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Paper sludge ash was partially converted into zeolites by reaction with 3 M NaOH solution at 90 ◦C for 24 h. The paper sludge ash had a low
bundance of Si and significant Ca content, due to the presence of calcite that was used as a paper filler. Diatomite was added to the NaOH solution
o increase its Si content in order to synthesize zeolites with high cation exchange capacity. Diatomite residue was filtered from solution before
ddition of ash. The original ash without addition of diatomite yielded hydroxysodalite with a cation exchange capacity ca. 50 cmol/kg. Addition
f Si to the solution yielded Na-P1 (zeolite-P) with a higher cation exchange capacity (ca. 130 cmol/kg). The observed concentrations of Si and Al
n the solution during the reaction explain the crystallization of these two phases. The reaction products were tested for their capacity for PO4

3−

emoval from solution as a function of Ca2+ content, suggesting the formation of an insoluble Ca-phosphate salt. The product with Na-P1 exhibits
he ability to remove NH4

+ as well as PO4
3− from solution in concentrations sufficient for application in water purification. Both NH4

+ and PO4
3−

emoval showed little variation with pH between 5 and 9. Alternative processing methods of zeolite synthesis, including the addition of ash to an
nfiltered Si–NaOH solution and addition of a dry ash/diatomite mixture to NaOH solution, were tested. The third process yielded materials with
ower cation exchange capacity due to formation of hydroxysodalite. The second process results in a product with relatively high cation exchange
apacity, and reduces the number of processing steps necessary for zeolite synthesis.

2005 Elsevier B.V. All rights reserved.
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. Introduction

During the manufacture of recycled paper products, paper
ludge is generated as an industrial waste. Over 3 million tonnes
f sludge is discharged per year in Japan, and approximately 8
nd 2 million tonnes in the United States and the United King-
om, respectively [1,2]. The amount is increasing annually. The
ludge consists of organic fibers, inorganic clay-sized materials,
nd about 60% water, and is incinerated to paper sludge ash by
urning out the organic materials, thereby reducing its waste
olume. Although some part of the ash is used as cemented fills,

∗ Corresponding author. Tel.: +81 955 20 2190; fax: +81 955 20 2191.
E-mail address: wajima@ioes.saga-u.ac.jp (T. Wajima).

lightweight aggregates in the construction industry, and in other
minor applications [3,4], the major part is dumped at landfill
sites. The large daily output and the limited landfill capacity have
caused social and environmental problems. One possible and
effective alternative is to convert the ash into zeolite absorbents
for environmental applications, such as water purification, and
soil conditioning [5–7].

Zeolites are a group of over 40 crystalline, hydrated alumino-
silicate minerals with structures based on a three-dimensional
network of (Al, Si)O4 tetrahedra that contain exchangeable
alkali or alkaline earth cations [8]. Zeolites occur in natural
deposits, generally associated with the alteration of glassy vol-
canic rocks, or are synthesized from a wide variety of high-Si
and Al starting materials. Paper sludge ash contains amorphous
and crystalline phases formed by incineration, and is compara-

304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2005.09.045



T. Wajima et al. / Journal of Hazardous Materials B132 (2006) 244–252 245

ble to volcanic ash. Accordingly, the ash can be converted into
zeolites [9,10].

In the past, clay minerals such as kaolinite were used for paper
filler, but recently calcite has increasingly replaced kaolinite as a
filler. Subsequently, incinerated ash has a higher Ca-content, in
the form of anorthite (CaAl2Si2O8) and gehlenite (Ca2Al2SiO7).
Furthermore, the decreasing use of silicate minerals as paper
fillers has resulted in a lower concentration of Si in the ash.
Correspondingly, the Si/Ca ratio is decreased. The low Si content
of the ash makes it difficult to convert it into zeolites, or at least
into more desirable zeolite phases. Zeolite formation from other
ash sources, for example, coal fly ash, has also been investigated
[11–14]. It is reported that amorphous SiO2 particles added to
a coal fly ash resulted in the formation of phillipsite, with high
cation exchange capacity (CEC), in NaOH solution [15].

Diatomite is a fine-grained, biogenic siliceous sediment, and
is available in large quantities at low cost [16]. It consists essen-
tially of amorphous silica derived from opalescent frustules
of diatoms, and has a fine porous structure with low density.
Diatomite easily dissolves in basic solutions. There are exam-
ples of the synthesis of zeolites from diatomite itself [17,18], but
the direct synthesis from diatomite lacks Al sources or template
agents.

