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Synthesis of Zeolitic Material from Paper Sludge Ash Using Diatomite
Takaaki Wajima+ and Kenzo Munakata
Department of Materials-process Engineering and Applied Chemistry for Environments, Akita University, Akita 018-8502, Japan
Paper sludge ash (PSA) was partially converted into zeolites by reaction with 3 M NaOH solution at 90°C for 24 h. The PSA had a low
abundance of Si and signiﬁcant Ca content, due to the presence of calcite that was used as paper ﬁller. Diatomite, which contains amorphous
silica and dissolves easily in alkali solution, was mixed with the ash, and then added to the NaOH solution to increase its Si content during alkali
reaction and thus synthesize zeolites with high cation exchange capacity (CEC). The original ash without addition of diatomite yielded
hydroxysodalite with CEC ca. 0.5 mmol/g. Addition of diatomite to the ash yielded zeolite-P with a higher CEC (ca. 1 mmol/g). The observed
concentrations of Si and Al in the solution during the reaction explain the crystallization of these two phases. The reaction products were tested
for their adsorption capacity for nutrients from liquid fertilizer, such as K+, NH4+ and PO43¹. The product with zeolite-P exhibits high ability to
adsorb these nutrients from liquid fertilizer, which is desirable for application in soil improvement. [doi:10.2320/matertrans.ME201104]
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1.

Introduction

The vast amount of paper used in everyday life generates a
large amount of waste, 5060% of which is recycled. During
the manufacture of recycled paper products, paper sludge is
generated as an industrial waste. More than 3 million tons of
sludge is discharged per year in Japan, and approximately 8
million tons and 2 million tons in the United States and the
United Kingdom, respectively.1,2) The amount is increasing
annually. The sludge is typically composed of 50% water,
25% organic matter and 25% minerals (calcite and kaolin),
and is incinerated to paper sludge ash (PSA) by burning the
organic materials to recover energy and reduce volume.
Approximately 800,000 tons per year of PSA is produced in
Japan. Although a small proportion of ash has been used as
cement ﬁllers, lightweight aggregates in the construction
industry and other minor applications,3,4) most is dumped in
landﬁlls. The large daily output of PSA and the limited
landﬁll capacity causes social and environmental problems. It
is, therefore, essential to develop new techniques to further
recycle the ash.
Recently, the conversion of PSA into zeolites has been
investigated.57) Zeolites are a group of more than 40
crystalline hydrated aluminosilicate minerals with structures
based on a three-dimensional network of aluminium and
silicon tetrahedra linked by sharing of oxygen atoms.8) Due
to their unique pore structures and ion-exchange properties,
zeolites (including those synthesized from PSA) are applied
to such tasks as water puriﬁcation and soil improvement.9,10)
Conversion of the ash into useful mineral products
depends largely on the chemistry of the raw ash. In the past,
kaolinite, which can be converted into a zeolite phase, was
used as a paper ﬁller, but recently calcite has increasingly
replaced kaolinite as the ﬁller to achieve whiteness and
opacity.11) As a result, production of incinerated ash with a
higher Ca content, in the form of anorthite (CaAl2Si2O8) and
gehlenite (Ca2Al2SiO7), is increasing. The ash with a high Ca
content either cannot be fully converted into zeolites, or is
converted into hydroxysodalite, with a low cation exchange
+
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capacity (CEC).1214) For stable production, it is important to
develop a process for the manufacture of zeolites with a high
CEC from Ca-rich ash.
Zeolite formation from other ashes, for example coal
ﬂy ash, has also been investigated.1518) Many synthetic
processes, such as the fusion method, the dry or molten
method, addition of mineralizer, and acid-leaching, have
been developed to achieve synthesis of products with high
CEC.1922) It was reported that amorphous SiO2 particles
added to a coal ﬂy ash resulted in the formation of phillipsite,
with a high CEC, in NaOH solution.23) It has been suggested
that water glass can be added to a solution with Ca-rich ash
to synthesize zeolites with high CEC.24,25)
Diatomite is a ﬁne-grained, biogenic, siliceous sediment,
and is available in large quantities at low cost.26) It comprises
essentially amorphous silica derived from opalescent frustules of diatoms, and has a ﬁne porous structure with low
density. Due to its properties, diatomite dissolves easily in
basic solutions. In our previous study, PSA was added
to NaOH solution with high Si content extracted from
diatomite, and converted into products with high CEC,
including zeolite-P.27) In addition, Ca2+ contained in the
original ash was shown to react with phosphoric acid to form
apatite-like materials, removing PO43¹ from the solution.28)
We thus obtained a material suitable for water puriﬁcation,
which contained zeolite phases and soluble Ca in the
product.29)
In the present study, we synthesized zeolitic material from
PSA by simply mixing the ash and diatomite before the
synthesis, and aimed to obtain a material suitable for soil
improvement, containing zeolite phases for NH4+ and K+
uptake, and soluble Ca for PO43¹ uptake in the product. We
present here the chemical reaction of PSA with diatomite and
the CEC values of the end products, and demonstrate the
adsorption capacity of the product for nutrients from liquid
fertilizer.
2.

