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Abstract

Aninorganic cation exchanger was synthesized from waste sandstone cake using the alkali fusion method. We used two starting materials: one
was the original cake and the other was leached cake, which was prepared from the original cake by acid-leaching with 1 M HCI solution. Each
starting material was mixed with NaOH powder (the weight ratio of NaOH/sandstone = 1.6) and then heated at 600 °C for 1 h to make a fused
material. This fused material was then added to distilled water and agitated for one day, then heated at 80 °C, 120 °C, and 160 °C for 8 h in
reaction bombs under autogenous pressure in order to synthesize the cation exchanger. From the original cake, a mixture of zeolite-X and
hydroxysodalite was synthesized at 80 °C, hydroxysodalite alone was synthesized at 120 °C, and a mixture of hydroxysodalite and tobermorite
was synthesized at 160 °C. From the leached cake, zeolite-X alone was synthesized at 80 °C, a mixture of zeolite-X and hydroxysodalite was
synthesized at 120 °C, and the hydroxysodalite alone was synthesized at 160 °C. By increasing the synthesis temperature, the cation exchange
capacity (CEC) of the product from both cakes decreased, and at each synthesis temperature the product from the leached cake had a higher CEC
than did the original cake. The product with the highest CEC was the zeolite-X alone synthesized from the leached cake at 80 °C, which had a

CEC of 230 cmol/kg.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Effective use and recycling of resources are important issues
in the 21Ist century. During quarrying, waste stone cake is
discharged as an industrial waste. The amount of cake is 50
million tons per year in Japan. Although part of the waste is
used as an artificial aggregate or in some minor applications, a
large part of it is dumped at landfills. In recent years, however, it
has become more difficult to dispose of stone cake due to the
lack of landfill sites. In Japan, furthermore, the Basic Law for
Establishing a Recycling-Based Society and other laws to
promote the effective use of resources have been established
and improvements in recycling construction waste materials
and by-products is required. Since the stone cake is viewed as
construction sludge, or waste, research and development has
been conducted on its utilization in civil engineering as a
foundation improvement or riverbed material [1]. However,
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there have been no studies on its chemical conversion into
functional materials.

In a previous study, we converted waste porcelain into
a zeolitic material by the alkali fusion method and succeeded
in synthesizing crystalline zeolite-13X with a high cation
exchange capacity (CEC) [2]. By alkali fusion, most of the
crystalline phases could be converted into soluble phases
and transformed into zeolite crystals. This is a new way of
converting the inorganic waste into functional materials.
One of the waste stone cakes, sandstone cake, is mainly
composed of quartz, feldspar, and calcite, having a high
SiO, and Al,O3 content. However, since most types of SiO,
and Al,O; are in crystalline phases, it is difficult to dissolve
them into an alkali solution by a hydrothermal reaction to
be converted into functional inorganic materials such as
zeolite.

In this study, we attempted to convert waste sandstone cake
into inorganic materials with CEC using alkali fusion. The
crystalline phases in the cake were converted into the precursor
with soluble phases by alkali fusion, and were then used to
synthesize an inorganic cation exchanger.
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2. Materials and methods
2.1. Raw materials

The waste sandstone cake was obtained from a quarry in
Kitakyushu, Fukuoka Prefecture, Japan. We used two starting
materials: one was the original waste sandstone cake and the
other was a leached cake. The original cake (25 g) was treated
with 1 M HCI solution (100 mL) for 6 h, and then the solid was
separated by filtration to obtain a leached cake with low Ca
content. Before the experiment, both cakes were washed with
distilled water and dried in an oven at 60 °C overnight.

The chemical compositions of the original and leached cakes
determined by X-ray fluorescent spectrometry (XRF)
(ZSX10le, Rigaku) are listed in Table 1, and the mineralogical
components of the original and leached cakes determined by X-
ray diffraction spectroscopy (XRD) (XRD-DSC-XII, Rigaku)
are shown in Fig. 1. The original and leached cakes were mainly
composed of SiO, and Al,Os; in the form of silicate and
aluminosilicate minerals such as quartz, albite, muscovite, and
clinochlore. The original cake also contained CaO and CO,,
thought to have originated in carbonate, mainly calcite, while
the leached cake contained a slight amount of CaO and no CO,
due to the removal of the calcite phase in the cake by acid-
leaching, as shown in Fig. 1(b). It is noted that the contents of Si
and Al in the leached cake were higher than those in the original
cake.