In this work, we synthesize zeolites at low temperature
(90 ◦C) from paper sludge ash, with addition of diatomite. To our
knowledge, no previous effort has been made to use diatomite
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Table 1
Chemical composition of paper sludge ash and diatomite

Oxide (wt.%) Paper sludge ash Diatomite

SiO2 35.9 92.8
Al2O3 22.8 3.4
CaO 33.2 0.3
Na2O 0.6 0.5
K2O – 0.5
MgO 4.5 0.5
Fe2O3 0.9 2.0
TiO2 2.2 –
Total 100.1 100.0

These data were analyzed by EMAX ENERGY package. The analytic errors are
<5%.

Takanosu, Akita prefecture in 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 SEM-EDS is listed
in Table 1. The original sample contains 50–75% water. The
dried sample is composed of diatom frustules that precipitate in
an amorphous silica form, but it also contains some rock frag-
ments. The fragments are mainly made of feldspar and quartz
(Fig. 1) derived from surrounding rocks. Diatomite readily dis-
solves in a basic solution. Fig. 2 shows Si concentrations in
solution as a function of reaction time during the dissolution of
diatomite in 3 M NaOH solution at 90 ◦C. In all cases, disso-
lution of the amorphous silica of diatomite is nearly complete
within 1 h. Hence, the dissolution time for diatomite is taken as
1 h hereafter.

2.2. Zeolite synthesis from the ash in diatomite solution

We prepared 3 M NaOH solution with Si concentrations of 0,
5, 10 and 20 g/L by addition of 0, 16, 32 and 64 g of diatomite
respectively, at 90 ◦C for 1 h. The solutions were filtered and
cooled to room temperature. Paper sludge ash (100 g) was then
s an additive Si source in synthesizing zeolite from the paper
ludge ash. The resulting zeolites exhibit cation exchange prop-
rties, and selectively sorb certain cations, such as NH4

+. Also,
t has been reported that Ca2+ contained in the original paper
ludge ash reacts with phosphoric acid to form apatite-like mate-
ials, which removed PO4

3− from solution [6]. Therefore, we
im to obtain a material suitable for water purification, which
ontains zeolite phases and soluble Ca in the product. We present
ere the chemical reaction of paper sludge ash with diatomite,
he CEC of the end product, and demonstrate the removal capac-
ty for NH4

+ and PO4
3− from aqueous solution by sorption and

recipitation with Ca, respectively.

. Experimental methods and results

.1. Raw materials

Paper sludge ash was obtained from a paper company in
uji, Japan. The composition of the ash, determined by scan-
ing electron microscopy (SEM) (Hitachi, S-2600 H) equipped
ith energy dispersive spectrometry (EDS) (Horiba, EX-200), is

isted in Table 1. The ash is mainly composed of SiO2, Al2O3 and
aO in the form of amorphous matter and the minerals gehlenite

Ca2Al2SiO7) and anorthite (CaAl2Si2O8), determined by X-ray
iffraction (XRD) (Rigaku, Rint-2200U/PC-LH) (Fig. 1). The
sh has a low SiO2 and a high CaO content compared to other
imilar materials. Such a composition is not favorable for the
ynthesis of zeolites [19].

Diatomite occurs in nature in two types of geological environ-
ents, marine and lacustrine. The sample used in this study has
seawater origin, and was obtained from the deposits located in
 Fig. 1. Powder X-ray diffraction patterns of paper sludge ash and diatomite.
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Fig. 2. The concentration of Si dissolved from diatomite in 3 M NaOH solutions
at 90 ◦C, as a function of reaction time. The solid (diatomite)/liquid (3 M NaOH
solution) ratios are inset.

added to 3 M NaOH solutions (1 L) in a 1-L Erlenmeyer flask
(made of poly methyl pentene) with a dimroth condenser, and
the mixture (slurry) was continuously stirred at 90 ◦C for 24 h
and then filtered. The solid product was washed with water, that
had been purified through a reverse osmosis membrane using a
Millipore Mill-Q Labo system, and dried at 60 ◦C overnight in
a drying oven. The end products were examined by XRD and
SEM (Hitachi, S-2600 H).

