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ABSTRACT

The study shows the results of zeolitization of municipal sewage sludge ash with
the indirect fusion method followed by a hydrothermal method. The zeolitization
of sewage sludge ash was conducted at the melting temperature of 550°C and the
melting time of 60 minutes, crystallization temperatures of 60°C and 90°C, crystal-
lization time of 6 hours and the SSA:NaOH ratio of 1:1.8; 1:1.4. The research of
modified sewage sludge ashes included the observation of changes of ash particles
surface and the identification of crystalized phases. The zeolitization of sewage
sludge ash at the ratio of SSA:NaOH 1.0:1.4 did not cause the formation of zeo-
lite phases. On the other hand, the zeolitization at the ratio of SSA:NaOH 1.0:1.8
resulted in the formation of desired zeolite phases such as zeolite Y (faujasite) and
hydroxysodalite. The presented method of sewage sludge ash zeolitization allows to
obtain highly usable material. Synthesized zeolites may be used as adsorbents and
ion exchangers. They can be potentially used to remove heavy metals as well as am-
monia from water and wastewater.
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INTRODUCTION

Municipal sewage sludge ash is an increasing-
ly popular waste generated all over the world. It is
estimated that approximately 1.2 million tons of
sewage sludge ashes are produced in North Amer-
ica and the European Union annually (Donatello
et al., 2010; Latosinska and Gawdzik, 2014). The
realization of prevailing European Union norms
(86/278/EEC, 91/271/EEC, 99/31EC) and the
growth of the amount of the incinerated sewage
sludge contributes to the increase of the quantity
of sewage sludge ash.

Sewage sludge ash can be used as an additive
to the production of building materials e.g bricks
(Liew et al., 2004), cement mortar (Monzo et al.,
2003) and aggregates (Wainwright and Cresswell,
2001). However, the dominant method of sewage
sludge ash utilization is depositing in landfills.

Zeolites are microporous hydrated alumino-
silicates, which are categorized into natural and
synthetic groups. Their crystal structure contains
numerous pores and cavities of different sizes giv-
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ing them a unique ion-exchange, sorption and cat-
alytic properties (Wdowin et al. 2014). Because of
these properties, zeolites have found applications
in many areas such as environmental engineering
(Mulgundmath et al. 2012), construction industry
(de Gennaro et al. 2004), agriculture (Polat et al.
2004) and refinery industries (Zhu et al. 2013).
Zeolites are used for the removal of radionuclides
from liquid radioactive waste (Osmanoglu 2006),
as well as for the removal of nitrates and heavy
metals from water and wastewater (Franus and
Wdowin 2010; Lee et al. 2000; Qiu and Zheng,
2009). Zeolites are also capable of the removal of
volatile petroleum derivatives from flue gas (Ban-
dura et al. 2016), the fixation of phosphates, the
neutralization of acid wastes and the clean-up of
sewerage (Polat et al. 2004).

Synthetic zeolites can be produced from
natural resources such as bentonite (Ruiz et al.
1997), perlite (Pichor et al. 2014) and kaolinite
(Littlewood et al. 2015). Moreover, obtaining
synthetic zeolites with the use of waste materi-
als is a well-known method. The use of fly ashes
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from coal is a common method of obtaining dif-
ferent kinds of synthetic zeolites (Querol et al.
2002; Kazemain et al. 2010; Juan 2007; Fotovat
et al. 2009; Carlos et al. 2009). There are also
known examples of obtaining zeolites from rice
husk ash (Thuadaij et al. 2012), waste porcelain
(Wjima and Ikegami 2009), and paper sludge ash
(Wajima and Munakata 2014).

