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Zeolitization of coal fly ash (CFA) provides a potential alternative for creating high-added-value products
from this hazardous solid waste. In this work, a single phase zeolite A with high crystallinity was
successfully synthesized from CFA via the alkali fusion hydrothermal method. X-ray diffraction (XRD),
scanning electron microscopy (SEM), X-ray fluorescence (XRF), Fourier transform infrared (FT-IR)
spectroscopy, N, physisorption, and solid-state MAS NMR spectra were applied to characterize as-
synthesized zeolites. Results indicated that the type and purity of zeolite were closely related to the
synthesis conditions and parameters. A well-defined cubic shape of zeolite A with a specific surface area
of 43.7 m? g~ was obtained at a low temperature of 75 °C during hydrothermal treatment for 18 h. The
ammonium cation exchange capacity (CEC) test showed an impressive value of 232.2 mmol 100 g~*
over prepared zeolite A, which was about 22 times that of the original CFA and close to commercial
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1. Introduction

In the past few decades, prosperity in economy and human life
has demanded huge energy consumption." Most energy derives
from fossil fuel and other renewable sources, including solar,
wind, hydropower and biomass. In China, it is assumed that
70% of the total energy is provided through coal combustion.>
During the coal utilization process, a great deal of coal fly ash
(CFA) is generated, the worldwide amount of which has reached
160 million tons per year recently.* However, only 20% of CFA is
properly used in construction and the remaining is directly
dumped into landfill, which does harm to water resources and
human health.* Therefore, it is extremely necessary and
significant to explore efficient ways to reuse fly ash.

Zeolites are important porous materials with open three-
dimensional ordered skeleton structures. Zeolites has been
widely used in various industrial fields because of their high
specific surface area, excellent cationic exchange capacity,
thermal stability, shape selection selectivity and other proper-
ties.>® Based on different applications, various zeolites have been
successfully synthesized, such as X,” Y,* ZSM-5,° MOR," and even
pure silicon zeolite. Furthermore, for some specific reactions,
zeolites has been modified and doped with the metals. Zhao et al.
obtained a good catalytic performance in the selective oxidation
of styrene by doping with vanadium or manganese on silicalite-
1" Grand et al. synthesized silanol-free nanosized MFI-type
zeolites via one-pot method as well as introducing tungsten. W-
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zeolite A. These results pave the way for the exploitation and utilization of the CFA.

MFI exhibits an excellent catalytic epoxidation performance of
styrene and high separation capacity of CO, and NO,."”

Among hundreds of different types of zeolites, zeolite A is
one of great importance because of the small aperture of about
4 A, and high molar ratio of aluminum to silicon (~1), which
can provide a large number of sites for cation exchange.'***
Thanks to the outstanding characteristics such as non-toxicity
and high thermal stability,'® zeolite A has been extensively
used for waste treatment,"”* and product separation.*
However, the high cost resulting from the expensive precursors
used mainly limits the wide applications of zeolite A. Recently,
great efforts have been made to solve this problem.****

Considering that silicon and aluminum are the main
components of CFA, it is reasonable to conceive the idea of
prepare zeolite A from CFA.”* However, insoluble crystalline
phases such as quartz and mullite introduced from CFA may
reduce the cation exchange capacity (CEC) and limit the appli-
cation of zeolites.”® To address this problem, the addition of
alkali to fly ash during calcination could get rid of these crys-
talline phases, which would be beneficial for the formation of
pure phase in zeolite products.>”*® Besides, impurities such as
iron were also reported to negatively affect the synthesis of
zeolites.?® As a result, acid treatment is favorable to remove iron
and other heavy metals and further improve the CEC and
crystallinity of zeolites.*

In this work, a single phase zeolite A was successfully
synthesized based on CFA by the alkali fusion hydrothermal
method. Key parameters such as the mass ratios NaOH to fly
ash, NaOH melt temperatures, liquid-solid ratios, hydro-
thermal temperatures and time have been systematically

This journal is © The Royal Society of Chemistry 2018
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investigated. In addition, the effect of acid treatment on iron
removal were carefully discussed in this paper.