Materials and Methods

2.1 PSA and diatomite
PSA was obtained from a paper company in Fuji, Japan.
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Table 1
Oxide
(mass%)

Chemical compositions of PSA and diatomite.

SiO2 Al2O3 CaO Fe2O3 MgO Na2O K2O TiO2 Total

PSA

24.2

17.8

44.7

2.5

5.0

®

0.2

3.5

97.9

Diatomite

85.1

3.7

0.8

4.8

0.6

®

1.3

0.6

96.9

: Gehlenite
: Anorthite

Intensity (a. u.)
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0
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Powder X-ray diffraction patterns of PSA and diatomite.

The composition of the ash, determined by X-ray ﬂuorescence spectrometry (XRF) (XRF-1700, SHIMADZU), is
given in Table 1. The ash was composed mainly of SiO2,
Al2O3 and CaO in the form of amorphous matter, and the
minerals gehlenite and anorthite, as determined by X-ray
diffraction (XRD) (XRD-DSC-XII, SHIMADZU) (Fig. 1).
The ash had low SiO2 and high CaO content compared with
other similar materials. Such a composition has phosphate
adsorption ability, but is not favorable for the synthesis of
zeolites.1214,25)
Diatomite occurs in nature in two types of geological
environments, marine and lacustrine.29) The sample used in
this study had a seawater origin, and was obtained from the
deposits located in Takanosu, Akita prefecture, Japan. The
diatomite was ground to a size smaller than 30 mesh and
dried at 60°C. The chemical composition of the diatomite
determined by XRF is given in Table 1. The original sample
contained 5075% water. The dried sample was composed of
diatom frustules that had precipitated in an amorphous silica
form, but also contained some rock fragments. The fragments
were mainly feldspar and quartz (Fig. 1) derived from
surrounding rocks.
2.2 Zeolite synthesis
PSA (100 g) was dry mixed with 0, 16, 32, 64, 96 or 128 g
of diatomite, then added to 3 M NaOH solution (1 L) in a 1 L
Erlenmeyer ﬂask (made of poly(methyl pentene)) with a
Dimroth condenser. The mixture (slurry) was continuously
stirred at 90°C for 24 h. 5 mL aliquots of each slurry were
removed at varying time intervals (every 1 h initially) to
monitor reaction progress over a period of 24 h. The aliquots
were ﬁltered, and the concentrations of Si and Al in the
ﬁltrates determined by the inductively coupled plasma atomic
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emission spectroscopy method (ICP-AES) (ICPS-7500,
SHIMADZU). The solid residues (products) were washed
with distilled water, and oven dried at 60°C overnight. The
end products were examined by XRD and ﬁeld emission
scanning electron microscopy (FE-SEM) (SU-70, HITACHI).
The CEC of the products was measured by the method
reported by Wajima et al.27) The relative crystallinities of the
zeolites in the products were calculated by the method
reported by Machado and Miotto.30) Hydroxysodalite and
zeolite-P prepared by the procedure reported by Kato et al.31)
were used as standards.
2.3 Nutrient adsorption ability
The nutrient adsorption ability was examined for two
samples: raw PSA and the product synthesized from a
mixture of the ash (100 g) and diatomite (64 g). Commercial
liquid fertilizer (Hanakojo, Sumitomo Chemical Garden
Products inc.) was used to determine the capacity of the
samples to adsorb nutrients, especially K+, NH4+ and
PO43¹. This liquid fertilizer contained 41.7 mg/L of NH4+,
60.9 mg/L of K+ and 185.3 mg/L of PO43¹. 0.1 g of each
sample and 10 mL of liquid fertilizer were mixed and shaken
with a reciprocal shaker. After shaking for 2 h at room
temperature, the suspension was centrifuged to collect the
supernatant. The nutrient concentrations of liquid fertilizer
and the supernatant were determined by ion chromatography
(DX-120, Dionex).
The amounts of nutrients adsorbed, q (mmol/g), were
calculated using the following equation:
q ¼ ðC0  CÞ=ðM  SÞ
where C0 and C are the concentrations of nutrients in initial
solution and the treated solution (mg/L), respectively, and M
is the molecular weight of each ion (g/mol). The slurry
concentration, S (g/L), is expressed by:
S ¼ w=L
where L is the volume of the solution (L), and w is the weight
of the sample (g).
The recovery percentage of nutrients, R (%), was
calculated using the following equation:
R ¼ ðC0  CÞ=C0  100
3.