The constituents of coal fly ash are mainly
silica, alumina, glassy and crystalline alumino-
silicates, as well as a large variety of micro and
trade components (Boycheva et al. 2015; Zygadto
et al. 2011). The aluminosilicate glass is a readily
available source of Si and Al for zeolite synthe-
sis (Lee et al. 2000). The content of silicon and
aluminium determines the usefulness of fly ashes
for the synthesis of zeolites, while the SiO,/AlO,
ratio conditions the formation of a particular type
of zeolites (Dyer 1988).

Different methods of the synthesis of zeolites
from ashes are also known, i.e. a direct hydro-
thermal method (Querol et al. 1995; Watek et al.
2008,), an indirect fusion followed by a hydro-
thermal method (Shigemoto et al. 1993; Rayalu
et al. 2000; Zhang et al. 2011), a two-step hydro-
thermal method (Tanaka et al. 2002) and a molten
salt liquid free method (Park et al. 2000).

Molina & Pole (2004) evaluated the direct
hydrothermal method and the indirect fusion
method at different reaction conditions of time,
temperature and proportion of NaOH to coal fly
ash. According to these results, the fusion method
gives better results in terms of shorter time neces-
sary to obtain a product with a high crystallinity.

The composition of sewage sludge ashes is
similar to the composition of coal fly ashes (tab.1).
It predisposes the use of sewage sludge as a raw
material for the synthesis of zeolites. Sewage
sludge ashes contain a significant concentration
of aluminosilicate. The concentration of alumino-
silicate in sewage sludge ashes is caused among
others by the components of washing powders
present in wastewater (Petterson et al. 2008).

The literature provides only a few examples
of zeolites formed by the synthesis from sewage
sludge ashes. Lee et al. (2007) studied the syn-
thesis of zeolite from the incineration of sewage
sludge fly ash by the hydrothermal method. The
small amount of zeolite P was synthesized in 1 N
of NaOH solution and a relatively large amount
of hydroxysodalite was synthesized in 3 N and 5
N of NaOH solution with a similar peak intensity.

While recovering phosphorous salt from sew-
age sludge ash, Takahashi et al. (2001) studied the
zeolitization of an aluminium phosphate. In this
case, the aluminium phosphate is reacted with
calcium sulfate, thereby forming a calcium phos-
phate. Then phosphorus free aluminium reacted
with sodium silicate to a form of zeolite.

The aim of this study was the feasibility of
the synthesis of zeolites from municipal sew-
age sludge ash. It was a pioneering study on the
zeolitization of sewage sludge ash by the fusion
method. The study covered the tests on the influ-
ence of the activation temperature, the crystalli-
zation temperature and the ratio of SSA:NaOH on
the synthesis of zeolites.

MATERIAL AND METHODS

Materials

Sewage sludge from a mechanical biologi-
cal municipal wastewater treatment plant in
Sikéwka near Kielce was used in this study. The
wastewater treatment plant receives sewage from
Kielce agglomeration, located in the central part
of Poland. Sewage sludge from this wastewater
treatment plant was obtained after the anaerobic
stabilization, drainage and drying in a disc dryer.
Sewage sludge ash was obtained as a result of
sewage sludge incineration. Sewage sludge was
dried in a laboratory drier at 105°C. Then, it was
crushed in a mortar to a fraction < 125 um. Sew-
age sludge was incinerated in a laboratory furnace

Table 1. Chemical composition of ashes

Sewage sludge ash, % Fly ash, %
Latosinska Chen et al.
Component . Lee etal.
and Gawdzik | 2006; Wang
2010
2014 et al. 2005
SiO, 35.72 43.6 38.49
ALO, 6.70 16.6 15.87
Fe,O, 9.56 10.4 9.59
CaO 17.46 5.61 14.17
MgO 451 1.40 1.84
SO, 1.21 0.24 n.d.
K,O 1.61 2.34 1.6
Na,O 0.52 0.82 0.93
PO, 19.0 n.d. n.d.
TiO, 1.00 n.d. n.d.
Mn,O, 0.14 n.d. n.d.
n.d. — no data
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Naberthem at the temperature of 600°C within 11
minutes. After the combustion, the sample re-
mained in the furnace until it cooled down to the
temperature of 20°C.

