
minerals

Article

Effects of Step-Wise Acid Leaching with HCl
on Synthesis of Zeolitic Materials from Paper
Sludge Ash

Takaaki Wajima

Department of Urban Environment Systems, Graduate School of Engineering, Chiba University, 1-33 Yayoi-cho,
Inage-ku, Chiba 263-8522, Japan; wajima@tu.chiba-u.ac.jp; Tel.: +81-43-290-3507

Received: 25 February 2020; Accepted: 29 April 2020; Published: 29 April 2020
����������
�������

Abstract: Incinerated ash with a relatively high Ca content, paper sludge ash, was converted to
zeolitic materials with high cation-exchange capacities (CECs) by aging at 80 ◦C in NaOH solution
via step-wise acid leaching with HCl to reduce the ash Ca content. The extraction of Ca, Mg, Si,
and Al from the ash into the acid solutions during leaching and the products obtained from the
leached ash by reaction with an alkali were examined. The contents of Ca and Mg in the ash were
more easily extracted from the ash than those of Si and Al in the initial leaching. The leachant pH
decreased with increasing numbers of leaching steps, and the amounts of Si, Al, and Ca extracted from
the ash increased as a result of the dissolution of gehlenite (Ca2Al2SiO7), one of the main minerals
in the ash. Zeolites A and P were synthesized from the leached ashes, and hydroxysodalite was
synthesized from the raw ash. With increasing numbers of leaching steps of the ash, the obtained
product contained lower released Ca, whereas the product contained higher released Na and has
higher CEC, depending on the zeolite phases in the product. The product with the highest CEC was
synthesized from third-leached ash, and its CEC was 1.5 mmol/g, which is about four times higher
than that of the raw ash (0.4 mmol/g).
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1. Introduction

In the manufacture of recycled paper, industrial wastes (paper sludge) are discharged, and the
amounts are increasing annually around the world, e.g., 11 million tons in Europe [1], 5.1 million tons
in Japan [2] and 26 million tons in Korea [3]. Combustion is primarily used to reduce the volume
of waste sludge for landfilling (80–90% reduction) and partly to recover energy, which produces
paper sludge ash. Although paper sludge ash is used as a cement additive, soil amendment, water
purification and so on [4–11], a large amount of ash is currently disposed of by dumping. This has
caused environmental concerns and high costs to industry due to the shortage of landfill sites for waste
disposal. There is thus a lot of interest in finding alternative routes to landfilling and the valorization
of paper sludge ash, currently classified as waste.

In the last few decades, fly ash has been used as a raw material for the synthesis of microporous
aluminosiliceous minerals known as zeolites, and chemical conversion from fly ash into zeolites has
been investigated [12–15]. The conversion involves the transformation of aluminosilicate, which is
a major component of ash, into zeolites by reaction with alkalis. Because of their unique porous
structures and ion-exchange properties, zeolites, including those synthesized from paper sludge ash,
are used in applications such as water purification, gas removal, catalysts and so on [15–18].

Paper fillers contain calcite, therefore paper sludge ash has a high Ca content in the main forms of
anorthite and gehlenite. It has been reported that ash with a high percentage of Ca was converted to
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zeolites with low cation-exchange capacity (CEC) [19]. It has also been reported that Ca compounds
in the ash prevent separation of the product slurry into solid and liquid phases during filtration and
sedimentation [20]. Therefore, reduction of the Ca content is an important issue in the production of
desirable zeolite materials.

In our previous studies, we applied acid leaching to the ash to reduce its Ca content, and converted
the leached ash in to a zeolitc material with high CEC, including zeolite-P, which was examined for
the effect of acid species, concentration, and leaching time on the synthesis of zeolitic material. It was
confirmed that two mineral phases in the paper sludge ash, gehlenite and anorthite, were present,
and anorthite could be converted into zeolitic phases by dissolution into alkali solution, while gehlenite
could not without dissolving into alkali solution, during the zeolite synthesis [21–23]. Acid leaching
is an easy process with a low energy consumption, and the two waste solutions produced from
acid leaching (acid) and zeolitization (alkali) can be simultaneously neutralized by mixing them.
Additionally, the Ca-P zeolitic product with the simultaneous removal of NH4

+ and PO4
3− can be

prepared from the Ca obtained from paper sludge ash via acid leaching process and the zeolite-P from
leached ash with high Si and Al contents after alkali reaction [24]. It is important to prepare the acid
leached ash with low contents of Ca and Mg, which disturb the zeolite synthesis, and high contents of
Si and Al, which are used to construct the zeolite structure, by removing gehlenite and the remaining
anorthite to synthesize the zeolitic material with a high CEC. However, little information is available
on the effective condition control of the acid leaching process for the synthesis of zeolitic material with
high CECs from paper sludge ash.