XRD patterns of the end product from the four initial Si con-
centrations are shown in Fig. 3. Anorthite is absent from the
products, indicating that it completely dissolves in the alkaline

F
s
2

Fig. 4. Scanning electron photomicrographs of (a) hydroxysodalite and (b) Na-
P1 synthesized in 3 M NaOH solution with initial Si concentrations of 0 and
20 g/L, respectively.

solution, whereas gehlenite does not seem to be affected. The
zeolite phase formed is hydroxysodalite at low Si concentrations,
0, 5 and 10 g/L, and Na-P1 at high Si concentration, 20 g/L.

Fig. 4 shows SEM photomicrographs of (a) hydroxyso-
dalite and (b) Na-P1 synthesized in 3 M NaOH with Si con-
centrations of 0 and 20 g/L, respectively. Hydroxysodalite
(Na6Al6Si6O24·8H2O, space group P 4̄3n, a = 8.9 Å) is a mem-
ber of the sodalite group. The framework structure is composed
of four- and six-membered rings of SiO4 and AlO4 tetrahedra.
Na-P1 (Na6Si10Al6O32·12H2O, space group I4̄, a = 10.0 Å),
also known as zeolite-P, is a member of the gismondine group.
The framework is built of four- and eight-membered rings. It
is noted that the eight-membered rings of Na-P1 are larger
than the six-membered rings of hydroxysodalite, and the Si/Al
ratio is greater in Na-P1 (Si/Al = 5:3) than in hydroxysodalite
(Si/Al = 1:1).

Five milliliters aliquots of each slurry were removed at vary-
ing time intervals (every 1 h initially) to monitor the reaction
process over a period of 24 h. The aliquots were filtered and the
filtrates were analyzed by inductively coupled plasma spectrom-
etry (ICP) (SEIKO, SPS4000) to determine the concentration of
Si and Al. The concentrations of Si and Al in the solution for dif-
ferent initial concentrations of Si are shown as a function of the
reaction time in Fig. 5. In the Si free starting solution (Fig. 5(a)),
ig. 3. Powder X-ray diffraction patterns of products synthesized in 3 M NaOH
olutions with initial Si concentrations of (a) 0 g/L, (b) 5 g/L, (c) 10 g/L and (d)
0 g/L, adjusted by the addition of diatomite.
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Fig. 5. Si and Al concentration curves in 3 M NaOH solution as a function of
reaction time, for initial Si concentrations of (a) 0 g/L, (b) 5 g/L, (c) 10 g/L and
(d) 20 g/L.

the concentration of Si increases initially after introduction of
paper sludge ash, and thereafter decreases to zero leaving solely
Al in the solution after 24 h. In the starting solution with 5 g/L
Si (Fig. 5(b)), the concentration of Si decreases gradually to
zero. Also, the concentration of Al increases initially, reaching
a steady state after 2 h. The residual Al in solution is lower than in
the former case, indicating that a larger amount of aluminosil-
icate precipitates as zeolite. In the 10 g/L Si starting solution
both Si and Al precipitate out of the solution, so that an initial Si
concentration of 10 g/L marks the point below which the Al/Si

ratio of the solution is greater than 1 and above which it is less
than 1. Finally, for initial Si concentration of 20 g/L, Si always
exceeds Al in solution throughout the entire reaction and the
resulting zeolite phase changes from hydroxysodalite to Na-P1
[20,21]. Excess Si in the 20 g/L solution (Fig. 5(d)) after reaction
of paper sludge ash indicates that further addition of diatomite
is not required.

2.3. Cation exchange capacity (CEC) of end products

The CEC of end products was measured by the modified
Schöerrenberg method [22]. The exchangeable cations in the
product were replaced by NH4

+ using 1 M ammonium acetate
solution. This process was repeated three times for 20 min per
exchange, yielding a total exchange time of 1 h. The sample was
then washed with 80% ethanol solution to remove excess salt.
The NH4

+ was then replaced by K+ using 10% KCl solution
for 20 min. This process was also repeated three times. Finally,
NH4

+ in the solution was analyzed by the method of Koyama et
al. [23] to determine the CEC of the sample.

The cation exchange capacity of the end products versus ini-
tial concentrations of Si is shown in Fig. 6. The CEC increases
with increasing initial concentration of Si in solutions reacted
with paper sludge ash. Without diatomite addition, the CEC of
the end product is about 50 cmol/kg, increasing to 130 cmol/kg
i
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n the end product formed from solution with a Si concentration
f 20 g/L.