2. Experimental
2.1 Materials and reagents

The CFA was provided from Datang International Power Gener-
ation Co. Ltd. (Zhejiang Province, China). NaAlO,, NaOH, HCI
and NH,CIl were purchased from Sinopharm Chemical Reagent
Co. Ltd. Deionized water was used in all solution preparations.

2.2 Preparation of zeolite A

2.2.1 Acid pretreatment. 10 g of dried CFA was separately
refluxed in 50-300 mL HCI solution (1.5-25%) at 45-95 °C for
0.5-4 h (500 rpm) to remove Fe,O3. At the end of the reaction,
the obtained powder was centrifuged and washed until the pH
value of rinsing solution reached ca. 7. Finally, the obtained
powder was dried overnight.

2.2.2 Preparation of zeolite A. 5.0 g acid-treated CFA, 2.05 g
NaAlO, (molar ratio of Si/Al = 1) and a desired amount of NaOH (to
adjust the mass ratio of NaOH to fly-ash between 0.5 and 2.0) were
grounded and mixed well in a mortar. The mixed sample was
separately calcined at high temperatures (550-850 °C) in air for 2 h.
After cooling to room temperature, the acquired solid product was
grounded, separately mixed with 5-45 mL of H,O and then aged for
12 h under stirring. The solid-liquid mixture was then sealed in
a autoclave and separately kept at 60-95 °C for 6-24 h. The resulting
solid was cooled to room temperature, collected and washed until
the pH value reached 7-8. Finally, the obtained solid was dried
overnight at 100 °C. The resulting product was named as ZFA.

2.3 Cation exchange capacity (CEC) test

CEC was evaluated by a straightforward principle of ion exchange,
in which Na" ions in the three-dimensional structure of zeolite are
replaced by NH," ions of an ammonium-containing solution.*! The
suspension, which was vibrated at 25 °C for 24 h, consisted of 0.5 g
ZFA and 50 mL of 1000 mg L~' NH," solution. The NH,"
concentration was measured with a UV spectrophotometry (HACH,
DR 5000, America) at 395 nm by Nessler's reagent spectropho-
tometry.>> The functional relationship between absorbance and
NH," content in solution was obtained according to Chinese
standard H]J 535-2009. Then the value of CEC was calculated by the
difference between the original reactive concentration and the
equilibrium one. The experiments were repeated three times and
the mean value was taken to reduce uncertainty.

2.4 Characterizations

Crystal phase analysis of all substances were determined using
X-ray diffraction spectroscopy (Rigaku, D/max-2200, Japan) with
20 between 5° and 60° using Cu Ko radiation. The relative “%
crystallinity” of product was counted based on eqn (1).*

> integrated peak areas of sample

% crystallinity = - - -
oy Y (E integrated peak areas of commercial zeolite

x 100
1)
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Table 1 Chemical ingredients of CFA, CFA with acid leaching to
remove iron oxides (acid-CFA) and ZFA (wt%)

Ingredients CFA Acid-CFA ZFA
SiO, 44.7 60.1 40.6
ALO; 26.2 24.8 33.2
CaOo 10.4 2.41 0.88
Fe,0, 8.97 5.11 1.62
TiO, 2.41 2.35 0.82
Na,O 0.76 0.91 21.9
Others 6.56 4.32 0.88
Si/Al 1.44 2.06 1.04

The surface morphology of all substances were identified by
scanning electron microscope (SEM, FEI Quanta 400 FEG). The
surface nature of the prepared samples were investigated using
Fourier transform infrared spectroscopy (FTIR) in the range of
400-4000 cm ™" (Nicolet NEXUS 6700). The specific surface area,
total pore volume and pore size distribution were measured by
the way of BET technique (Quantachrome Autosorb-1 instru-
ment). Before adsorption, the samples were degassed at 350 °C
for 8 h. Solid-state NMR experiments were performed on
a Bruker AVANCE IIT1 400 WB spectrometer with the X channel of
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Fig. 1 (a) XRD patterns of the CFA and the fusion product; (b) SEM
image of the CFA.
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Iron-removal efficiency at different (a) HCl concentration; (b)
liquid—solid ratios; (c) reaction temperature; (d) reaction time.