In this study, step-wise acid leaching with dilute HCl was applied for the synthesis of zeolitic
materials with high CECs from paper sludge ash. We extracted Ca and Mg, which disturb the zeolite
synthesis, from the paper sludge ash using dilute HCl solution, while Si and Al remained, which were
used to construct the zeolite structure and to obtain zeolitic products with high CEC. The effects of
step-wise acid leaching with dilute HCl on the properties of leached ash to enable zeolitic materials
with high CECs were investigated to clarify the effective control condition of acid leaching.

2. Materials and Methods

2.1. Paper Sludge Ash

Paper sludge ash was obtained from a paper company in Japan. The composition of the ash,
determined using X-ray fluorescence spectrometer (Epsilon 1, Malvern Panalytical, Malvern, UK),
is shown in Table 1. The ash consisted mainly of SiO2, Al2O3, and CaO, and some low-concentration
impurities such as MgO, Fe2O3, TiO2, Na2O, and K2O. The chemical composition of this ash was
similar to those found in the literature [4].

Table 1. Chemical composition of paper sludge ash and leached ashes.

Sample
Chemical Composition (wt.%)

SiO2 Al2O3 CaO MgO Fe2O3 TiO2 Na2O K2O

Paper sludge ash 28.2 19.0 42.2 4.0 1.5 2.6 0.2 0.2
1st-leached ash 34.5 23.0 31.6 3.9 1.8 3.1 N.D. N.D.
2nd-leached ash 37.5 24.0 25.1 3.8 2.2 3.8 N.D. N.D.
3rd-leached ash 45.7 21.7 18.8 3.7 2.6 4.8 N.D. N.D.
4th-leached ash 52.5 20.6 12.0 4.1 2.6 5.1 N.D. N.D.
5th-leached ash 62.6 14.0 8.5 4.6 2.2 5.5 N.D. N.D.
6th-leached ash 68.5 11.3 6.6 4.5 1.8 5.5 N.D. N.D.
7th-leached ash 70.4 10.5 5.7 4.6 1.7 5.3 N.D. N.D.
8th-leached ash 72.3 9.6 5.4 4.2 1.6 5.2 N.D. N.D.
9th-leached ash 73.2 9.3 5.2 4.1 1.5 5.1 N.D. N.D.

N.D.: Not detected.
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2.2. Step-Wise Acid Leaching

The ash was leached using 1 M HCl solution. Ash (25 g) was added to the acid solution (100 mL;
solid/liquid ratio 1/4). This mixture was stirred for 2 h with a magnetic stirrer. The solid was
then separated from the solution by centrifugation, added to fresh acid solution, and stirred for
2 h. This procedure was repeated nine times. The solid obtained at each step was washed with
pure water, which was purified using reverse osmosis membranes (Millipore Mill-Q Labo system,
Merck, Tokyo, Japan), to neutralize the washing solution and dried at 60 ◦C overnight in a drying
oven. The solid samples were examined using X-ray diffraction (XRD; Rint-2200U/PC-LH, Rigaku,
Kyoto, Japan). The pH of each leachant was determined using a pH meter (PH/ION METER F-23,
Horiba, Kyoto, Japan). The concentrations of Si, Al, Ca, and Mg (the four main elements in the ash)
leached in the solution at each step were determined using inductively coupled plasma atomic emission
spectroscopy (ICP-AES; SPS4000, Seiko, Tokyo, Japan), and the extraction ratios of each element from
the ash was calculated as follows:

Extraction ratio = (CM × V)/(PM,0 ×W) × 100 [M: Si, Al, Ca and Mg] (1)

where CM is the measured concentration of elements in solution (g/L), V is the volume of the solution
(L), PM,0 is the percentage of elements in the ash (%), and W is the mass of the ash.