.4. Interactions with NH4
+ and PO4

3−

The interactions with NH4
+ and PO4

3− were examined using
hree typical samples: (1) raw paper sludge ash, (2) product-0
ynthesized without diatomite addition and (3) product-20 syn-
hesized from solution with initial Si concentration of 20 g/L.
H4

+ and PO4
3− solutions with concentrations of 10 mg/L

repared with NH4Cl and Na2HPO4, respectively, were used
o determine the capacity of the treated and untreated ash to

ig. 6. Cation exchange capacity (CEC) of end products as a function of initial
i concentration in solutions reacted with paper sludge ash.
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Fig. 7. Removal of (a) NH4
+ and (b) PO4

3− by paper sludge ash, product-0 and
product-20 as a function of reaction time. Initial concentrations of NH4

+ and
PO4

3− in the solution are 10 mg/L. One gram of sample was added to 200 mL
of solution. The pH was adjusted to 7.5 by the addition of dilute HCl solution.

remove these ion complexes. One gram of sample was added
to 200 mL of each solution. While stirring the pH moved nat-
urally to 10.5 due to the basicity of the NaOH reacted ashes
and was adjusted to 7.5 by the addition of dilute HCl solution
(0.1–1 M). A 2 mL aliquot of suspension was removed every
30 min and filtered. The concentration of NH4

+ in the filtrate
was determined by the method of Koyama et al. [23], and the
concentration of PO4

3− by the method of Ishibashi and Tabushi
[24].

The removal of (a) NH4
+ and (b) PO4

3− from the solution
as a function of reaction time is shown in Fig. 7. The initial
concentration of NH4

+ and PO4
3− in the solution, 10 mg/L,

is an unusually high concentration compared to river or lake
waters. The rate of removal of NH4

+ and PO4
3− was initially

rapid but plateaued after roughly 30 min. The decreasing order
of removal capacity for NH4

+ is product-20 > product-0 > paper
sludge ash, which reflects the variation of CEC. The removal
of PO4

3− follows an opposite trend compared to NH4
+ (paper

sludge ash > product-0 > product-20).

Fig. 8. Removal of (a) NH4
+ and (b) PO4

3− by paper sludge ash, product-0 and
product-20 as a function of pH. The experimental conditions are the same as in
Fig. 7 and the pH was adjusted to 5, 7.5 and 10 by the addition of dilute HCl.

The influence of pH on NH4
+ and PO4

3− removal is shown
in Fig. 8. The NH4

+ uptake by paper sludge ash remains
low throughout the pH range 5–9. NH4

+ uptake by product-0
increases only slightly between pH 5 and 7.5 and remains con-
stant through pH 9. Finally, product-20 shows similar NH4

+

uptake at pH 5 and 7.5 while slightly decreased at pH 9. PO4
3−

removal also shows little variation with pH between 5 and 10
(Fig. 8(b)). Both the paper sludge ash and product-20 show a
minimum removal at pH 7.5. Product-0 exhibits a slight decrease
between pH 5 and 10.

In order to examine the relationship between Ca2+ associ-
ated with end products of the zeolite synthesis reactions and the
removal of PO4

3−, the total Ca2+ released from the paper sludge
ash samples was measured. A 100 mg aliquot of each sample
was added to 10 mL of 1 M ammonium acetate solution at room
temperature for 20 min. The concentration of Ca2+ in the solu-
tion was analyzed by ICP. Table 2 lists the amount of released
(soluble) Ca2+. The concentration of Ca2+ is low in product-20
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Table 2
CECs and the amount of released (soluble) Ca2+ from three materials

Material CEC (cmol/kg) The amount of released Ca2+ (g/kg)

Paper sludge ash 15.0 167.6
Product-0 54.0 163.6
Product-20 127.0 114.2

compared with paper sludge ash and product-0, and the order of
released Ca2+ correlates with PO4

3− removal capacity.