Results and Discussion

XRD patterns of the products synthesized from mixtures of
PSA and diatomite are shown in Fig. 2. Without addition
of diatomite, only hydroxysodalite formed. On addition of
diatomite, a mixture of hydroxysodalite and tobermorite
formed ﬁrst at 16 g diatomite per 100 g; zeolite-P started to
form at 32 g diatomite per 100 g; and ﬁnally only zeolite-P
formed at a high content of diatomite (more than 64 g per
100 g).
The CEC of the products as a function of diatomite content
is shown in Fig. 3. CEC increased with increasing addition
of diatomite. Without diatomite addition, CEC was about
0.5 mmol/g, and increased to 1.0 mmol/g for more than 64 g
diatomite per 100 g (64 mass%). It was previously reported
that CEC of zeolite-P was higher than that of hydroxysoda-
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Fig. 4 SEM photograph of the product synthesized from the mixture of the
ash and 96 g of diatomite.
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Fig. 3 CEC of products as a function of diatomite content in mixture with
PSA.

lite.18) It is considered that the increase in CEC was caused by
a change in the zeolite phase.
Figure 4 shows the SEM image of the product synthesized
from the mixture of the ash and 96 g of diatomite. The
zeolite-P crystals cover the surface of the material. Zeolite-P
(Na6Si10Al6O32·12H2O) is a member of the gismondine
group. The framework is built of 4- and 8-membered rings.
It is noted that the Si/Al ratio is greater in zeolite-P
(Si/Al = 5 : 3) than in hydroxysodalite (Na6Al6Si6O24·
8H2O) (Si/Al = 1 : 1).
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Fig. 2 Powder X-ray diffraction patterns of products synthesized in 3 M
NaOH solution from mixtures of PSA and diatomite.
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Fig. 5 Al and Si concentrations in 3 M NaOH solution, and the relative
crystallinities of the product phases in the solid during the alkali reactions
in (a) the ash without diatomite, and (b) the mixture of ash with 64 g of
diatomite.