2.2. Zeolite synthesis using alkali fusion

The experimental procedure is shown in Fig. 2. First, 10 g
of both the original and leached cakes were mixed with 16 g
of NaOH and ground to obtain a homogeneous mixture.
This mixture was then heated in a nickel crucible, which is
stable for alkali fusion in this experiment, in air at 600 °C for
1 h. The resultant fused mixture was cooled to room
temperature and ground again. Then, 0.5 g of the mixture
was added to 2 mL of distilled water in a 10 mL tube made of
polymethylpentene. Aging was conducted with vigorous
agitation by a reciprocal shaker at room temperature. After a
24 h agitation, the slurry was poured into reaction bombs and
heated at 80 °C, 120 °C, and 160 °C for 8 h in an electric
oven under autogenous pressure. After heating, the solid
product was filtered, washed with distilled water, and dried in

Table 1
Chemical composition of waste sandstone cake and the leached cake (mass%).

Waste sandstone cake Leached cake

Sio, 38.9 65.3
ALO; 122 19.1
Ca0 6.9 0.4
MgO 2.7 4.7
Na,O 14 2.0
K.O 1.8 2.8
Fe,05 3.1 4.8
CO, 326 -

Total 99.6 99.1

a : Calcite [CaCO |

[ |
® : Quartz [SiO,] -
* : Albite [Na,Al $i,0,|
4 : Muscovite
[KALSi,0, (OH),]
v : Clinochlore
[(Mg, Fe, Al)ﬁ(Si, A1)40|0(0H)sl

Intenisty / a.u.

° ® : Quartz [SiOz]

L ¢ : Albite [Na,ALSi, O]
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Intensity / a.u.

20/°

Fig. 1. Powder X-ray diffraction patterns of (a) waste sandstone cake and (b)
leached cake.

a drying oven at 60 °C overnight. The phases of the product
were analyzed by XRD and the morphologies of the product
were observed by a scanning electron microscope (SEM,
SM-200, TOPCOM).
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Fig. 2. Experimental procedure for material conversion from waste sandstone

cake.
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2.3. CEC of the product

The CEC of the product was measured by the modified
Schorrenberg’s method [3]. The exchangeable cations in the
product were replaced by NH4" using 1 M ammonium acetate
solution.

This process was repeated for three times at 20 min per
exchange. The sample was then washed with 80% EtOH
solution to remove excess salt. The NH,* was then replaced by
K* using 10% KCI solution for 20 min. This process was also
repeated for three times. Finally, the NH," in the KCI solution
was analyzed by the method described by Koyama et al. [4] to
determine the CEC of the sample.

3. Results and discussion

Fig. 3 shows the X-ray diffraction patterns of the product
synthesized from the original cake at (a) 80 °C, (b) 120 °C, and
(c) 160 °C. It was confirmed that no mineral phases, including
the original cake, were present in any of the obtained products,
and zeolite-X, hydroxysodalite, and tobermorite were synthe-
sized. This means that all mineral phases in the original cake
can be converted into the zeolite and tobermorite phases
through alkali fusion treatment. Different phases in the product
were confirmed at each reaction temperature. The mixture of
zeolite-X and hydroxysodalite was synthesized at 80 °C,
hydroxysodalite alone was synthesized at 120 °C, and a

(a) & . Zeolite-X

O : Hydroxysodalite

(b)

Intensity / a.u.

() A : Tobermorite

60

20 /°

Fig. 3. Powder X-ray diffraction patterns of the product from original cake at
(a) 80 °C, (b) 120 °C, and (c) 160 °C.

mixture of hydroxysodalite and tobermorite was synthesized at
160 °C.