2.5. Simplification of diatomite addition

In the process of diatomite addition, the residue of diatomite,
which was mainly composed of rock fragments, was filtered out
of the 3 M NaOH solution before the addition of paper sludge
ash. Two non-filtration experiments were also carried out in
an attempt to simplify the procedure. In each experiment 64 g
diatomite, equivalent to 20 g/L of Si in the previous experiment,
and 100 g paper sludge ash were used. In the first unfiltered
experiment the diatomite was added to a 3 M NaOH solution,
and was stirred at 90 ◦C for 1 h, then the ash was added to the
solution. In the second experiment, the diatomite was dry mixed
with the ash, and the powder mixture was added to the 3 M
NaOH solution. For both experiments the solid reaction prod-
ucts, the concentrations of Si and Al in the alkaline solution,
and the CECs of the products were monitored as a function of
reaction time.

XRD patterns of the solid products obtained from the three
experiments as a function of time are shown in Fig. 9 (a) addi-
tion of ash to a filtered Si–NaOH solution, (b) addition of ash
to an unfiltered Si–NaOH solution, and (c) addition of a dry
ash/diatomite mixture to a NaOH solution. In all three cases,
gehlenite remains in the end product but anorthite is dissolved.
Quartz, which originates from rock fragments, is detected in
the latter two experiments. Na-P1 is synthesized in all three
cases, however Na-P1 zeolite crystallizes earlier in experiments
2 and 3. In addition, hydroxysodalite crystallizes with Na-P1 in
experiment 3.

The evolution of cation exchange capacity of the products
as a function of reaction time is shown in Fig. 10 for the three
experiments. The rate of cation exchange by the products of
experiments 2 and 3 is faster than that of experiment 1, in the
early stages of the reaction. This is consistent with a faster
rate of zeolite crystallization for the two non-filtration exper-
iments. However, in the final stage of CECs for the products
of experiments 1 and 2 are comparable (120–130 cmol/kg). The
formation of hydroxysodalite may be related to the lower CEC in
experiment 3.

The concentrations of Si and Al in 3 M NaOH solution as a
function of reaction time for the latter two experiments are shown
in Fig. 11. The decrease of concentration of Si is initially fastest
for experiment 2, in which ash is added to unfiltered Si–NaOH
solutions. The delay in the decrease of Si during experiment 1
i
c

F
2

ig. 9. Powder X-ray diffraction patterns of products as a function of reaction time for:
: addition of ash to an unfiltered Si–NaOH solution; (c) experiment 3, addition of dr
s clearly observed by the plateau between 2 and 8 h in the Si
oncentration curve (Fig. 5(d)). This corresponds to the delay
(a) experiment 1, addition of ash to a filtered Si–NaOH solution; (b) experiment
y ash/diatomite mixture to a NaOH solution.
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Fig. 10. Cation exchange capacity of products as a function of reaction time
for: experiment 1, addition of ash to a filtered Si–NaOH solution; experiment
2, addition of ash to an unfiltered Si–NaOH solution; experiment 3, addition of
dry ash/diatomite mixture to a NaOH solution.

in Na-P1 crystallization (Fig. 9) and the delay of CEC increase
(Fig. 10). In contrast, in experiment 3, where a dry ash/diatomite
mixture is added to NaOH solution, the dissolution of diatomite
and ash and the precipitation of solutes take place simultane-
ously. Thus, that the concentrations of Si and Al in solution are
dictated by the competition between dissolution and precipita-
tion. In general, experiments 1 and 2 yield essentially the same
end products (Figs. 9 and 10).

F
t

3. Discussion

3.1. Zeolite synthesis

Henmi [9] synthesized zeolites from paper sludge ash under
the conditions similar to this study and obtained an end product
with a CEC of 160 cmol/kg, containing phillipsite and hydrox-
ysodalite. This end product is quite different from that formed
in our study from solution without addition of diatomite. The
difference is attributed to the change of chemical composition
of paper sludge ash in a decade associated with the change of
paper filler from clay minerals to calcite.

Experimental formation of zeolites from natural geologic
materials by methods similar to those used in this study have
been reported. Burriesci et al. [25] studied zeolite formation
from rhyolitic pumices at 95 ◦C for 5 h in 5 M NaOH solution
and concluded that zeolite-P was formed from pumice with high
SiO2/Al2O3 ratio and low Fe content, while hydroxysodalite
was formed from pumice with low SiO2/Al2O3 ratio and high
Fe content.

Barth-Wirshing et al. [26] synthesized zeolites from waste
perlite at 100–140 ◦C in 0.5–6.0 M NaOH solutions with the
addition of aluminum. They reported that a high percentage of
hydroxysodalite formed from solutions either with high NaOH
concentrations combined with addition of aluminum or with
very high NaOH concentrations.

