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bstract

Synthesis of pure-form zeolite A were investigated using four concentrations of NaOH solution to dissolve Si source form fly ash, and with the
ddition of Al source, to prepare initial gel. Experimental results demonstrated, for two-stage method, that NaOH concentrations in initial gel played
n important role in synthesis of pure-form zeolite A using fly ash as raw materials. Generally, pure-form zeolite A could be synthesized when
ollowing conditions were used: NaOH concentrations, 1.67, 5 and 6.67 M; the synthesis temperature, 100 ◦C; the corresponding crystallization
ime, 340, 250 and 190 min. However, a mixture phases of zeolites A and X were obtained at the condition of 3.33 M NaOH solution during various

rystallization times. It was found that the higher NaOH concentration was used, the shorter crystallization time of zeolite A was required and the
arrower particle size distribution of zeolite A was achieved. In addition, zeolite A submicron-crystals were first synthesized from fly ash using
wo-stage method in our study.

2007 Elsevier B.V. All rights reserved.
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. Introduction

A huge amount of fly ash has been generated from electric
ower plants and approximate 500 million tonnes of fly ash is
ischarged per year throughout the world. Because fly ash has
pozzolanic property after reacted with lime [1], about 20% of
y ash is used in building materials related applications. How-
ver, the remaining fly ash disposed of in landfill still causes an
ncreasing threat to the environment due to its fine structure and
oxic elements. Thus, it is urgent to develop more effective tech-
iques for converting fly ash into the more valuable materials.
ecause amorphous material (aluminosilicate glasses) of fly ash
an be used typically as raw materials for the manufacture of zeo-
ites, the conversion of fly ash into zeolites is one of promising
echniques in the recent years [1–20]. By applying many synthe-
is methods, many researchers have synthesized different types

f zeolites from fly ash, such as zeolite Na–P1 [1–5], zeolite A
6–11], zeolite X [6,7,12] and zeolite ZSM-5 [13], etc. How-
ver, these synthesis methods, such as classical hydrothermal

∗ Corresponding author. Tel.: +86 25 84315518; fax: +86 25 84315518.
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ethod [1–4,14,17], dry or molten-salt conversion [16,17,19]
nd fusion method [6,12], were adopted to produce zeolitic mate-
ials which not only vary widely but also contain a significant
mount of non-zeolitic phases. Moreover, the obtained zeolites,
uch as Na–P1 and hydroxyl-sodalite (HS), usually have a more
ondensed structure (low pore volume). This greatly limits the
otential applications of zeolites from fly ash. To improve it,
ollman et al. [20] presented a two-stage method that enables

o obtain pure-form zeolites from initial gel prepared from fly
sh. The method is based on the fact that pure-form zeolites can
e synthesized by adopting NaOH solution to dissolve Si source
rom fly ash, with the addition of Al source, to prepare initial gel.
hen, prepared initial gel is crystallized under static condition
uring hydrothermal treatment.

Because zeolite A has been found widespread application
oth laboratories and industries, several modified two-stage
ethods have been developed to synthesize pure-form zeolite A

rom fly ash at present [7–11]. Tanaka et al. [7] synthesized pure-
orm zeolite A from waste solution obtained after conversion of

y ash into zeolites. Tanaka et al. [8] synthesized pure-form zeo-

ite A from fly ash by dialysis process using a semipermeable
embrane tube. The process is based on the fact that fly ash was
ixed with NaOH–NaAlO2 solution to obtain a homogeneous

mailto:wanglj@mail.njust.edu.cn
dx.doi.org/10.1016/j.jhazmat.2007.11.028
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ixture; this was then added into a semipermeable membrane
ube and aged in same NaOH–NaAlO2 solution at 85 ◦C for
4–30 h. Hui and Chao [9] applied step-change of synthesis tem-
erature to synthesize pure-form zeolite A during hydrothermal
reatment of fly ash prepared solution. However, these reports
equired long crystallization time and rather complex process.
urthermore, they did not investigate the influence of different
aOH concentrations on synthesis of pure-form zeolite A from
y ash using two-stage method.

