
C
a

R
E

a

A
R
R
A
A

K
C
Z
S
F
H

1

f
t
i
p
i
%
s
w
r
l
c
s
a
p
s
t
i
o
t
b
o
t

0
d

Journal of Hazardous Materials 166 (2009) 227–232

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

onventional hydrothermal synthesis of Na-A zeolite from cupola slag and
luminum sludge

ewadee Anuwattana, Pojanie Khummongkol ∗

nvironmental Technology Division, School of Energy and Materials, King Mongkut’s University of Technology Thonburi, Bangkok 10140, Thailand

r t i c l e i n f o

rticle history:
eceived 20 March 2008
eceived in revised form 9 November 2008
ccepted 10 November 2008

a b s t r a c t

Na-A type zeolites were prepared from two industrial wastes: the solid by-product of cupola slag and
aluminum sludge from an aluminum plating plant. Two preparation methods using the same starting
material compositions were carried out. In the first method, alkaline fusion was introduced, followed
by the hydrothermal treatment to obtain sodium aluminosilicate which was then crystallized in NaOH
vailable online 17 November 2008
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upola slag
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ynthesis

solution under the condition of 90 ± 3 ◦C for 1–9 h with different H2O/SiO2 ratios. The result shows that
higher H2O/SiO2 ratio increases the rate of crystallization. The largest amount of crystallinity for Na-A
was found at 3 h. In the second method, alkaline hydrothermal treatment without fusion was carried out
in the same condition as the first method. No Na-A zeolite was obtained by this method. The changes of
the dissolved amounts of Si4+ and Al3+ in 3 M NaOH were investigated during the hydrothermal reaction.
usion method
ydrothermal

. Introduction

Cupola slag is the industrial waste generated from ferrous
oundry processing. The cupola slag is composed of lime, a substan-
ial amount of amorphous silica as well as other impurities in the
ron. The slag is separated from the molten iron during the melting
rocess, and cooled down in water. The water-quenched cupola slag

s composed of SiO2 (ca. 47 wt. %), CaO (ca. 24 wt. %), Al2O3 (ca. 12 wt.
), MgO (ca. 9 wt. %), Fe2O3 (ca. 5 wt. %), and some other compounds
uch as Na2O, K2O, TiO2 and MnO in trace amounts (< 1 wt. %). The
orld production of iron amounted to 81.5 million tons in 2002

esulting in 23.5 million tons of the slag [1]. At present in Thailand,
arge amounts of the cupola slag are stockpiled within the factories
onstituting a hazardous waste problem. Utilization of the slag as a
upplemental material for cement and road-base consumes a small
mount of slag. Another possible solution to manage the cupola slag
roblem is to use the waste slag as a silicon source for the synthe-
is of zeolite. Zeolites are crystalline microporous aluminosilicates
hat have the general formula: Mx/n[(AlO2)x(SiO2)y]·zH2O, where n
s the charge of an cation M, and the values of x, y and z depend
n the type of zeolite. The typical zeolite synthesis involves mixing

ogether aluminates and silicates under basic condition followed
y heating at temperatures between 25 and 200 ◦C for a period
f time that may range from hours to days [2]. The Si/Al ratio of
he produced zeolites can vary greatly but the nature of the start-

∗ Corresponding author. Fax: +662 470 8660.
E-mail address: Pojanie.khu@kmutt.ac.th (P. Khummongkol).
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oi:10.1016/j.jhazmat.2008.11.020
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ing material can have an effect on the types of zeolite obtained.
Therefore, attempting to use the industrial waste as a silicon and/or
aluminum sources will require a basic understanding of how this
complex and heterogenous mixture affects zeolite crystallization.

Zeolites can be synthesized from many different industrial
wastes. For example, the hydrothermal treatment of coal fly ash
[3–10], paper sludge ash [11], oil shale ash [12] and metakaolin [13]
under alkaline conditions have been reported. By fusing a mixture
of fly ash and NaOH (weight ratio of 1:1.2) at 550 ◦C, followed by
hydrothermally heating at 60–100 ◦C for 6–24 h, the fused powder
was converted into the faujasite type zeolites X and Y [14]. A con-
ventional synthesis of zeolite ZSM-5 from the cupola slag was made
and the result was compared with the microwave heating technique
[15]. The results show that the ZSM-5 produced by the conventional
heating and the microwave heating have the Si/Al molar ratio of
28 and 29, respectively. The conventional heating produced ZSM-5
particles 3 �m in diameter while the microwave-heating produced
smaller ZSM-5 particles only 0.3 �m in size.