Characterisation methods

The chemical compositions of sewage
sludge and sewage sludge ash were determined
by using the X-ray fluorescence spectroscopy
(XRF) method.

Phase analysis of sewage sludge ash and sew-
agesludgeashafterthe zeolitization was performed
with X-ray diffraction (XRD) using Bruker-AXS
D8 DAVINCI diffractometer. The identification
of phases was performed by the comparison of re-
corded diffractograms and the benchmarks found
in a base ICDD PDF-2 and PDF-4+ 2014.

The size and shape of crystals in the syn-
thesized material were observed by the scan-
ning electron microscopy (SEM), model
QUANTA FEG 250.

Zeolite synthesis by fusion method

In this study, test zeolites were synthesized
by two-stage methods: fusion and hydrother-
mal treatment. Sewage sludge ash particles in
the amount of 10 g were mixed and ground with
granular NaOH to obtain a homogeneous mix-
ture. The mixture was heated in an electric labo-
ratory furnace at the temperature of 550 °C for 1
hour in air atmosphere. Different ratios of sewage
sludge ash to NaOH samples were used to explore
the effect of this parameter on the zeolitization
(table 2). The sintered mixture was ground and
mixed with distilled water (the applied concentra-
tion 3 N NaOH), followed by an aging process
with an agitation in a shaking water bath at a giv-

Table 2. Experimental conditions of sewage sludge
ash zeolitization

en temperature. Then the mixture was crystallized
under static conditions at the given temperature.
After the completion of crystallization, the solid
product was washed several times with distilled
water until the pH of solution reached 10.0, then
dried at 105°C for 10 hours. The synthesis condi-
tions for each sample are shown in Table 2.

RESULTS AND DISCUSSION

The characteristics of sewage sludge and
sewage sludge ash are presented in Table 3.
Sewage sludge ash contained SiO, and ALO,
in the ratio of 3.94.

Figure 1 shows SEM of sewage sludge ash.
Sewage sludge ash has no porous and rough
structure.

The XDR diffractograms were presented
in figure 2 and figure 3. The patterns of S1, S2,
S3, S4 and S5 samples indicated that no zeolite
structures were formed. XRD patterns of samples
S1-S5 indicated that samples contained apatite,

Table 3. Characteristics of sewage sludge and sewage
sludge ash

Activation tem- | Crystallization
SSA:NaOH
Sample ol perature, °C temperature, °C
time 12 h time 6 h
S1 1:1.4 60 60
S2 1:1.4 60 90
S3 1:1.4 90 60
S4 1:1.4 90 90
S5 1:1.8 60 60
S6 1:1.8 60 90
S7 1:1.8 90 60
S8 1:1.8 90 90
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Parameter Unit Sewage sludge Sewagé;;hs ludge
pH - 7.5
moisture % 72.6 -
SiO, % 8.81 20.8
ALO, % 211 5.28
Fe,O, % 3.74 9.45
CaO % 5.66 14.3
MgO % 1.42 3.72
SO, % 0.01 1.45
K,O % 0.58 151
Na,O % 0.16 0.407
P,O, % 7.06 19.4
TiO, % 0.32 0.725
Mn,O, % 0.03 0.104
SrO % 0.02 1.45
ZnO % 0.03 0.355
BaO % 0.04 0.091
CuO % 0.02 0.048
TOC % mas. 33.69 -
Phases analysis:
Quartz % mas. 9.12
Calcite % mas. 4.06
Dolomite % mas. 3.28
Muscovite % mas. 4.42
Other % mas. 241
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Figure 2. XRD patterns of the synthetic zeolites;
SSA:NaOH — 1.0:1.4; A — apatite, M — magnetite,
Q — Quartz.

quartz and magnetite. Therefore, different activa-
tion temperatures and crystallization temperatures
did not cause any differences in developing crys-
talline phases for samples of ratio SSA:NaOH —
1:1.4. On the other hand, as far as the S5 sample
is concerned, the lack of zeolite forms was po-
tentially caused by an insufficient value of activa-
tion temperature and crystallization temperature
- 60°C.