The purposes of the present work were to investigate the
nfluence of four concentrations of NaOH solution (1.67, 3.33,

and 6.67 M) on structural formation, morphology and parti-
le size distribution of synthetic pure-form zeolite A samples
rom fly ash using two-stage method, in order to provide an eco-
omically viable means for the recycling of fly ash. All samples
btained from fly ash were characterized and confirmed by XRD
atterns. In addition, controlling crystallization time is crucial
or avoiding the formation of other zeolitic phases during the
rystallization of zeolite A.

. Experimental procedure

.1. Raw fly ash

Raw fly ash was obtained from a Chinese power plant
ocated in Henan province using electrostatic precipitators. The
hemical composition of raw fly ash was determined by XRF
ARL9800XP+) and is listed in Table 1. Fig. 1 indicates that
ain crystalline phases of raw fly ash are the quartz and mul-

ite by XRD analysis and trace phases of calcite, portlandite and
nhydrite are also identified. The average diameter of raw fly ash
etermined by a particle size analyzer (Malvern instrument) is
.44 �m and the surface area of its calculated from N2 isotherms
t −196 ◦C is 2.44 m2/g.

Before synthesis, raw fly ash was pretreated by acid-washing
rocess performed on a mixture of HCL solution (10%) and
y ash (ratio, 25:1(L/S)) in a breaker. The breaker was kept in
water bath at 80 ◦C for 1 h and stirred constantly (300 rpm).
hen, fly ash was filtered off, washed repeatedly with distilled
ater and dried finally at 100 ◦C for 24 h for further use. Table 2
hows the three major composition of fly ash (involved com-
osition for zeolites A synthesis) obtained after acid-washing
rocess.

able 1
hemical composition of raw fly ash (wt%)

omponent %

iO2 49.29
l2O3 33.07
e2O3 5.76

2O 2.58
iO2 1.18
aO 2.05
gO 0.27
a2O 2.22
nO 0.13
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ig. 1. XRD pattern of raw fly ash. M, Q, C, P and A represent mullite, quartz,
alcite, portlandite and anhydrite, respectively.

.2. Zeolite A synthesis processes

.2.1. Preparation of initial gel
Preparation of initial gel involves three stages: (1) 9 g of

y ash was mixed with 90 ml of NaOH solutions (Guangdong,
nalytical reagents) in a breaker. Four NaOH concentrations
1.67, 3.33, 5 and 6.67 M) were used. The breaker was placed in
water bath and heated at 80 ◦C for 2 h with stirring constantly

300 rpm). The solution was separated from the mixture by a
ltration process and the volume obtained in the solution was
bout 90 ml; (2) NaOH–NaAlO2 solution was prepared by vig-
rously mixing 2.4 g of NaAlO2 (Shanghai, chemical reagents)
nd 30 ml of 1.67 M NaOH solution; (3) the NaOH–NaAlO2
olution prepared was poured into the solution obtained at first
tage to form initial gel and then about 120 ml of initial gel
btained was stirred intensely at 25 ◦C for 30 min. Synthesis
f zeolite A was investigated from four initial gel with the
ollowing composition xNa2O:1.0Al2O3:ySiO2:444.44H2O,
here x = 7.67, 12.64, 17.64 and 22.64 and the corresponding
= 2.22, 3.06, 3.75 and 4.19.

.2.2. Zeolite A synthesis
The synthesis experiments were performed in specially

esigned stainless alloy autoclaves with thin walls which allow
fast heat transfer. The autoclaves containing about 120 ml of

nitial gel were kept in a conventional air oven at 100 ◦C at auto-
enous pressure. After various crystallization times, the solids

ere obtained by high-speed centrifugal process, washed repeat-

dly with distilled water, dried at 100 ◦C and kept in powder form
or further characterization. Hereafter, labeling of the sample
as denoted as A1–340 min, where A1 was NaOH concentra-

able 2
hemical composition of pretreated fly ash (wt%)

omponent %

iO2 59.62
l2O3 30.95
e2O3 1.40
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ion (1.67 M) and 340 min was the corresponding crystallization
ime (min) during hydrothermal treatment.

