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Abstract. The investigation of heavy metal leaching and physicochemical properties of cement-solidiﬁed
waterworks sludge (CMWWS) formed by incorporating waterworks sludge (WWS) into cement mortar was
carried out. The chemical composition, compressive strength and other physicochemical properties of the
CMWWS cube specimens were determined using ﬁeld emission scanning electron microscopy (FESEM), X-ray
diffractometry (XRD) and Fourier transform-infrared spectroscopy (FTIR). The major type of chemical components present in CMWWS was found to be Al and Fe. The increasing amount of WWS added to cement
mortar resulted in the increasing of organic matter, urchin-like morphology and clear peak intensity. At the end
of 28 days of curing, the soaking solution became strongly basic and CMWWS cube specimens leached out
higher amount of heavy metals. The compressive strength of CMWWS increased up to a WWS percentage of
10%, and basic (pH [ 7) curing solution was found to be better than water for curing purposes. It is concluded
that solidiﬁcation–stabilisation (S/S) technique is able to effectively reduce the leaching of heavy metals from
the WWS and CMWWS containing up to 10% WWS can be used as construction material.
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1. Introduction
Alum is generally used as a primary coagulant in the production of clean drinking water [1, 2]. This results in the
generation of signiﬁcant quantities of waterworks sludge
(WWS), which is a by-product of the processing of drinking
water in water treatment plants [3, 4]. In recent years, the
management of WWS has become an environmental issue
due to the enormous quantities generated and the associated
costs of disposal [4, 5]. WWS is considered a waste which
cannot be processed through traditional sewage sludge
disposal methods and in many cases goes to landﬁll [6, 7].
In Malaysia, WWS is classiﬁed as schedule waste, cannot
be discharged into streams and is governed by stringent
regulations on waste management by the Department of
Environment [8]. The Semanggar water treatment plant in
Kota Tinggi, Johor, Malaysia, has a 40-acre landﬁll area,
accommodates as much as 120 tonnes of raw sludge and

generates an estimated 80 tonnes of dried sludge per year.
Although studies have shown that heavy metals in the
WWS generated by some water treatment plants in
Malaysia are within safe limits [9], the accumulation of
heavy metals in landﬁlls is still a concern [10]. Options for
reusing WWS as absorbent for dye removal [11, 12],
mercury [13] and phosphorous studies [14] have been
reviewed. In addition, utilization of WWS in the production
of construction materials has been thoroughly investigated.
A study conducted by Babatunde and Zhao [6] presented
about constructive approaches of reuse of water treatment
sludge in various categories including construction materials. However, option of using the solidiﬁcation–stabilisation (S/S) technique, to incorporate Malaysian WWS into
cement mortar (CM) to produce a cement mortar-waterworks composite referred to as cement-solidiﬁed waterworks sludge (CMWWS) for use as a construction material
has not been studied. The S/S often immobilizes contaminants (such as heavy metals) within a waste material (such
as sludge) to form a solid. This technique may involve a
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chemical reaction between the waste and solidifying
reagent or by mechanical processes. In this study, the
process is the mechanical binding of mortar to the sludge
material. Therefore, this study aimed to examine the
structure and physicochemical properties of CMWWS, to
investigate the leaching properties of this material and to
identify the factors that affect the strength of CMWWS.

2. Experimental
2.1 Materials and instrumentation
Raw WWS (as shown in ﬁgure 1a, b) was collected from
the Semanggar water treatment plant, Kota Tinggi, Johor,
Malaysia. The sludge was dewatered, air-dried and ground.
A cement mixer was used for mixing purposes. CMWWS
cube specimens (50 9 50 9 50 mm) containing WWS and
CM were cast according to the standard method (BS 4550:
Part 3: Section 3.4:1978). The cube specimens contained
varying ratio of sludge as additive to OPC (5%, 10% and
20% sludge) and a constant water-to-cement ratio of 0.45.