View Article Online

Paper

¥ Stratlingite

e
=
o
S’
z v
‘2 > v 1.2
S
v
E vy o 1.0
—A——_—)—_L_.:__A_ A JL K A A i
A 0.5
A D,

Zeolite A (No. 39-0222)
1 1 I T T N I I I Y N A

5 0 15 20 25 30 35 40
260 ()

Fig. 3 XRD spectra of products with different mass ratios of NaOH to
fly ash (NaOH melt treatment: 650 °C, 2 h; hydrothermal treatment:
85 °C, 6 h, liquid/solid = 5, Si/Al = 1).

104.27 MHz for ?’Al and 79.50 MHz for °Si. The standard of
chemical shifts were referenced to the resonances of
[AI(H,0)6]** (*’Al) and 3-(trimethylsilyl)-1-propanesulfonic acid
sodium salt (>°Si), respectively.

3. Results and discussion
3.1 Coal fly ash characterization and iron removal

The chemical ingredients of CFA are shown in Table 1. The total
content of SiO, and Al,O; was found to be high than 70%. The
XRD pattern in Fig. 1(a) suggested that the CFA sample con-
tained large amounts of quartz and mullite. The broad peak at
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Fig. 4 XRD patterns of products at different NaOH melt temperatures
(NaOH melt treatment: NaOH/CFA = 1.5, 2 h; hydrothermal treatment:
85 °C, 6 h, liquid/solid = 5, Si/Al = 1).
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Fig. 5 SEM images of samples prepared with different mass ratios of NaOH to fly ash (a) 0.5, (b) 1.5, (c) 2.0 (NaOH melt treatment: 650 °C, 2 h;
hydrothermal treatment: 85 °C, 6 h, liquid/solid = 5, Si/Al = 1) and different NaOH melt treatment temperatures (d) 450 °C, (e) 750 °C, (f) 850 °C
(NaOH melt treatment: NaOH/CFA = 1.5, 2 h; hydrothermal treatment: 85 °C, 6 h, liquid/solid = 5, Si/Al = 1).
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Fig. 6 XRD spectra of samples at different ratios of liquid to solid Fig. 7 XRD spectra of samples at various hydrothermal temperatures
(NaOH melt treatment: NaOH/CFA = 1.5, 750 °C, 2 h; hydrothermal  (NaOH melt treatment: NaOH/CFA = 1.5, 750 °C, 2 h; hydrothermal
treatment: 85 °C, 6 h, Si/Al=1). treatment: 6 h, liquid/solid = 8, Si/Al = 1).
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Fig. 8 XRD spectra of samples after different hydrothermal time
(NaOH melt treatment: NaOH/CFA = 1.5, 750 °C, 2 h; hydrothermal
treatment: 75 °C, liquid/solid = 8, Si/Al = 1).

26° was classified as amorphous silicon-aluminum materials.
SEM image in Fig. 1(b) shows that the CFA particles are
spherical with the size smaller than 6 pm.
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A series of parameters were adjusted to seek the optimum
method for iron removal, such as HCI concentration, liquid-
solid ratios, reaction temperature and reaction time. As is given
in Fig. 2, a maximum removal efficiency (43.1%) was obtained
under the condition of 5 wt% of HCI and a liquid-solid ratio of
20 at 85 °C for 3 h.

3.2 Effect of mass ratios NaOH to fly-ash

The XRD patterns in Fig. 1(a) illustrate the transformation
process of fly ash components during NaOH etching. Compared
with the original CFA, a noticeable change has taken place.
NaAlO, and Na,SiO; phases appeared at the cost of the dimin-
ishment of quartz and mullite phases, as explained in eqn (2):

NaOH + XA1203'ySi02 g Nazsi03 + NaA102 (2)

NaAlO, and Na,SiO; could dissolve easily in water and
eventually make up the zeolite framework. ZFA zeolites in Fig. 3
were acquired with different mass ratios of NaOH to fly ash
from 0.5 to 2.0. No peaks for zeolite A was found at the mass
ratio of 0.5. When increasing the ratios, zeolite A (JCPDS card
no. 39-0222) became the main crystalline phase and the inten-
sity of diffraction peaks also increased. It was also observed that
the peak intensity was the highest when the ratio reached 1.5. In