.3. Characterization

XRD pattern was taken on a Bruker D8 Advance X-ray
iffraction instrument (Cu, K�), the diffraction angle (2θ) in
he range 2–35 ◦C was scanned. SEM images were obtained
sing a JEOL JSM-6380LV electron microscope. The particle
ize measurements were performed by laser beam scattering
echnique (Malvern instrument); the sample was dispersed in
queous ethanol by ultrasonic stirring. Cation exchange capac-
ty (CEC) values were determined using the ammonium acetate

ethod [12]. The results were expressed as milliequivalents per
00 g of solids.

. Results and discussion

.1. Characterization of pretreated fly ash

Fig. 2 illustrates that the CEC values of the synthetic zeo-
ite A (A1–340 min) from fly ash using two-stage method with
aw and pretreated fly ash as starting materials. It is evident
rom Fig. 2 that acid-washing process prior to synthesis con-
ributes to improve the CEC values of samples and the CEC
alues increased about 38%. This behavior could be explained
n the light of the synthesis method used. For two-stage method,
ron oxides bearing composition in fly ash can be dissolved by
aOH solution; and can then be form the precipitates (insoluble

ron hydroxides) [21]. This yields not only a brownish tinge [10]
ut also the undesirable products which have a deleterious effect
n CEC values. Thus, the proportion of iron oxides in fly ash
ffects significantly performance of the synthetic zeolites from
y ash. As shown in Table 2, a reduction of iron oxides in fly
sh is about 76% after acid-washing process. As a rule, mag-
etic separation process [12] was also used for removal of iron

xides in fly ash except for acid-washing process. Acid-washing
rocess has an impact on superficial structure of fly ash when
ompare with magnetic separation process. The acid solution
nables spherical smooth surface of fly ash to become rough so

ig. 2. CEC values of pure-form zeolite A sample (A1–340 min) synthesized
rom raw and pretreated-fly ash (synthesis conditions—NaOH concentrations:
.67 M, crystallization time: 340 min).
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ig. 3. XRD pattern of three pure-form zeolite A samples synthesized from fly
sh (synthesis conditions—NaOH concentrations: 1.67, 5 and 6.67 M).

s to increase the surface area of fly ash, which help to increase
he amount of Si source dissolved from fly ash and take full
dvantage of raw materials.

Since acid-washing process clearly demonstrated a benefit
ffect on synthesis, only the pretreated fly ash was used for
ubsequent two-stage synthesis processes.

.2. Influence of NaOH concentrations on structural
ormation of zeolite A

According to XRD patterns of all samples obtained, only
hree samples (A1–340 min, A3–250 min and A4–190 min) were
onfirmed by pure-form zeolite A without the formation of
ther types of zeolites. Fig. 3 illustrates the XRD patterns of
hree pure-form zeolite A samples synthesized from fly ash at
he condition of 1.67, 5 and 6.67 M NaOH solution during the
orresponding crystallization time for 340, 250 and 190 min.

The structural formation of zeolite A may be explained in
erms of its crystallization kinetics which is affected by compo-
ition molar ratios of initial gel (i.e. SiO2/Al2O3 and Na2O/H2O
olar ratios). Hui and Chao [9] pointed out that synthesis of

eolite A depends on the rate of gel dissolution, the number
nd distribution of nuclei in prepared initial gel, and the crys-
al growth rate during hydrothermal treatment. All of them in
urn depend on other factors such as synthesis temperature,
rystallization time, composition molar ratios of initial gel, etc.