Leaching tests were performed on the CMWWS cube
specimens after 24 h of hardening using distilled water and
0.1 M of acetate buffer and ammonium hydroxide buffer
solutions as eluents. Flame Atomic Absorption Spectroscopy (FAAS, Perkin-Elmer Analyst 400), a quantitative
analysis was achieved by measuring the absorbance of a
series of solutions of known concentration of each metal. A
calibration curve and the equation for the line for each
metal were plotted and used to determine an unknown
metal concentration of based on its absorbance. The FAAS
instrument setting and operational conditions were done in
accordance with the manufacturers’ speciﬁcations. The
levels of the metals that leached out were determined using
FAAS. The metal compositions of the cube specimens were
determined by wet digestion followed by analysis using
FAAS. The cube specimen samples were then cured in air
tight containers which were ﬁlled of distilled water, acetate
buffer and ammonium hydroxide buffer separately. After 7
or 28 days of curing, the cube specimens were tested for
compressive strength using the standard method, ASTM C
109. The evaluation of the effects of the curing solution on
the heavy metal leaching from the CMWWS cube specimens and on the pH (pH meter CyberScan, Model 500) was
performed by determining the levels of heavy metals in the
curing solutions at selected intervals over a period of
28 days of the curing process. The pH and metal leaching
of powdered CMWWS sample was evaluated in a similar
manner.

2.2 Sample preparation

Figure 1. (a) Photographic view of WWS storage lagoon located
at Semanggar water treatment plant, (b) WWS sampling for
experiment.

Thermal analysis on WWS was conducted using thermogravimetric analyzer (TGA, Metler-TA 4000). For this
analysis, about 10 mg of powdered samples was heated in
range of temperature 20–800 °C at constant rate of
10 °C min-1 in nitrogen atmosphere. Fourier transform
infrared (FTIR) Spectrometer (Shimadzu 8300) was applied
to study on the molecular bonds of the samples. A small
amount (about 1 mg) of sample was mixed well with
100 mg of potassium bromide (KBr) to form a free powder
mixture with a ratio of 1:100 and it was compressed into a
thin plate under a pressure of 7 tonnes for 3 min. Then, the
thin and transparent palette was used for FTIR analysis.
The morphological structures of the samples were examined by ﬁeld emission scanning electron microscopy (JEOL
JEM-2300) where the sample was spread evenly onto small
aluminium stubs via double-sided tape. Gold coating was
carried out so that the images can be seen distinctively. The
phase identiﬁcation of WWS and CMWWS cube specimens was studied using X-ray diffractometry (XRD, Siemens D5000). The powdered samples which were dried in
the oven for overnight were analyzed with CuKa radiation
over 2h from 2 to 6 °C at step width of 0.04 and step time
of 0.5 s.
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3. Results and discussion
3.1 Physiochemical characteristics
The chemical composition of WWS, CM and CMWWS
cube specimens containing 5%, 10% and 20% sludge in
cement-mortar is shown in ﬁgure 2. Al and Fe are the
dominant components present in the WWS and also in CM
and all the CMWWS samples, where Al was almost twice
the amount of Fe. The amount of Al was greatly increased
after addition of the WWS into the CM. This was due to the
high Al content in the CM contributed by the components
such as sand and cement which are also high in terms of
metal contents. Similar to CM, the CMWWS cube
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Figure 2. Chemical compositions of the WWS, CM and
CMWWS cube specimen.
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specimens contained relatively high levels of Al and Fe
contributed by the sand, cement and WWS, which also
contain high levels of Fe and Al. In addition, the WWS
already had huge amount of Al because of the alum that
used as coagulant in the water treatment plant. The addition
of [ 10% WWS to the CM slightly increased the amount of
Al and Fe compared with the levels of these elements in
CM. This trend of increased metal content was also
observed for other minor metals such as Cd, Cr, Cu, Mn, Pb
and Zn.
The thermal stability for WWS was studied using TGA.
The proﬁle of WWS weight loss exhibited two stages
during this thermal analysis as shown in ﬁgure 3. From the
thermogram, it can be clariﬁed that an approximately 2%
weight loss of WWS was detected between the temperatures of 260 and 290 °C, and about 8.3% weight loss
between 460 and 540 °C which indicated that approximately one-tenth of the WWS contained some component(s) with lower thermal stability presumably organic
compounds [15].
The physical and structural properties of the CM and
CMWWS cube specimens were investigated using FTIR,
FESEM and XRD. Figure 4 shows FTIR spectrum of CM
and CMWWS obtained by using KBr disc (CM: KBr, 1:100
and CMWWS: KBr, 1:100). The IR spectra for CM and
CMWWS were similar, indicating the presence of similar
type of organic matter. The IR spectrum shows that the O-H
peak intensity in the range of 3400–3700 cm-1 for the
CMWWS is generally broader than the sharp peaks of the
WWS. It was suggesting the presence of an amorphous

Figure 3. TGA curve of WWS.
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Figure 4. FTIR spectra of CM and CMWWS cube specimen. Note: CMWWS1, CMWWS2 and CMWWS3 contained 5%, 10% and
20% WWS, respectively.