Fig. 9 SEM images of samples prepared with different liquid—solid ratios (a) 1, (b) 8, (c) 9 (NaOH melt treatment: NaOH/CFA = 1.5, 750 °C, 2 h;
hydrothermal treatment: 85 °C, 6 h, Si/Al = 1); different hydrothermal temperatures (d) 60 °C, (e) 75 °C, (f) 85 °C (NaOH melt treatment: NaOH/
CFA =15, 750 °C, 2 h; hydrothermal treatment: 6 h, liquid/solid = 8, Si/Al = 1) and different hydrothermal time (g) 12 h, (h) 18 h, (i) 24 h (NaOH
melt treatment: NaOH/CFA = 1.5, 750 °C, 2 h; hydrothermal treatment: 75 °C; liquid/solid = 8, Si/Al = 1).

42204 | RSC Adv., 2018, 8, 42200-42209
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contrast, the peaks of zeolite A decreased slightly at the ratio of
2.0. Fig. 10(a) shows that the variation of CEC values of ZFA is
consistent with the XRD results. With low NaOH, the inert
crystals were not completely transformed into soluble silico-
aluminate, resulting in a low yield of zeolite A and low CEC
value. However, with an excessively high amount of NaOH, parts
of zeolite skeleton structures were eroded to collapse, and the

View Article Online
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CEC value was still low. Therefore, the optimal NaOH to fly ash
ratio was 1.5 with the maximum CEC of 151.1 mmol 100 g~ .
SEM was also used to study the morphology of the three
samples, as exhibited in Fig. 5(a)-(c). When the ratio was 0.5,
only irregular spherical particles appeared, indicating that no
zeolite A was obtained. With the ratio increasing to 1.5, angular
cubic crystal structure of the zeolite A particles can be clearly
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Fig. 10 CEC of ZFA with various (a) NaOH to fly-ash ratios; (b) NaOH melt temperatures; (c) liquid—solid ratios; (d) hydrothermal temperatures;

(e) hydrothermal time.
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observed. However, when the ratio increased to 2.0, the crystals
became coarser and most cubic structures were seriously
destroyed. As a result, the mass ratio of 1.5 was considered to be
an optimized value in the investigated range for the synthesis of
zeolite A. The product under this condition was named ZFA-1.

3.3 Effects of NaOH melt temperatures

The XRD patterns of ZFA at different NaOH melt temperatures
are displayed in Fig. 4. The products were predominantly ZFA
phases. The apparent characteristics of ZFA with various NaOH
melt temperatures are shown in Fig. 5(d)(f). It can be clearly
seen that when the fusion temperature was 450 °C, amorphous
substance and incomplete cubic particles existed simulta-
neously, indicating that most silicon-aluminum compounds
were free from the reaction. With NaOH melt temperature
increasing, more complete cubic grains and larger particles
were formed. In the meantime, lots of amorphous substances
were significantly reduced. The effects of the NaOH melt
temperatures on the CEC are indicated in Fig. 10(b). As the
NaOH melt temperatures went up from 450 °C to 750 °C, CEC
values increased appreciably. At 850 °C there was still a small
increment. Considering the energy consumption, 750 °C was
chosen to be the appropriate value under which the CEC of the
product was 160.9 mmol 100 g '. The product under this
condition was named ZFA-2.

3.4 Effect of liquid-solid ratios

Fig. 6 illustrates the XRD profiles of the samples obtained at
various ratios of liquid to solid (I/s ratio). It can be seen that no
zeolite A formed at the 1/s ratio of 1, while a new phase related to
sodalite appeared. At the I/s ratio of 5, zeolite A began to appear
with stratlingite impurity. With increasing the 1/s ratios, the
pure phase diffraction peaks belonging to zeolite A were
generated. Based on the above observations, it is inferred that
excessively low 1/s ratio is adverse for the zeolite A conversion.