Because of the low aluminum content in the cupola slag used
for the synthesis of zeolite in this study, another source of alu-
minum waste from another industry was brought in to control the
Si/Al ratio. This requirement will enhance the environmental ben-
efit by utilizing dual wastes. Although, the present market price
for Na-A zeolite is not high, large quantities are used in deter-

gent industries, as ion exchangers and adsorbent, etc. An economic
study on converting these dual wastes into zeolite A versus the
cost of landfill should be further pursued. It has been reported that
the landfill method for managing hazardous wastes has become
increasingly expensive. The acquisition of landfill for hazardous

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:Pojanie.khu@kmutt.ac.th
dx.doi.org/10.1016/j.jhazmat.2008.11.020
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Table 1
Chemical composition of the untreated cupola slag, acid treated cupola slag, purified aluminium sludge and fused precursor.

Compound Untreated cupola slag (wt %) Acid treated cupola slag (wt %) Purified aluminum sludge (wt %) Fused precursor (wt %)

SiO2 47.31 87.72 0.81 18.19
Al2O3 12.12 0.45 60.72 11.90
Fe2O3 5.05 0.12 0.41 0.05
CaO 24.09 4.13 2 0.79
LOI at 500 ◦C <0.09 2.78 32.55 10.82
Na O <0.01 0.00 0.27 57.31
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OI = loss on ignition.

astes is strictly controlled by environmental law. Most hazardous
astes also require substantial chemical pretreatments prior to
eing disposed of in landfills.

. Experimental

.1. Preparation of raw materials

Cupola slag was obtained from the Ti-Heng foundry factory in
amutprakarn Province, Thailand. The slag was ground using a Los-
ngeles Miller and sieved to obtain a fine powder having a particle
ize between 20 and 50 �m, and then magnetized to eliminate mag-
etic particles. The powder was then stirred with a 1:1 (v/v) mixture
f 3 M HCl to remove Ca content and 4 M H2SO4 to remove Fe con-
ent at 60 ◦C for 1.5 h in which their presence will compete with
luminum for the zeolite framework formation during sysnthesis.
he mass ratio between the powdered cupola slag and acid solu-
ion was 1:2. The solid phase was separated from the acid solution
y vacuum filtration and rinsed with deionized water until the pH
f the filtrate was 6–7. The washed acid treated solid was dried in
n air-circulating laboratory oven at 105 ◦C for 24 h, then calcined
t 700 ◦C for 3 h to remove the incorporated organic matter. The
recursor was cool-down and stored in a desiccator over dry silica
el. The chemical composition of the acid treated cupola slag (see
able 1) was determined by X-ray Fluorescence Spectroscopy (XRF).
he residual was further analyzed to recheck the compositions of
hose removed substances from the cupola slag after the acid diges-
ion using an ICP (PerkinElmer; Model; Plasma-100). Aluminum
ludge was obtained from the wastewater plant of the Muang Tong
luminum factory, Thailand, and purified by etching with 0.005 M
ulfuric acid for 10 min to remove the impurities. The etching helps
n removing dust, ash and small impurities content in the aluminum
ludge. Again, the acid used for this etching is the sulfuric acid waste
ecovered from the aluminum raw material cleaning line. This study
ooks into all possibilities to utilize the discharge hazardous wastes
nd hence, to minimize the wastes. The purified aluminum sludge
as separated from the solution by vacuum filtration, washed with
eionized water, dried in an air-circulating laboratory oven at 105 ◦C
or 24 h and then cooled and stored in a desiccator over dry silica
el. The chemical composition of the purified aluminum sludge (see
able 1) was determined by XRF.

.2. Preparation of the synthesis precursors

The acid treated cupola slag is rich in SiO2, whereas the Al2O3
ontent is small in the sample. SiO2/Al2O3 molar ratios of the raw
upola slag and acid treated cupola slag are 6.64 and 331.39, respec-
ively. Therefore, there is a need to add Al2O3 in the reaction mixture

o obtain the desired SiO2/Al2O3 molar ratio. Using the same start-
ng materials (acid treated cupola slag as silicon source and purified
luminum sludge as aluminium source), synthesis precursors were
repared by mixing together acid treated cupola slag, purified alu-
inum sludge and commercial grade NaOH with the weight ratio
0 0.06
0 0.08

1:1:3 and then fused at 700 ◦C for 1 h [16]. After cooling, the result-
ing solid were pulverized in an agate mortar and kept in tightly
sealed plastic bottles. The chemical composition of the fused pre-
cursor was determined by XRF and shown in Table 1.