It is known that amorphous materials (aluminosilicate
lasses) in fly ash is dissolved readily in NaOH solution when
ompare with crystal phases such as the quartz and mullite.
ecause the content of amorphous SiO2 (about 47%) of fly ash

s remarkably higher than that of amorphous Al2O3 (about 9%),
he amount of Si source dissolved from fly ash is very higher
han that of Al source. Furthermore, Si and Al source dissolved
rom fly ash can react to form the Pc, Po and Pt type zeolites on
he surface of fly ash so as to hinder the amount of Al source

issolved from fly ash [7,8]. The amount of Al source dissolved
rom fly ash by different concentrations of NaOH solution was
egligibly small as confirmed by XRF (ARL9800XP+) in our
ork. It is believed that SiO2/Al2O3 molar ratio of prepared
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Morphological analysis of three zeolite A samples
(A1–340 min, A3–250 min and A4–190 min) synthesized from
fly ash performed by SEM is shown in Fig. 7. It was observed that
three zeolite A samples were all in the formation of chamfered-
ig. 4. XRD pattern of zeolites samples synthesized from fly ash (synthesis
onditions—NaOH concentration: 3.33 M, crystallization time: 190, 250, 310
nd 370 min).

nitial gel is controlled by the addition of Al source. Gener-
lly, SiO2/Al2O3 molar ratio of initial gel should be controlled
range from 2 to 2.4 for synthesizing zeolite A. At the con-

ition of 1.67 M NaOH solution, SiO2/Al2O3 molar ratio was
djusted to 2.22 when 2.4 g of NaAlO2 was added to the solu-
ion containing Si obtained from fly ash. The pure-form zeolite

can be synthesized from fly ash during crystallization time
or 340 min. At the condition of 5 and 6.67 M NaOH solution,
he amount of Si source dissolved from fly ash is higher when
ompare with using 1.67 M NaOH solution. The SiO2/Al2O3
olar ratios of prepared initial gel reached to 3.75 and 4.19 with

he addition of 2.4 g of NaAlO2, respectively. This overstepped
proper range of SiO2/Al2O3 molar ratio for synthesizing zeo-

ite A. Owing to the increase of rate of initial gel dissolution at
he condition of 5 and 6.67 M NaOH solution, pure-form zeo-
ite A could be also synthesized during crystallization time for
50 and 190 min, respectively. However, when 2.4 g of NaAlO2
as added to the solution containing Si source, followed by
ydrothermal treatment at 100 ◦C, a mixture crystalline phases
f zeolites A and X were synthesized from fly ash. At the condi-
ion of 3.33 M NaOH solution, the XRD patterns of the samples
ynthesized from fly ash during various crystallization times
ndicate the structural formation of zeolites A and X, as shown
n Fig. 4. Fig. 5 also illustrates that small peaks of zeolite X were
etected at the condition of 5 M NaOH solution when prolong
rystallization time. The XRD patterns in Figs. 4 and 5 indicate
hat they are synthesized from initial gel differing essentially in
iO2/Al2O3 molar ratio (higher for zeolites X than for A). The
iO2/Al2O3 molar ratios of 3.06 and 3.75 favor the formation of
eolite X at the condition of 3.33 and 5 M NaOH solution. Sim-
lar results were obtained by Tanaka et al. [7]. It is concluded
hat the lower SiO2/Al2O3 molar ratio favor the formation of
eolite A, which later transform into zeolite X with an increase
f SiO2/Al2O3 molar ratio. The structural formation of zeolite

requires longer crystallization time due to its more complex

nd larger polymeric silicate units (D6R) and sparser structure
22]. Thus, zeolite A was the main crystalline phase during the
horter crystallization time at the condition of 3.33 M NaOH
olution. At the condition of 6.67 M NaOH solution, the situa-

F
c
a

ig. 5. XRD pattern of zeolites samples synthesized from fly ash (synthesis
onditions—NaOH concentration: 5 M, crystallization time: 250, 280, 310 and
70 min).

ion is somewhat difference. Fig. 6 shows that metastable phase,
amely. Zeolite A synthesized from fly ash, are replaced gradu-
lly by the more stable zeolite, namely. Hydroxyl-sodalite (HS),
ith an increase of crystallization time. This result accords with
stwald’s rule of successive transformation reported in other

iteratures [9,12]. From these facts, it can be inferred that high
aOH concentrations can lead to the formation of other types of

eolites. However, as previously mentioned in Fig. 3, crystalliza-
ion time of zeolite A samples can be reduced with an increase of
aOH concentrations. It is clear that controlling crystallization

ime is very important to maintain purity of the synthetic zeolite
samples from fly ash. However, NaOH concentrations used

hould be limited for dissolving Si source of fly ash in order to
void flocculation of prepared initial gel particles.

