMb [y R Sy DB B T e P
93 R ¢ 5 A R I 91, 36 sk X A R e PR 3R
AT DL SE 56, 15 4 7E KBS i 9K AR A /40 FBE 7R
bk 1.5, SO EFTE] 16 h, & 70 °C, W/ R



Wi w55 BRI £ G AR DA B R IR B P REATE 5

- 149 -

8 mL/g Z5 10 A B9 K3 5 IR 3 ok 44 LA v ik
489.93 m’/g B L 1 AL 0.28 em’/g B FLARFH
TP /R B JR EU R R i = 3 rp XA A 1 4
JE R R R R R R

TE 0.1 g BEHE A 51T, DACAR 25 A B
I W A R AR S X 4% 14 A e
TN 41.53 mg/g, PL T LI Mok, 2% BRI F R
R A TR I A K AR S R AT L A P
AU AT KA B RS

S 3K ( References ) :

[1]  TONG Ruipeng, WANG Yiran, ZHAO Xu, et al. Model-
ing health impacts of air pollutant emissions from the coal-
fired power industry based on LCA and oriented by WTP: A
case study[J]. Environmental Science and Pollution Research
International, 2022, 29(23): 34486-34499.

21 &5, B, XUE, 55 3 E KA TR 2 R 8
[7]. RETRAFZE S48, 2022(1): 29-34.

LI Qin, YANG Yuebin, LIU Jun, et al. Present status and
prospect of fly ash utilization in China[J]. Energy Research
and Management, 2022(1): 29-34.

3] K&, HE, BUATE, SFRME RO S E LR
FHBTSEHENE (7] BEIRFRGEARAF, 2023, 37(4): 1-11.
ZHANG Zhiming, GUI Lianzheng, LIAO Dachen, et al.
Advances in high-value utilization of fly ash from coal-fired
power plants[J]. Energy Environmental Protection, 2023,
37(4): 1-11.

[4] ABDELWAHAB O, THABET W M. Natural zeolites and
zeolite composites for heavy metal removal from contami-
nated water and their applications in aquaculture systems: A
review[J]. Egyptian Journal of Aquatic Research, 2023,
49(4): 431-443.

[S]  PENG Zhendong, LIN Xueming, ZHANG Yulong, et al.
Removal of cadmium from wastewater by magnetic zeolite
synthesized from natural, low-grade molybdenum[J].
Science of the Total Environment, 2021, 772: 145355.

[6] GROSSM, SOULARD M, CAULLET P, et al. Synthesis
of faujasite from coal fly ashes under smooth temperature and
pressure conditions: A cost saving process[J]. Microporous
and Mesoporous Materials, 2007, 104(1-3): 67-76.

[7] ABDULLAHI T, HARUN Z, OTHMAN M H D. A review
on sustainable synthesis of zeolite from kaolinite resources
via hydrothermal process[J]. Advanced Powder Technol-
ogy, 2017, 28(8): 1827-1840.

[8] OGATA F, NAGAIN, UEMATSU Y, et al. Synthesis of
fine Na-type zeolite grains from coal fly ash and the assess-
ment of the adsorption capability of lead ions from aqueous
solutions[J]. RSC Sustainability, 2024, 2(2): 491-498.

[9] CUNDY C S, COX P A. The hydrothermal synthesis of

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

zeolites: Precursors, intermediates and reaction mechanism
[J]. Microporous and Mesoporous Materials, 2005,
82(1): 1-78.

LIU Guoqing, LIN Yuxing, ZHANG Lili, et al. Prepara-
tion of NaA zeolite molecular sieve based on solid waste fly
ash by high-speed dispersion homogenization-assisted alkali
fusion-hydrothermal method and its performance of ammo-
nia-nitrogen adsorption[J]. Journal of Science: Advanced
Materials and Devices, 2024, 9(1): 100673.