To further determine the optimal /s ratio, the morphologies
of the products with the 1/s ratios ranging from 1 to 9 were
studied by scanning electron microscope (SEM), which revealed
the evolution process of zeolite A. As exhibited in Fig. 9(a), a lot
of amorphous aluminosilicate and some imperfect spherical
particles with surface corrosion aggregated together. As the 1/s
ratio increased, small spherical particles and amorphous
aluminosilicate gradually grew into large cubic particles.
Moreover, shapes of zeolite A particles became more complete
and angular (Fig. 9(b) and (c)). Fig. 10(c) indicates the influence
of 1/s ratios on the CEC of ZFA. The CEC values rapidly increased
with the I/s ratio ascending until the first plateau was reached
(from 5 to 7). Then a second one could be observed in the range
between 8 and 9. Accordingly, 8 of l/s ratio was taken as the
optimum value and corresponding CEC was 210.4 mmol 100
g~ '. The product under this condition was named ZFA-3.

3.5 Effect of hydrothermal temperatures

The XRD patterns of ZFA with different hydrothermal temper-
atures are displayed in Fig. 7. It is clearly seen that in the
hydrothermal temperature ranging from 60 °C to 85 °C, the

42206 | RSC Adv., 2018, 8, 42200-42209
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peak intensity increased and zeolite A was obtained. Furthering
increasing the temperature to 95 °C, the peak intensity
decreased and impurities appeared.

Fig. 9(d)-(f) provide the apparent features of the products at
different hydrothermal temperatures. A large number of
amorphous morphologies and less irregular cubic structures of
products at 60 °C for 6 h were observed. As the hydrothermal
temperature increased, intact crystal plane with larger size were
generated. The obtained results are consistent with XRD
profiles in Fig. 6. It should be noted that the highest CEC value
of 216.4 mmol 100 g * can be obtained at 75 °C in Fig. 10(d).
Therefore, the appropriate hydrothermal temperature was
75 °C. The product under this condition was named ZFA-4.

3.6 Effect of hydrothermal time

In order to study the influence of hydrothermal time on the
product structure, zeolite A was synthesized with different
hydrothermal time. Fig. 8 shows XRD spectra of products ob-
tained at 75 °C from 6 h up to 24 h. When the time rose from 6 h
to 18 h, only high purity zeolite NaA was produced. However,
further prolonging the hydrothermal time to 24 h, an impurity
phase was detected in the products. This means that during the
crystallization process, the as-synthesized zeolite A begins to
transform into other crystalline phases.
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Fig. 11 Comparative CEC values of CFA, ZFA-5 and commercial
zeolite A.

Table 2 Textural parameters of CFA and ZFA 1-5

Total pore volume Mean pore size

Sample Sger (M* g™ 1) (m*g™ (nm)
CFA 2.67 0.0068 11.9

ZFA-1 11.8 0.0292 9.86
ZFA-2 11.2 0.0256 8.22
ZFA-4 34.4 0.0332 10.3

ZFA-3 22.8 0.0558 9.60
ZFA-5 43.7 0.0568 7.18

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 displays the SEM pictures of products obtained at
various hydrothermal time. As seen in Fig. 9(g), it is easy to
pick out that some cubic grains were covered by a large
amount of amorphous substances under the hydrothermal
time of 6 h, indicating that most aluminosilicate has not yet
formed zeolite. The amorphous flocculent materials dis-
appeared when the hydrothermal time reached 18 h. The
grains obtained were more complete with a uniform size of
about 1.24 um (as depicted in Fig. 9(h)). However, when the
time was extended to 24 h, the cubic structures began to
collapse and the aggregation of particles became more serious
(Fig. 9(i)). This indicates that optimum hydrothermal time is
beneficial for the formation of zeolite A. CEC values of the
zeolites synthesized at various hydrothermal time are indi-
cated in Fig. 10(e). The best adsorption capacity (232.2 mmol
100 g~ ') was achieved at the hydrothermal time of 18 h. Note
that CEC of CFA was only 11.4 mmol 100 g~* (Fig. 11), while
CEC of zeolite A was about 22 times that of CFA and was
notably higher than the standard requirements of QB/T1.1-
2009 (=130 mmol NH," 100 g™ ), which was also close to the
value of commercial zeolite A (251.6 mmol NH,* 100 g~ ') from
expensive precursors. The product under this condition was
named ZFA-5.
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3.7 Characterization of the prepared zeolite A