.3. Influence of NaOH concentrations on morphology of
eolite A
ig. 6. XRD pattern of zeolites samples synthesized from fly ash (synthesis
onditions—NaOH concentration: 6.67 M, crystallization time: 190, 250, 310
nd 370 min).
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ig. 7. SEM photographs of three pure-form zeolite A samples synthesized from
y ash. (A) A1–340 min, (B) A3–250 min, (C) A4–190 min.

dged cubes. Moreover, the XRD patterns in Fig. 3 also proved
hat crystalline particles with lattice fringes that can be assigned
o the {1 1 0} faces of the cubic structure of zeolite A were

ynthesized [23]. The structure of zeolite A is conformed by a �-
age (the basic structure of sodalite) interconnected with double
-ring units (D4R) [12]. Due to chamfered-edged cubes mor-
hology of its, zeolite A will not lead to excessive incrustation of

o
(

able 3
comparison of elemental composition (wt%) of the synthetic zeolite A sample (A1

eolite SiO2 Al2O3 Na2O Fe2O

eolite A (two-stage) 42.79 35.27 19.89 0.36
ommercial zeolite A 42.88 34.72 18.87 0.50

a Not detected.
ig. 8. Particles size distribution curves of three pure-form zeolite A sam-
les synthesized from fly ash (NaOH concentrations: 1.67, 5 and 6.67 M, the
orresponding crystallization time: 340, 250 and 190 min).

bers during the laundry process and is suitable for substituting
onventional phosphatic builder, viz. sodium tripolyphosphate
STP) so as to resolve effectively the serious eutrophiction prob-
em caused after discharging into nature water [10]. It has been
emonstrated that the synthetic zeolite A from pure chemicals
esult in no hazards to the environment and public health [11]. In
rder to investigate if there was any toxic element existing in zeo-
ite A synthesized from fly ash, a comparative study of elemental
omposition between zeolite A (synthesized from fly ash) and
ommercial zeolite A was conducted. Table 3 lists various trace
lements of zeolite A sample (A1–340 min) synthesized from
y ash and commercial zeolite A. The results show that the syn-

hetic zeolite A from fly ash do not pose any serious threat to the
nvironment and public health when compare with commercial
eolite A. Apparently, the presence of these elements, such as
e, Mn, Mg, Ti, Ca and K, existing in zeolite A samples may be
ue to the dissolution of these elements of fly ash under alkaline
onditions, and may then be incorporated into framework struc-
ure of zeolite A sample during hydrothermal treatment. Similar
oxicological studies were also reported by Hui and Chao [11].

In addition, the yielding (quantity) of three zeolite A sam-
les synthesized from fly ash in our study was about 13–15%.
ielding was calculated as [9] (weight of pure-form zeolite A

ynthesized from fly ash)/(weight of reactive reagents used in the
ynthesis: fly ash, NaOH pellets and NaAlO2 powder) × 100.

.4. Influence of NaOH concentrations on particle size
istribution of zeolite A
Fig. 8 indicates that the influence of NaOH concentrations
n particle size distribution (PSD) of three zeolite A samples
A1–340 min, A3–250 min and A4–190 min) synthesized from