2.3. Preparation of Na-A zeolite

2.3.1. Conventional heating
The fused precursor was added to 3 M NaOH solution. The

H2O/SiO2 ratios were varied at 2.36, 4.17, 5.07, 5.46, 7.88, 35.47
and 70.94, respectively. The reaction mixtures were stirred at room
temperature for 10 min, and then transferred to a TeflonTM- lined
stainless steel autoclave and heated at 90 ± 3 ◦C for 1–9 h. The con-
tents in the autoclaves were removed at the specified time (1–9 h)
from the oven and quenched with cold water. The solid product
was filtered and washed with deionized water until the filtrate pH
dropped to 7. The products were dried at 105 ◦C for 24 h.

The same experiment was repeated using as received waste as
the starting material (the fusion step was omitted). This is the direct
synthesis of Na-A zeolite and the product was used as the control
sample.

2.3.2. Characterization
The crystalline phase identification and % crystallinity were

determined by X-ray diffraction (Rigaku Ultima III with CuK� radi-
ation). The % crystallinity was calculated by Eq. (1). A comercial
zeolite A was used as the standard.

% Crystallinity =
( ∑

intensity of XRD peaks of product∑
intensity of XRD peaks of standard

)
x100(1)

The SEM images were collected using a LEO 1530 field emis-
sion scanning electron microscope. The concentrations of Si and
Al in the liquid phase of the reaction mixture were determined
by an Inductively coupled plasma atomic emission spectrometer
(ICP; PerkinElmer; Model; Plasma-1000). The chemical composi-
tions of the different solids were measured by a APL 9400 X-ray
fluorescence spectrometer.

To determine the calcium exchange capacity of the products of
crystallization, 0.5 g of solid sample was put into the vessel con-
taining 200 ml of 0.005 M CaCO3 solution. The obtained suspension
was stirred at 25 ◦C for 15 min, and then the liquid phase was sep-
arated from the solid phase by vacuum filtration. The liquid phase
was determined for calcium concentration using atomic absorp-
tion spectroscopy, Varian Techtron model 30/40 atomic adsorption
spectrophotometer. From the known mass m of the sample, volume
V of the CaCO3 solution, concentrations CCa(0) and CCa(t) of cal-
cium ions before and after phase separation, the calcium exchange

capacity � Ca (in mg of CaO/g of solid) was calculated as

�Ca = {V [CCa(0) − CCa(t)]MCaO}
m

(2)

where MCaO is the molecular mass of calcium oxide.
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. Results and discussion

.1. Conventional heating

The chemical compositions of the untreated cupola slag, acid
reated cupola slag, purified aluminum sludge and fused precursor
FP) are presented in the form of oxides in Table 1. The thermal and
cid treatments resulted in a material with significant reduction of
e2O3 (97.6%) and CaO (82.9%) as well as a reduction in the Al2O3
ontent (96.3%). The trace elements of the residual were also ana-
yzed and found to be in very small quantity (Ti = 0.05, As = 0.005,

n = 0.001, K = 0.074 and Na < 0.0001 mg/L).
Quartz is the major crystalline silica present and is not affected

y the acid treatment. To obtain a lower Si/Al ratio zeolite such
s Na-A zeolite will require the addition of aluminum. Aluminum
ludge powder was added into the acid treated cupola slag to con-
rol the Si/Al molar ratio of 1.0 and fused at 700 ◦C for 1 h. The
odium aluminum silicate (Na1.45Al1.45S0.55O4-JCPDS 49-0002) was
ormed at the fusion temperature of 700 ◦C as shown in Fig. 1.

The diffraction intensities of quartz and gibbsite which
ontained in acid treated cupola slag and aluminum sludge, respec-
ively are gradually reduced through the fusion stage. The X-ray
iffraction intensity of sodium aluminum silicate increases with
usion temperature. Fig. 1 showed that at the fusion temperature
f 700 ◦C, quartz and gibbsite were significantly transformed into
ore reactive species. These newly formed compounds dissolved

n water more readily than quartz and gibbsite in the acid treated
upola slag and aluminum sludge.