For samples S6, S7, S8 synthesized for ratio
SSA:NaOH 1:1.8, the diffractograms present the
zeolite structures (fig. 3). S6 sample is character-
ized by the presence of the faujasite (zeolite Y).

Figure 3. XRD patterns of the synthetic zeolites;
SSA:NaOH — 1.0:1.8; A — apatite, M — magnetite,
Q — Quartz, F — faujasite, HS — hydroxysodalite.

Depending on the silica to alumina ratio of the
framework raw material, synthetic faujasite zeo-
lites are divided into X and Y zeolites. In X zeo-
lites, the ratio is between 2 and 3, while in Y zeo-
lites it is 3 or higher (Stamires 1973; Htun et al.
2012). According to Shigemoto et al. (1993) the
synthesis of faujasite requires a high Si/Al value.
If the raw material is rich in aluminum oxide, it
give Na-A zeolite instead of faujasite. The sew-
age sludge ash which was used in the study is
a high-silica ash. The obtained faujasite for the
zeolitization conditions of S6 sample confirms
that — similarly as was the case of coal fly ash
zeolitization — the zeolitization in the temperature
of 90°C is the most favorable (Fukui et al.2006).
On the XRD pattern there are no intensive
peaks, while in S6 sample, apart from faujasite
there is apatite and quartz.

The diffractograms of samples S7 and S8 show
that as a result of sewage sludge ash zeolitization,
the hydroxysodalite was formed both in 60°C and
90 °C crystallization temperatures. Hydroxysoda-
lite has the same framework structure as sodalite.
Sodalite is one of the microporous crystalline ze-
olites which consists of the cubic array of B-cages
(Bayati et al. 2009). XRD patterns of S7 and S8
indicated that at high temperatures, above 90°C,
and high sodium hydroxide, 3 N and above, as
well as at prolonged reaction time zeolites tend to
form sodalite structure (Murayama et al. 2002).
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The morphology of samples S1, S2 and S4,
obtained at the lowest SSA:NaOH ratio have po-
rous surface (Figures 4, 5, 7). Whereas S3 (Fig.
6) is characterized by a consistent structure with
spherical forms indicating that crystalline forms
are beginning to develop. The S4 structure is not
homogeneous. Apart from the structure which
is evidently porous, there are also surfaces with
spheroidal forms as in the S3 sample.

The S5 sample structure (Fig. 8) is also not
homogeneous. Apart from the porous structure,
there are also forms with the shape similar to
long needles with uneven surface. The S6 sam-
ple structure of zeolite faujasite is an octahedron
shape (Fig. 9). The S7 and S8 samples present hy-
droxysodalite with particle size smaller than 5 pm
(Fig. 10, Fig. 11).

CONCLUSION

As aresult of sewage sludge ash zeolitization
with a fusion method the faujasite and hydroxyso-
dalite were obtained. The results indicate that ze-
olitization of sewage sludge ash effects the struc-
ture of the product and sewage sludge ash can be
used as a raw material for synthetic zeolites.

On the basis of the tests results of sewage
sludge zeolitization, the literature based regular-
ity for coal fly ash was confirmed. The zeoliti-
zation of ash for the ratio SSA:NaOH 1.0:1.8 is
more advantageous in comparison to zeolitization
for SSA:NaOH with the value of 1.0:1.4 while
keeping other parameters of the process the same.
The obtained zeolites can by potentially used for
the removal of heavy metals from wastewater.

Quanta

Figure 5. SEM of sample S2
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Figure 6. SEM of sample S3
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Figure 8. SEM of sample S5
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