The reaction process was monitored by analyzing the Si
and Al contents in the solution, and the relative crystallinities
of the product phases in the solid, during the alkali reaction in
(a) raw PSA, and (b) the mixture of the ash and 64 g of
diatomite (Fig. 5). In case (a), the Al concentration always
exceeded that of Si regardless of the reaction time with alkali.
The initial concentrations of Si and Al increased after
introduction of the ash, and then the Si concentration
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decreased to zero, leaving Al in the solution after 24 h of
reaction. Due to the Al-rich solution, hydroxysodalite, which
has the lowest Si/Al ratio of the zeolites, was formed. The
relative crystallinity of hydroxysodalite gradually increased
after introduction of the ash, then sharply increased after
starting the reduction of Si content in the solution, and ﬁnally
became almost constant (at about 20%) after 68 h of alkali
reaction. For (b), in contrast to case (a), the amount of Si
exceeded that of Al throughout the entire reaction. The initial
concentrations of Si and Al increased, and then the Al
concentration decreased to zero, leaving Si in solution after
24 h of reaction. Due to the Si-rich solution, zeolite-P, which
has a higher Si/Al ratio than hydroxysodalite, appeared. The
relative crystallinity of zeolite-P gradually increased in the
early stage, sharply increased after starting the reduction
of Al content in the solution, and ﬁnally became almost
constant (ca. 25%) after 68 h of alkali reaction. Therefore,
zeolite formation occurs similarly at same reaction time, but
the different chemical composition of the solution causes
formation of a different type of zeolite crystal.
The formation of zeolites from coal ﬂy ash was studied and
found that zeolite synthesis from coal ﬂy ash consists of three
reactions: dissolution, gelation and crystallization.23,32) The
reaction sequence in the present study, as shown in Fig. 5,
is consistent with these results. The reactions of dissolution,
gelation, and crystallization start simultaneously after
introduction of the ash or the mixture of the ash and
diatomite. In the early stage of reaction, the increase in the
amount of Si and Al in the solution due to dissolution from
the ashes or the mixture is greater than the decrease due to
gelation, and the amounts of Si and Al in the solution
increase for 12 h. Then, the gelation reaction overtakes the
dissolution, and the concentrations of Si and Al rapidly
decrease up to 6 h. The gel is transformed into a zeolite phase
and covers the surface of the raw materials, stopping the
dissolution. The crystallization of zeolite continuous up to 6 h
of reaction, due to the occurrence of gelation, and is saturated
after 6 h of reaction due to saturation of the gelation (Fig. 5).
The resulting product with zeolite phases has a higher CEC
than the starting materials (Fig. 3). During the gelation
reaction, the Si/Al ratio in the solution with the mixture of
the ash and diatomite is higher than that in the solution with
raw ash. Therefore, the product from raw ash is hydroxysodalite, which has a low Si/Al ratio, and that from the
mixture is zeolite-P, which has a high Si/Al ratio. These
results are in good agreement with the Barrer prediction.33)
On the basis of these results we concluded that zeolitic
material with high CEC, including zeolite-P, could be
synthesized by simply mixing the ash with diatomite before
the synthesis, to increase the supply of Si in the alkali
solution.
Adsorption amounts and recovery ratios for nutrients using
raw ash and the product are shown in Table 2. Raw ash has
high adsorption ability for PO43¹ (0.14 mmol/g) due to the
soluble Ca in the ash, but far lower ability for cations (NH4+:
0.01 mmol/g and K+: 0.01 mmol/g). On the other hands, the
product has high adsorption ability for all nutrients, NH4+
(0.14 mmol/g), K+ (0.12 mmol/g) and PO43¹ (0.10 mmol/g),
due to the zeolite phase for cations and soluble Ca for PO43¹.
In the case of 10 g/L addition, recovery percentages of all
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Table 2 Adsorption amounts and recovery ratios for nutrients using raw
ash and the product.
NH4+

Sample
Raw ash
The product

K+

PO43¹

q (mmol/g)

0.01

0.01

0.14

R (%)

3.4

6.6

70.8

q (mmol/g)

0.14

0.12

0.10

R (%)

61.4

74.5

53.7

nutrients from liquid fertilizer are higher than 50% using the
product (NH4+: 61.4%, K+: 74.5%, PO43¹: 53.7%), while
only PO43¹ can be recovered from liquid fertilizer using raw
ash. The product exhibited an excellent capacity for NH4+,
K+ and PO43¹ uptake, which is desirable for application in
soil improvement.
4.

Conclusions

Zeolite-P, tobermorite and hydroxysodalite were synthesized at low temperature (90°C) from paper sludge ash (PSA)
mixed with diatomite. The zeolites exhibit higher CEC with
increasing proportion of diatomite in the ash/diatomite
mixture. The concentrations of Si and Al in the solution
during the reaction can be used to monitor the phase change.
Crystallization of only zeolite-P occurs when 64 g of
diatomite is added to 100 g of ash, resulting in a much
higher concentration of Si than Al. In the original ash without
diatomite addition, the concentration of Al in the alkali
solution always exceeded that of Si during the synthesis, and
hydroxysodalite with a low Si : Al ratio (1 : 1) was formed.
In the mixture of ash and diatomite, the concentration of
Si always exceeded that of Al during the synthesis, and
zeolite-P with a higher Si : Al ratio (5 : 3) was formed. The
zeolite-P phase synthesized at a high proportion of diatomite
exhibits a relatively high CEC and capacity for NH4+, K+
and PO43¹ uptake, which is desirable for application in soil
improvement.
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