Fig. 4 shows the X-ray diffraction patterns of the product
synthesized from the leached cake at (a) 80 °C, (b) 120 °C, and (c)
160 °C. It was confirmed that no mineral phases, including the
leached cake, were present in any of the obtained products, and
zeolite-X and hydroxysodalite were synthesized, which also
means that all mineral phases in the leached cake can also be
converted into the zeolite phase through alkali fusion treatment.
Different phases in the product from the leached cake were
confirmed at each reaction temperature, in comparison with those
from the original cake. Zeolite-X alone was synthesized at 80 °C,
the mixture of zeolite-X and hydroxysodalite was synthesized at
120 °C, and hydroxysodalite alone was synthesized at 160 °C. It
is noted that tobermorite was not synthesized from leached cake
at 160 °C due to the lower Ca content of the leached cake to create
a tobermorite Ca—Si structure. Furthermore, single crystalline
zeolite-X can be synthesized from leached ash at 80 °C. It has
been reported that Ca ions have a higher affinity for silicate
species than do Al ions to disturb the dissolution of Si into the
alkali solution [5]. It may be considered that a higher Si content
could be dissolved from the leached ash into the solution than it
could with the original ash, to create single crystalline zeolite-X.

Fig. 5 shows the SEM photographs of the typical products
synthesized from the original cake at (a) 80 °C, (b) 120 °C, and
(c) 160 °C. Different morphologies of each product were
observed. In the case of the product synthesized at 80 °C,

(a) o : Zeolite-X

(b) o : Hydroxysodalite
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Fig. 4. Powder X-ray diffraction patterns of the product from leached cake at
(a) 80 °C, (b) 120 °C, and (c) 160 °C.
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Fig. 5. Scanning electron photomicrographs of the typical product, which were
synthesized from original cake at (a) 80 °C, (b) 120 °C, and (c) 160 °C.

octahedral crystals of zeolite-X can be observed in the product,
as shown in Fig. 4(a). In the cases of the product synthesized at
120 °C and 160 °C, aggregate, hydroxysodalite, and plate-like
tobermorite can be observed at 120 °C and 160 °C, respectively.
Since zeolite-X was the metastable phase, zeolite-X was easily
transformed into hydroxysodalite and tobermorite at tempera-
tures higher than 100 °C.

Fig. 6 shows the cation exchange capacity of the product
synthesized from the original and leached cake at 80-160 °C.
The CEC of the product decreased with the increase in heating
temperature, and the product of the leached cake was higher in
CEC than that of the original cake. Hydroxysodalite has a lower
CEC than zeolite-X and is easily synthesized due to the increase
of heating temperature and Ca content. The product with the
highest CEC was synthesized from the leached cake at 80 °C,
and the CEC was 230 cmol/kg. It is noted that the CEC of
commercial zeolite-13X (Wako) is 284 mmol/g, which is 1.23
times greater than that of the obtained product.
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Fig. 6. Cation exchange capacity of the product synthesized from original and
leached cake at 80-160 °C.

4. Conclusions

An inorganic cation exchanger can be synthesized from
waste sandstone cake using the alkali fusion method. Zeolite-X,
hydroxysodalite, and tobermorite were synthesized. For the
original cake, the mixture of zeolite-X and hydroxysodalite was
synthesized at 80 °C, hydroxysodalite alone was synthesized at
120 °C, and a mixture of hydroxysodalite and tobermorite was
synthesized at 160 °C. For the leached cake, zeolite-X alone
was synthesized at 80 °C, a mixture of zeolite-X and
hydroxysodalite were synthesized at 120 °C, and hydroxyso-
dalite alone was synthesized at 160 °C. Tobermorite was not
synthesized from the leached cake at 160 °C, due to the removal
of Ca content from the cake. The CEC of the product decreased
with an increase in heating temperature, and the product of the
leached cake was higher in CEC than that of the original cake
because hydroxysodalite has a lower CEC than zeolite-X and is
easily synthesized due to the increase of heating temperature and
Ca content. The product with the highest CEC (230 cmol/kg) was
zeolite-X alone, synthesized from the leached cake at 80 °C.
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