KIM W, CHOI D, KIM S. Sonochemical synthesis of
zeolite A from metakaolinite in NaOH solution[J]. Materials
Transactions, 2010, 51(9): 1694-1698.

INADA M, TSUJIMOTO H, EGUCHI Y, et al
Microwave-assisted zeolite synthesis from coal fly ash in
hydrothermal process[J]. Fuel, 2005, 84(12-13): 1482-
1486.

LIN Shunda, JIANG Xuguang, ZHAO Yimeng, et al.
Zeolite greenly synthesized from fly ash and its resource
utilization: A review[J]. Science of the Total Environment,
2022, 851: 158182.

HUBER F, HERZEL H, ADAM C, et al. Combined disc
pelletisation and thermal treatment of MSWI fly ash[J]. Waste
Management, 2018, 73: 381-391.

MURUKUTTI M K, JENA H. Synthesis of nano-crystalline
zeolite-A and zeolite-X from Indian coal fly ash, its charac-
terization and performance evaluation for the removal of Cs
and S from simulated nuclear waste[J]. Journal of
Hazardous Materials, 2022, 423. 127085.

JU Tongyao, MENG Yuan, HAN Siyu, et al. On the state
of the art of crystalline structure reconstruction of coal fly
ash: A focus on zeolites[J]. Chemosphere, 2021, 283:
131010.

FEHENE, FEA, I0E, S S E K NaA fI
NaX EUBMEE Bt A1 14 50 BURAE [J]. R TR 440, 2008,
2(6): 814-819.

WANG Chunfeng, LI Jiansheng, HAN Weiqing, et al.
Property characterization of zeolites NaA and NaX from fly
ash using alkaline fusion method[J]. Chinese Journal of Envi-
ronmental Engineering, 2008, 2(6): 814-819.

XS, TIREL, IS GG Ak O R A Y RIT
FUIEIR (). REMREREHZ, 2014, 33(7): 1706-1714.

DENG Hui, ZHANG Qikai, BAI Yingzhi. Research
process on the zeolite synthesis by fly ash used alkaline-acti-
vation method[J]. Bulletin of the Chinese Ceramic Society,
2014, 33(7): 1706-1714.

TRdh, EXEL, BRYG, SOBMUR TR 0 A S ke
FE [I]. KHMT @B 244, 2013, 19(4): 284-289.
ZHANG Jing, WANG Xingchen, CHEN Tao, et al. Study
on the preparation and properties of fly ash zeolite[J]. Journal

of Tianjin Institute of Urban Construction, 2013, 19(4):


https://doi.org/10.1007/s11356-022-18561-z
https://doi.org/10.1007/s11356-022-18561-z
https://doi.org/10.1016/j.ejar.2023.11.004
https://doi.org/10.1016/j.scitotenv.2021.145355
https://doi.org/10.1016/j.micromeso.2007.01.006
https://doi.org/10.1016/j.micromeso.2007.01.006
https://doi.org/10.1016/j.apt.2017.04.028
https://doi.org/10.1016/j.apt.2017.04.028
https://doi.org/10.1016/j.apt.2017.04.028
https://doi.org/10.1039/D3SU00421J
https://doi.org/10.1016/j.jsamd.2024.100673
https://doi.org/10.1016/j.jsamd.2024.100673
https://doi.org/10.1016/j.jsamd.2024.100673
https://doi.org/10.1016/j.jsamd.2024.100673
https://doi.org/10.2320/matertrans.M2010191
https://doi.org/10.2320/matertrans.M2010191
https://doi.org/10.1016/j.scitotenv.2022.158182
https://doi.org/10.1016/j.wasman.2017.12.020
https://doi.org/10.1016/j.wasman.2017.12.020
https://doi.org/10.1016/j.jhazmat.2021.127085
https://doi.org/10.1016/j.jhazmat.2021.127085
https://doi.org/10.1016/j.chemosphere.2021.131010

150 - (LR N T T

%38 EH 6 M

[20]

(21]

[22]

(23]

(24]

284-289.