T
r
h
r
W
t
h

d
T
c
t
i
t
s

a
d
o
t
a
t
j
3
o
t
t
T
r
d

ig. 11. Si and Al concentrations in 3 M NaOH solution as a function of reaction
ime for unfiltered (a) experiment 2 and (b) experiment 3.
We used solutions with high NaOH concentration (3.0 M).
he original paper sludge ash in this study had a low SiO2/Al2O3

atio (1.57) and the zeolite phase in the end product changed from
ydroxysodalite to zeolite-P with the addition of diatomite. The
esult is consistent with those of Burriesci et al. [25] and Barth-

irshing et al. [26] and the phase change from hydroxysodalite
o zeolite-P in solutions with increasing SiO2/Al2O3 ratios at
igh NaOH concentration.

Christidis et al. [27] examined the synthetic zeolites pro-
uced from perlite waste, in NaOH solutions at 100–140 ◦C.
hey found that the increase of NaOH concentration induced a
hange in zeolitization from zeolite-P to hydroxysodalite, and
hat the formation of hydroxysodalite occurred only after signif-
cant Na-uptake by the solid had taken place. This result implies
hat hydroxysodalite is associated with a high Na/Si ratio in
olution.

In our study addition of abundant diatomite yielded zeolite-P
nd addition of small amounts of diatomite yielded hydroxyso-
alite. This can be explained by the increase in the Na/Si ratio
f the solution relative to Si concentration. Hydroxysodalite in
he end product, formed only after addition of a dry mixture of
sh and diatomite to NaOH solution, can also be explained in
erms of the Na/Si ratio, as the solution had a high Na/Si ratio
ust after the mixture of ash and diatomite was introduced into
M NaOH solution. Murayama et al. [21] studied the formation
f zeolites from coal fly ash and found that Si and Al precipi-
ated from the solutions as an amorphous aluminosilicate gel at
he early stage of reaction, followed by formation of zeolites.
he reaction sequence of the present study is consistent with

esults of Murayama et al. [21]. The concentration of Si rapidly
ecreased and Al exhibited low concentrations at the early stage
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of reaction (Figs. 5(d) and 11(a)), but the XRD patterns exhibit
no crystalline phase, implying that aluminosilicate initially pre-
cipitates as an amorphous phase. Only after 4–8 h do zeolites
start to crystallize (Fig. 9). Some amorphous material remains
in the end products of our reactions. This is indicated by the
increased background (hump) in the powder diffraction patterns
between roughly 21◦ and 39◦ 2θ.

This study shows a method to increase the cation exchange
capacity of paper sludge ash, by a factor of 2.5, via synthesis
of zeolitic porous material through a reaction with 3 M NaOH
solution after the addition of diatomite. Diatomite is a Si rich
source and readily dissolves in the alkaline solution. The results
obtained show that diatomite is an effective additive in control-
ling the zeolite formation, which could be applied to other ash
wastes.

The CEC of the new material, however, is still lower
(130 cmol/kg) than that of other synthetic zeolites (250–
500 cmol/kg), determined by the same method used in this study
as well as that used by Querol et al. [14], and is comparable
to natural zeolites (120–180 cmol/kg), also determined by the
same method used in this study. This is due to the inhibition of
zeolite formation by the high Ca content of the reactants [19].
Wajima et al. [28] proposed another method to raise the CEC of
zeolitic porous material formed by reaction of paper sludge ash
with 2.5 M NaOH solution, by a factor of 4, through the acid
leaching of Ca from the ash before zeolite synthesis in NaOH
s
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in Table 2 and the ability to remove PO4
3− is correlated with

the amount of released Ca (Fig. 7).
For solutions with an initial concentration of 10 mg/L at pH

7.5 the NH4+ uptake is ca. 0.2, 0.5 and 1.1 mg/g and the corre-
sponding PO4

3− removal is 2.2, 2.0 and 0.6 mg/g by the original
ash, product-0 and product-20, respectively (Fig. 7). The NH4

+

uptake by product-20 remains high compared with the other
two samples, decreasing slightly under more basic conditions
(Fig. 8). Both the paper sludge ash and product-20 show a min-
imum uptake at pH 7.5. Product-0 exhibits a slight decrease
between pH 5 and 10. Okada et al. [30] prepared composites
of �-alumina/potassium aluminosilicate (KAS) gel to investi-
gate simultaneous uptake of ammonium and phosphate ions,
at pH 5–10 and at concentrations considerably higher than in
this study. They reported an NH4