Table 2 shows different types of zeolites obtained from the
lkaline fusion of the acid treated cupola slag (ATCS) and alu-
inum sludge followed by hydrothermal treatment and only by

ydrothermal treatment without preliminary fusion. Without the
reliminary fusion, non-reacted aluminum sludge (gibbsite) pow-
er remained in the products. These results suggest that the amount
f Al dissolved in the solution was not sufficient for the formation
f Na-A zeolite. On the other hand, addition of aluminum sludge
n the fusion process resulted in the formation of an appreciable
mount of Na-A zeolite. Sodium aluminosilicate was formed at the
usion temperature of 700 ◦C from the reaction between a mixture
f NaOH powder, the crystalline phase of ATCS and the aluminum
ludge.

The highest calcium exchange capacity and the percent crys-
allinity of the obtained Na-A zeolite products at different reaction

imes, as shown in Table 2, are as follows: 442.8 mg CaO/g of product
ith 64% crystallinity at 3 h, 364.1 mg CaO/g of product with 50%

rystiallinity at 5 h, 281.3 mg CaO/g of product with 33% crystallinity
t 7 h, 177.5 mg CaO/g of product with 12% crystallinity at 9 h.

ig. 1. X-ray diffraction intensities of the products obtained at various fusion tem-
eratures. (�) Quartz, (♦) sodium aluminum silicate (�) Gibsite (X) NaOH and (+)

mpurities. Ta
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for the reaction time.
The formation of Na-A zeolite goes through the following steps:

dissolution of Si and Al ions from raw materials into an alkaline
ig. 2. Effects of the molar ratio of H2O/SiO2 on the amount of Na-A and HS zeolite
ormed in the products by hydrothermal treatment.

The yields of Na-A and HS zeolites as a function of H2O/SiO2 in
M NaOH at 90 ◦C by the hydrothermal treatment are shown in
ig. 2.

In these figures, the highest yield of Na-A zeolite occurs at
2O/SiO2 of 4.17. When H2O/SiO2 reaches 5.45, the yield of HS
eolite is steeply increased while that of Na-A zeolite is suddenly
educed. Aging H2O/SiO2 at the ratio of 71 forms a single phase
f the HS zeolite. It can be concluded that the higher molar ratio
f H2O/SiO2 resulted in marked reduction of Na-A zeolite forma-
ion. On the other hand, since the thermodynamic stability of Na-A
eolite is less than the thermodynamic stabilities of other zeolites
e.g., P, X, HS), the Na-A zeolite formed in the first step of the crystal-
ization process spontaneously transforms into thermodynamically

ore stable hydroxysodalite. Transformation of Na-A zeolite into
ust hydroxysodalite is probably caused by relatively high molar
atios of H2O/SiO2 and a longer reaction time. The result found in
his experiment is in agreement with the study by Subotic et al. [17].
t is concluded that the higher molar ratio of H2O/SiO2 will increase
he rate of crystallization.

.2. Effect of reaction time

The effect of the reaction time on the formation of Na-A zeolite

as investigated at 90 ± 3 ◦C, and the XRD pattern is shown in Fig. 3.

he zeolite products made from the fusion precursor are in the form
f amorphous sodium aluminum silicate and change to a crystalline
tructure when they are subjected to hydrothermal treatment.

ig. 3. X-ray diffraction patterns of the obtained zeolite products obtained from the
usion precursors at different reaction times (A) sodium alumino silicate precursor,
B) 1 h, (C) 3 h, (D) 5 h, (E) 7 h and (F) 9 h.
Fig. 4. Effect of the reaction time on the percentage crystallinity of products obtained
by hydrothermal treatment of fusion raw materials at 90 ± 3 ◦C.

There was a small variation in the Na-A zeolite content
at 90 ± 3 ◦C. However, Na-A zeolite crystallinity increased with
increasing time after 1 h, and then the diffraction intensities of
zeolite Na-A increased to the optimum value in about 3 h of the
reaction time. It also verified the previous observation that the HS
zeolite starts to appear after 3 h. After 9 h of the crystallization time,
Na-A zeolite was mostly transformed to a more stable phase, the
HS-zeolite, as shown in Fig. 3 F.