WALEK T T, SAITO F, ZHANG Qiwu. The effect of low
solid/liquid ratio on hydrothermal synthesis of zeolites from
fly ash[J]. Fuel, 2008, 87(15-16): 3194-3199.

AEBET. By DCHEI A G I A KL R H B e 1
5T [D]. Be . WIVT R, 2020: 12-13+34-35.

REN Xiaoyu. Synthesis, growth mechanism and adsorption
fly ash[D].
Hangzhou: Zhejiang University, 2020: 12-13+34-35.
PURNOMO C W, SALIM C, HINODE H. Synthesis of
pure Na-X and Na-A zeolite from bagasse fly ash[J]. Microp-

performance of zeolites based on coal

orous and Mesoporous Materials, 2012, 162: 6-13.
ZHANG Xu, TANG Dingxing, ZHANG Min, et al.
Synthesis of NaX zeolite: Influence of crystallization time,
temperature and batch molar ratio SiO,/Al,0; on the particu-
late properties of zeolite crystals[J]. Powder Technology,
2013, 235: 322-328.

BELVISO C, CAVALCANTE F, JAVIER HUERTAS F,

et al. The crystallisation of zeolite (X- and A-type) from fly

[25]

[26]

[27]

(28]

ash at 25 C in artificial sea water[J]. Microporous and Meso-
porous Materials, 2012, 162: 115-121.

WU Yuhua, XUE Kai, MA Qiaoling, et al. Removal of
hazardous crystal violet dye by low-cost P-type zeolite/carbon
composite obtained from in situ conversion of coal gasifica-
tion fine slag[J]. Microporous and Mesoporous Materials,
2021, 312: 110742.

FAN Fengtao, FENG Zhaochi, LI Guanna, et al. In situ
UV Raman spectroscopic studies on the synthesis mechanism
of zeolite X[J]. Chemistry, 2008, 14(17): 5125-5129.
DEPLA A, VERHEYEN E, VEYFEYKEN A, et al
Zeolites X and A crystallization compared by simultaneous
UV/VIS-Raman and X-ray diffraction[J]. Physical Chemistry
Chemical Physics, 2011, 13(30): 13730-13737.
BANDURA L, PANEK R, ROTKO M, et al. Synthetic
zeolites from fly ash for an effective trapping of BTX in gas
stream[J]. Microporous and Mesoporous Materials, 2016,

223: 1-9.


https://doi.org/10.1016/j.fuel.2008.06.006
https://doi.org/10.1016/j.micromeso.2012.06.007
https://doi.org/10.1016/j.micromeso.2012.06.007
https://doi.org/10.1016/j.powtec.2012.10.046
https://doi.org/10.1016/j.micromeso.2012.06.028
https://doi.org/10.1016/j.micromeso.2012.06.028
https://doi.org/10.1016/j.micromeso.2012.06.028
https://doi.org/10.1016/j.micromeso.2020.110742
https://doi.org/10.1002/chem.200800560
https://doi.org/10.1039/c1cp20157c
https://doi.org/10.1039/c1cp20157c
https://doi.org/10.1016/j.micromeso.2015.10.032

	0 引　　言
	1 材料与方法
	1.1 实验原料
	1.2 表征方法
	1.3 粉煤灰基沸石合成及分析方法
	1.3.1 粉煤灰基沸石合成方法
	1.3.2 粉煤灰基沸石物相分析方法

	1.4 苯吸附实验方法

	2 实验结果与分析
	2.1 粉煤灰基沸石合成优化实验
	2.1.1 前驱体硅/铝摩尔比对沸石结构影响
	2.1.2 水热反应时间对沸石结构影响
	2.1.3 水热反应温度对沸石结构影响
	2.1.4 水热反应液/固比对沸石结构影响

	2.2 粉煤灰基沸石合成过程的物相转变机理
	2.3 粉煤灰基沸石对苯的吸附性能研究

	3 结　　论
	参考文献