2.3. Zeolite Synthesis

The leached ashes were zeolitized. An ash sample (5 g) was added to 2.5 M NaOH solution
(50 mL) in a 100 mL polymethylpentene Erlenmeyer flask with a Dimroth condenser. Zeolitization was
performed at atmospheric pressure at 80 ◦C for 24 h. The solid product was separated from the solution
by filtration, washed with pure water, and dried at 60 ◦C overnight in a drying oven. The product
was examined using XRD, and the concentrations of Si and Al in the solution after synthesis were
determined using ICP-AES. The morphologies of the product were observed using scanning electron
microscopy (SEM; S-2600H, Hitachi, Tokyo, Japan).

2.4. Determination of Amount of Released Ca and Na, and Product CECs

The product CEC was determined using a modified Schöerrenberg’s method [25]. 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. The concentrations of Ca and Na in the ammonium acetate
solution were determined using ICP-AES. The sample was then washed with 80% ethanol solution to
remove excess salt. NH4

+ was then replaced by K+ using 10% KCl solution for 20 min. This process was
repeated three times. Finally, the CEC of the sample was determined based on the amount of NH4

+ in the
KCl solution, using the thymor blue method.

It is noted that all analytical errors for the data in this paper are less than 10%.

3. Results and Discussion

3.1. Acid Leaching of Paper Sludge Ash

Figure 1 shows the XRD patterns of the ashes leached with 1 M HCl solutions at each leaching step.
It is noted that mineralogical compositions indicated in this figure are theoretical values. Gehlenite
and anorthite were the main crystalline components of the raw ash. The concentration of gehlenite
decreased with increasing numbers of leaching steps up to three, shown by a weakening of its XRD
peaks, and only anorthite remained in the ash. The amount of anorthite also decreased up to the
sixth step. These results confirm that gehlenite is more soluble than anorthite, and that only gehlenite
crystalline phases in the raw ash can be removed by three steps of acid leaching. It is noted that
peaks from talc, quartz, mullite, hematite, calcite and other phases appeared after six steps, due to the
disappearance of other strong mineral peaks.
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Figure 1. XRD patterns of ashes leached with 1 M HCl solution, as a function of the number of
leaching treatments.

Figure 2 shows (a) the pH of the leachant and the extraction ratio of (b) Ca, Mg, (c) Si, and Al,
extracted into 1 M HCl solution at each leaching step as a function of leaching step number.
With increasing numbers of leaching treatment, pH of the leachant decreases to zero up to the
leaching stages of 5–6 steps (Figure 2a), extraction ratios of Ca and Mg gradually decrease (Figure 2b),
while those of Si and Al increase at the initial leaching stage of 1–5 then decrease (Figure 2c). It is
noted that little amounts of elements were extracted from the ash after seven times of acid leaching.
Considering the result of Figure 1, high contents of Ca and Mg were firstly extracted from the ash than
those of Si and Al in the initial leaching stage of 1–3, and the leachant pH slightly decreased from
3.5 to 2.5, due to the dissolution of amorphous and gehlenite phases. In the leaching stage of 4–6,
high contents of Si and Al were extracted from the ash than those of Ca and Mg, and the leachant pH
drastically decreased to almost zero, due to the main dissolution of anorthite.

Table 1 shows the chemical compositions of raw ash and leached ashes. With increasing the
number of acid leaching, Ca content in the ash gradually decreases, while Si content increases. The Si
content in raw ash is 1.5 times as high as Al content, while Al extraction is higher than Si extraction,
to obtain the ash with poor Al content.
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Figure 2. (a) Leachant pH and the step-wise extraction ratio of (b) Ca, Mg, (c) Si and Al into 1 M HCl
solutions as a function of the number of leaching treatments.

3.2. Zeolite Synthesis from Leached Ash and Procut Properties

Figure 3 shows the XRD patterns of the products synthesized from ash leached with 1 M HCl
solution as a function of the number of leaching treatments. It is also noted that mineralogical
compositions indicated in this figure are theoretical values. Zeolites A and P were synthesized from
the ash leached once and more than twice, respectively; hydroxysodalite was synthesized from the raw
ash. The anorthite peaks in the product patterns were less intense than that in the raw ash pattern,
indicating that most of the anorthite dissolved in the alkali solution during synthesis; gehlenite, talc,
quartz, mullite and other phases in leached ashes were mostly unaffected. These results suggest that
anorthite is involved in zeolite synthesis, but most of gehelenite, talc, quartz, mullite and phases are
not dependent, which is in good accordance with the results of previous papers [21–23]. It is noted
that zeolite synthesis from the ash leached at 6–9 steps of leaching would occur by partially dissolving
some silicate minerals, such as quartz, mullite and other phases.
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Figure 3. XRD patterns of products synthesized from ashes leached with 1 M HCl solution, as a function
of the number of leaching treatments.
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Figure 4 shows SEM images of (a) the product from raw ash, (b) the product from the first
leached ash, and (c) the product from fourth leached ash. The products have different morphologies.
The product from raw ash consists of aggregates of ball-like particles (Figure 4a), and that from the
first leached ash is a mixture of ball-like and cubic particles (Figure 4b). The product from the fourth
leached ash consists of prismatic particles (Figure 4c).
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Figure 4. SEM images of products from (a) raw ash, (b) ash leached once, and (c) ash leached four times.