–340 min) from fly ash and commercial zeolite A

3 K2O TiO2 CaO MgO MnO

0.35 1.15 0.41 1.02 nda

0.30 nda 0.48 1.03 0.32
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y ash using two-stage method. It is evident that the PSD of
eolite A sample (A1–340 min) shows fairly broader than that of
eolite A samples (A3–250 min and A4–190 min). Moreover, the
eolite A sample (A4–190 min) of smallest particle size existing
n narrowest PSD was synthesized from fly ash and the PSD
f zeolite A sample (A4–190 min) covered a range from 90 to
00 nm. A reduction of the ultimate zeolites crystals size requires
onditions that favor nucleation over crystal growth in initial gel
24]. Due to the dissolution rate of initial gel accelerated by high
H− concentrations (A3, A4), this forms the abundant viable
ucleus with uniform size distribution. Moreover, high synthesis
emperature (100 ◦C) contributes to increase crystal growth rate
f zeolites so as to obtain high-crystallinity zeolite A samples.
onsequently, two factors result in the fact that the ultimate
rystals size and crystallization time of zeolite A samples are all
educed based on maintaining crystallinity of them. As shown
n Fig. 3, it is believed that a slight decline of apparent intensity
bserved from XRD patterns of three zeolite A samples with
n increase of NaOH concentrations was due to the extinction
ffects of small zeolite A crystals, rather than the reduction in
rystallinity of zeolite A samples.

Generally, high supersaturation and steric stabilization of the
roto-nuclei are the key factors for minimize the ultimate zeo-
ites crystal sizes [25]. These conditions are usually achieved
y utilization of abundant amounts of organic template. How-
ver, the cost of organic template is very expensive and it can be
onverted into toxic organic gas to emit atmosphere after com-
ustion. Another important factor that influences zeolites crystal
ize is the temperature [24]. Lower temperature favor nucleation
ecause the activation energy needed for crystal growing is gen-
rally higher. However, lower synthesis temperature suffers from
ome drawbacks such as long crystallization time and high oper-
tional costs. Thus, high NaOH concentrations and temperature
100 ◦C) are the best synthesis conditions for obtaining small
eolites crystals from fly ash from an economic and environ-
ental point of view. Hui and Chao [9] reported the PSD of

eolite A samples was controlled by applying step-change syn-
hesis temperature during hydrothermal treatment. The method
s based on the fact that the first stage of synthesis (the first syn-
hesis temperature, T1) acted as an introduction of small zeolite

nuclei in the system; the second stage of synthesis (the second
ynthesis temperature, T2) acted as direct crystallization of the
uclei towards the given zeolite A. However, average diameter
f the synthetic zeolite A samples from fly ash in their study
eached to about 2–3 �m. Compared with their results, zeolite

submicron-crystals with narrow particle size distribution was
ynthesized from fly ash in our study. Average diameter of zeo-
ite A samples (A3–250 min and A4–190 min) determined by
particle size analyzer are about 450 and 250 nm, respectively.
he reduction of zeolites crystal size from micrometer to submi-
rometer scale, especial nanometer scale, can lead to substantial
hanges in the properties of zeolites.
. Conclusions

Four NaOH concentrations have been evaluated for synthe-
is of pure-form zeolite A using fly ash as raw materials by

[
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wo-stage method. The study have demonstrated that pure-form
eolite A were synthesized from fly ash at the condition of 1.67,
and 6.67 M NaOH solution during hydrothermal treatment and

he corresponding crystallization time is 340, 250 and 190 min.
oreover, zeolite A crystals (A3–250 min and A4–190 min) of

maller particle size existing in a narrower particle size distri-
ution were synthesized from fly ash and average diameter of
eolite A samples (A3–250 min and A4–190 min) were reduced
o 450 and 250 nm, respectively.

Based on our results, NaOH concentrations determine com-
ositions molar ratio of prepared initial gel, and then affect
tructural formation, morphology, particle size distribution of
eolite A samples. Crystal sizes and crystallization time of
eolite A samples are all reduced with an increase of NaOH con-
entrations. For avoiding the presence of other zeolitic phases at
he condition of high NaOH concentrations, controlling crystal-
ization time is necessary during hydrothermal treatment. The
nfluence of NaOH concentrations on pure-form zeolite A syn-
hesized from fly ash using two-stage method investigated in our
tudy provides an alternative approach for the massive recycling
f fly ash.
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