The significant improvement of CEC values could be discreetly
correlated with pore structure changes. As can be seen from the
Table 2, the BET surface areas and the total pore volume of all
the zeolite A from ZFA-1 to ZFA-5 were much higher than that of
CFA. The specific surface area and total pore volume obtained
under the optimal conditions (sample ZFA-5) were 43.7 m> g~
and 0.0568 cm® g~ ' respectively. The broad aperture distribu-
tion ranged from 4.4 nm to 155.3 nm, and the equivalent size is
9.08 nm in the Fig. 12(d). In addition, the H; hysteresis loop
type represented the existence of slit-shaped mesoporous
structure which mostly produced by the accumulation of
particles.

In order to further investigate the physical and chemical
properties of zeolite A prepared under the optimal conditions,
further detections were executed by XRD SEM, FT-IR as well as
?9Si and *’Al NMR. The amorphous aluminosilicate and the
insoluble crystalline phases were completely transformed into
zeolite A with high crystallization of 94% (Fig. 12(a)). The SEM
photographs of the synthetic zeolite A powders are displayed in
Fig. 12(b). It is obvious that defined cubic structure and intact
crystal plane had been obtained. The size of crystal particles
ranged from 1.0 to 2.5 pm.
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Fig. 12 Zeolite A synthesized under optimized conditions (a) XRD spectra; (b) SEM images; (c) FT-IR spectra; (d) N, sorption isotherms.
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Fig. 13 2°Si NMR of zeolite A synthesized under optimized conditions.

As is known to all, the zeolite A framework is made up of -
cages formed by the interconnection of double 4-rings (D4R).
Therefore, the arrangement of Si(Al) tetrahedron structural
units can be analyzed by the FT-IR spectra. As can be clearly
seen from Fig. 12(c), six distinct peaks were at about 3450, 1650,
1000, 665, 555 and 465 cm ™ '. Among them, the characteristic
peaks at 465 cm™ ', 555 cm ™, and 1000 cm ™' were assigned to
the internal vibrations of T-O (T = Si or Al) bending, the double
four-rings bending, and the internal vibration of TO, asym-
metric stretch, respectively. Furthermore, the peaks detected at
1650 and 3450 cm ™' was ascribed to the existence of the H,O
and hydroxyls, respectively.**

The ?°Si NMR spectrum of zeolite A in Fig. 13 presents
a unique peak at —91 ppm, which was belonged to (Si(4Al)
tetrahedral structure) species.** Only one high-intensity peak at
57 ppm was observed in Fig. 14. No spectral peak was found at
0-10 ppm, indicating that the Al is completely attributed to

57 ppm

T T T

20 0 20 40 60 80
3,, (ppm)

100 120

Fig. 14 2’ALNMR of zeolite A synthesized under optimized conditions.
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Al(O-Si), and there were no octahedral aluminum atomic
groups.®® This result of >’Al NMR is in agreement with the
previous result of *°Si NMR. Both imply that the silicon and
aluminum species exist in the framework of molecular sieve
and the product has a high degree of crystallinity.

4. Conclusions

The above experimental results showed a feasible way to convert
abandoned CFA into high value-added zeolite A. Several key
steps are listed below:

(1) In order to remove undesired elements such as iron, acid
treatment were conducive.

(2) NaOH fusion should be performed and the optimum
conditions were NaOH to fly ash ratio of 1.5: 1, 750 °C calci-
nation temperature for 2 h. In this way, quartz and mullite
phases in the CFA could be converted into water-soluble salts.

(3) Zeolite A could be successfully synthesized by adding
NaAlO, into CFA to adjust the Si/Al molar ratio to 1.04, which
was consistent with the theoretical Si/Al molar ratio of zeolite A.

(4) The optimum hydrothermal conditions were liquid to
solid ratio of 8 : 1, 75 °C for 18 h.

Based on above steps, a single crystal phase zeolite A with
high crystallinity could be obtained, which showed the CEC
value of 232.2 mmol 100 g ', close to that of the commercial
one.
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