Fig. 4 shows the effect of the reaction time at 90 ± 3 ◦C on the
percentage crystallinity of the products. After the reaction time of
1 h, the percentage of Na-A zeolite increased slowly with further
extension of the reaction time. The results suggest that the amount
of Al ion dissolved in the solution slowly reacted to form Na-A zeo-
lite. Therefore, most of the product remained as gibbsite at a lower
reaction time. However, after 2 to 3 h of hydrothermal treatment,
the rate of formation of Na-A zeolite increased rapidly. The crys-
tallinity of Na-A zeolite reached the optimal yield of around 64%
at 3 h of reaction time (calcium exchange capacity, CEC = 442.8 mg
CaO/g of product). After 5 h of crystallization, the sample consisted
of zeolite-type materials within 63.6% of total crystallinity (50.4%
Na-A zeolite + 13.1% HS zeolite) (CEC = 364.1 mg CaO/g of product).
After 7 h of reaction time, Na-A zeolite was transformed to more
stable phase, the HS zeolite (CEC = 177.5 mg CaO/g of product). The
results of this experiment are in agreement with the previous study.
Thus, the best conditions for synthesis of Na-A zeolite by hydrother-
mal treatment at 90 ◦C is the molar ratio of H2O/SiO2 of 4.17 and 3 h
solution, followed by formation of zeolite during which reaction

Fig. 5. Variation in concentrations of aluminum and silicon in the filtrate at different
reaction times, (a) � : Al, �: Si of reference material and (b)�: Al, ©: Si of fusion
material.
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ig. 6. SEM image of fused precursor at 90 ± 3 ◦C hydrothermal treatment for (a) 1
eolite A + HS.

ccurs between the dissolved ions and the surface layer of the raw
aterials, deposition of aluminosilicate gel as zeolite precursor, and

rystallization of zeolite. It is considered here that when a large
uantity of silicate ion exists in the liquid phase, aluminate and
ilicate ions are condensed to become an aluminosilicate gel with
ncrease in reaction time.

Fig. 5 shows the changes of Si and Al concentration in NaOH
olution at different of reaction time at 90 ± 3 ◦C. For the prepared
usion raw materials, Al concentration increased with the reaction
ime, and then saturated at the reaction time around 8–9 h. The
i concentration followed almost the same trend as Al concentra-
ion. The increase of synthesized amount of Na-A zeolite appears to
ccompany the decrease of Si and Al. It was found that the fusion
aterial (sodium aluminosilicate) is much more easily soluble into
aOH solution compared with Al(OH)3 powder and amorphous sil-

con in slag without fusion (reference materials). In this study, the
cid treatment of the raw cupola slag and calcined at 700 ◦C for
h can remove impurities (non-reactive phase and organic matter)
nd the conversion of amorphous aluminosilicate glass to quartz
nd mullite is initiated. Both the quartz and aluminum hydrox-
de that remained in the reference materials have low reactivity

o alkaline solution compared with the aluminosilicate glass phase
n the fusion material. Therefore, they were not sufficient to form
a-A zeolite when using the reference raw materials. Fig. 5a also

howed that silicon concentration in alkaline solution is higher
han aluminum concentration under the hydrothermal threatment.
minosilicate, (b) 3 h: zeolite A, (c) 5 h: zeolite A, (d) 7 h: zeolite A + HS and (e) 9 h:

Although Al(OH)3 can dissolve in excess hot alkaline solution but
without fusion, Al(OH)3 in the aluminum sludge is not readily dis-
solved in the short reaction time (1–8 h). Without the pre-step of
fusion, only gibbsite Al(OH)3 was found in the main product.

On the other hand, sodium silicate and sodium aluminate by
fusion prior to the hydrothermal treatment, can readily be trans-
formed into more soluble forms of sodium aluminosilicate, due to
Al(OH)3 decomposition at 300 ◦C. Fig. 5b shows that the aluminum
concentration is higher than the silicon concentration because of
their transformation into sodium aluminosilicate, deposition of
aluminosilicate gel (1 h), and crystallization of Na-A zeolite. Heat
treatment by the fusion can transform the insoluble phase (quartz
and aluminium hydroxide) into the soluble phase (sodium sili-
cate and sodium aluminate). Hence, crystallization to Na-A zeolite
required a shorter time.

Fig. 6 shows SEM of synthesized products obtained by
hydrothermal treatment at 90 ± 3 ◦C. The Na-A zeolite appeared
first at the reaction time of 3 h. The cubic shape of Na-A zeolite
with a size of about 3 �m was observed clearly at reaction time of
3 h as shown in Fig. 6b–d. The spherical shape of HS zeolite with a
size about 1 �m is shown in Fig. 6e,
4. Conclusions

This study has shown that fused sodium aluminosilicate (treated
cupola slag: NaOH: aluminum sludge) can be successfully con-
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