+ uptake of 10.6 mg/g and a
HPO4

2− uptake of 4.6 mg/g from 1 mM (NH4)2·HPO4 solution
at pH 7. This corresponds to NH4

+ and HPO4
2− concentrations

of 36 and 96 mg/L, respectively. To roughly compare the results
of Okada et al. [30] to those of our study the uptake at lower
solution concentrations was calculated assuming a proportional
relationship between the two. The result is an uptake value of
3 mg/g for NH4

+ and 0.5 mg/g for HPO4
2− at solution concen-

trations of 10 mg/L. These values are higher for NH4
+ and lower

or similar for PO4
3− compared to the results of this study. Okada

et al. [30] also reported that the NH4
+ uptake is independent of
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i
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o
t
w
t
r
p
s
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z
i
s
c
d
s
t
i
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s

olution. The combination of our method and that of Wajima et
l. [28] is expected to lead to an even higher cation exchange
apacity than the products presented in this study.

.2. Removal of NH4
+ and PO4

3−

Murayama et al. [29] prepared a zeolitic material from coal
y ash containing zeolite-P. It was kept in CaCl2 solution to
xchange Ca2+ for Na+ and was successfully used for simul-
aneous removal of NH4

+ and PO4
3−. They claimed that the

ptake of NH4
+ from solution by zeolite was achieved through

cation exchange reaction and that the removal of PO4
3− was

ccomplished by the formation of an “insoluble salt” by reaction
ith Ca2+ that was released from the treated fly ash.
Ishimoto et al. [6] synthesized a new material called MPM

rom paper sludge ash, by hydrothermal reaction, and empha-
ized the ability of the material to remove PO4

3− from solution,
uggesting the formation of apatite.

Product-20 in this study exhibits simultaneous removal of
H4

+ and PO4
3− from solution, but the original ash itself has

higher ability for PO4
3− removal. The mechanism of NH4

+

emoval is by cation exchange, indicated by the correlation
f NH4

+ removal (Fig. 7) with the cation exchange capacity
Table 2). It is inferred that the removal of PO4

3− takes place
y the formation of an insoluble calcium-phosphate salt. The
bility essentially depends on the Ca content of samples and,
ore specifically, depends on Ca2+ released from the sample to

olution. The Ca2+ released from the treated paper sludge ash
soluble Ca2+) combines with PO4

3− when added to solution to
orm a solid calcium-phosphate phase, thereby removing theses
omponents from solution. The released (soluble) Ca2+ is listed
H but that PO4 uptake was nonsystematically dependent on
H.

.3. Simplification of processing

Na-P1 zeolite starts to crystallize after 8 h of reaction when
sh is added to a filtered Si–NaOH solution but it crystallizes
n 4 h when reacted with unfiltered solutions, experiments 2 and

(Fig. 9). It is unclear why the delay of zeolite crystallization
ccurs in the filtered experiment. The only difference from unfil-
ered experiments is the lack of solid residue, such as quartz,
hich may minimize nucleation centers for zeolite crystalliza-

ion. The first two processes converge essentially to the same
esult (in CEC and end products), which suggests that the sim-
ler procedure, i.e. the addition of ash to an unfiltered Si–NaOH
olution (experiment 2), is preferable.

. Conclusions

Na-P1 and hydroxysodalite were synthesized at low temper-
ture (90 ◦C) from paper sludge ash by adding diatomite. The
eolites exhibit higher CEC, with increasing diatomaceous Si
n 3 M NaOH solution. The concentrations of Si and Al in the
olution during the reaction can be used to monitor the phase
hange. The turning point from the formation of hydroxyso-
alite to Na-P1 occurs at initial Si concentration of 10 g/L in
olution, resulting in a higher concentration of Si than Al. Anor-
hite present in the original ash dissolves and gehlenite remains
n the solutions for all Si concentrations measured. The prod-
ct with the Na-P1 phase synthesized at high Si concentrations
xhibits a relatively high CEC and capacity for NH4

+ uptake and
ufficient ability to remove PO4

3− by precipitation without the
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addition of extra calcium, which is preferable for application in
water purification. Neither the NH4

+ or PO4
3− removal show

significant variation for pH 5–10.
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