Figure 5 shows the amounts of Ca and Na released from the products, synthesized from leached
ashes, into ammonium acetate solution, as a function of the number of leaching treatments for the ash.
With increasing numbers of leaching treatments for the ash (raw materials of the product), the amount
of Ca released from the product gradually decreased, as a result of removal of Ca by acid leaching
before zeolite synthesis. With increasing numbers of leaching treatments up to three, the amount of Na
released from the product increased, and then gradually decreased.
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Figure 5. Amounts of Ca and Na released from products, synthesized from leached ashes, into
ammonium acetate solution, as a function of the number of leaching treatments for the ash.

Figure 6 shows the CECs of the leached ashes and the products synthesized from them, as a function
of the number of leaching steps for the ash. For the leached ash, the CEC increased from 0 to 0.4 mmol/g
with increasing numbers of leaching treatments up to three, and then decreased to zero. As shown
in Figures 1 and 2, at fewer than three leaching treatments, gehlenite dissolved and the solution pH
was around 3. Under these conditions, Si and Al dissolved from gehlenite and other phases to form
an aluminosilicate gel with a CEC. However, for more than three leaching steps, the solution pH
was less than 1, and high amounts of Si and Al were removed from the ash without formation of
an aluminosilicate gel [21]. The CEC of the product is similar to the amount of Na released from the
product, because of ion exchange of Na-type zeolitic phases in the product. When the number of
leaching treatments was increased to three, the CEC of the product from the leached ash increased
to 1.5 mmol/g, which is about four times higher than that of the product from raw ash, and then
gradually decreased.
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Figure 6. Cation-exchange capacities (CECs) of leached ashes and products synthesized from ashes
leached with 1 M HCl solution for various numbers of leaching treatments.

Figure 7 shows the concentrations of Si and Al in NaOH solutions after zeolite synthesis.
The concentration of Si in the solution after synthesis increased, and that of Al decreased, with increasing
numbers of leaching treatments for the ash. The product from the first leached ash was zeolite A,
and the Si concentration in the alkali solution was lower than that of Al, because of poor Ca extraction.
With increasing numbers of acid-leaching steps, Ca extraction increased, and the Si concentration in the
alkali solution increased; zeolite phase production was promoted, and the zeolite phase changed to zeolite
P, which has a high Si:Al ratio. However, when leaching was performed more than five times, the amount
of Al in the ash was low, and much Si remained in solution after the synthesis, because of the shortage of
Al. The yields of zeolite P in the products from the ashes after leaching more than five times therefore
decreased, and the product CEC decreased.
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Figure 7. Concentrations of Si and Al in NaOH solutions after zeolite synthesis.

From these results, ash was treated with HCl before a drastic decrease in pH occurred, due to the
disappearance of gehlenite buffering, to obtain the leached ash with low contents of Ca and Mg and
high contents of Si and Al for the synthesis of the product with the highest CEC (about 1.5 mmol/g),
including zeolite P.
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4. Conclusions

We converted paper sludge ash to zeolitic products with high CECs through step-wise acid
leaching with dilute HCl. Ca and Mg were firstly extracted from the ash and then Si and Al, via acid
leaching. High amounts of Ca and Mg and low amounts of Si and Al were initially extracted, and then
the Ca and Mg extractions drastically decreased and high contents of Si and Al were extracted.
This changing point corresponds to the disappearance of gehlenite phase in the ash, and we can observe
the drastic change in leachant pH. Zeolitic products were synthesized from the leached ashes with
2.5 M NaOH solution at 80 ◦C for 24 h, and zeolites A and P were synthesized from the leached ashes.
The product with the highest CEC can be synthesized from the ash leached on the start of drastic
change in leachant pH, and the highest CEC of the product was 1.5 mmol/g, which is about four times
higher than that of the product from raw ash (0.4 mmol/g).
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