Figure 5. FESEM micrographs (a) CM, (b) CMWWS1, (c) CMWWS2, (d) CMWWS3 cube specimen. Note: CMWWS1, CMWWS2
and CMWWS3 contained 5%, 10% and 20% WWS, respectively.
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Figure 6. X-ray diffraction pattern of CM and CMWWS cube
specimen.

silicate material or possibly hydrated aluminum silicates.
The band at 1636 cm-1 is attributed to the bending mode of
H2O molecules. A band at 1000–1085 cm-1 is observed
due to Si–O–Si asymmetric stretching vibrations of silica.
The range of bands at 770–796 and 460–500 cm-1 could be
assigned to quartz and silica, respectively.
Figure 5 shows FESEM micrographs of CM and
CMWWS. A high resolution surface imaging with the
accelerating voltage of 10 kV and 10 mm working distance
was used for the FESEM analysis. The magniﬁcation of the
samples images was between 2500 and 5000 times. The
FESEM micrographs can be used to compare or monitor the
development of the micro-structure of samples containing
WWS. It also shows that the morphology of CM and
CMWWS is urchin-like. The urchin-like morphology of the
CMWWS became clear along with the increase of WWS in
the mixture. The structure of CM and CMWWS was not
homogeneous due to non-identical particle shape and size.
To identify the components and minerals in the samples
made from cube specimens, they were subjected to XRD
analysis. The X-ray diffractogram shown in ﬁgure 6 indicates
that CMWWS and the CM consist of polycrystalline and
poorly ordered particles. The ﬁtting of the diffractogram to the
data available in the XRD catalogue revealed the presence of
calcite and quartz, which are the major minerals present in
cement, sand and sediment [16, 17]. The major mineral in
cement, Ca(OH)2 was not obviously observed due to very
intense peak of quartz from sand. Possibly, it can be stated
that the carbonation reaction had occurred and is proven by
the presence of calcite peak [18]. The Alite, C2S and Belite,
C3S peaks also would not be noticeable in hydrated cement
[19]. Although the diffraction peaks were located at different
2h values (range = 20°–75°), the intensity of the peak
decreased along with the increasing percentage of WWS in
the mixture (CMWWS3 \ CMWWS2 \ CMWWS1).

3.2 Effect of pH changes
The pH of the curing solution was determined at the
selected time points (1, 3, 7, 14 and 28 days) during curing.
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Figure 7. The effects of curing solution and curing time on the
pH of CM and CMWWS cube specimen.

Figure 7 illustrates the effect of curing solution (distilled
water, 0.1 M acetate buffer and 0.1 M ammonium
hydroxide buffer) and the curing time of the sample pH.
The usages of buffers as curing solutions were focused on
the effectiveness of cement as binder to the metals and
preventing it from leaching out at different condition (pH
medium). The results show that pH of the curing solution
was found to be strongly basic at the end of the 28th-day of
curing period, even though the pH was initially different.
This change was more obvious for the acetate buffer
because the initial pH of this buffer was acidic (pH 4). As
the curing time increased, the pH became stabilized. The
ﬁnal pH of the cube specimen is important, because the
basic pH indicates that the metal ions got immobilised in
the cube specimens and are present in the form of precipitates, therefore the level of metal ion leaching should be
lower.

3.3 Heavy metal leaching
The effect of curing time and curing solution on the
leaching of heavy metals from the intact CMWWS cube
specimens samples is illustrated in ﬁgurers 8 and 9. The
curing solution was tested for heavy metal using FAAS
after 7 and 28 days in order to determine the amount of
metals that had been leached out from the intact CMWWS
cube specimens. According to standard method, BS 4550:
Part 3: Section 3.4: 1978, the curing process for bricks
should be conducted after 24 h of hardening. The compressive strength test was conducted on 7 and 28 days of
curing to ascertain the strength gain as a function of time.
In addition, some metals might be leached out during the
early stage of curing process so that determination on
metals leaching at early stage was conducted. For all the
metals except Al, Pb, Fe, Ni and Cr, the results showed that
lower level of metal leaching occurred due to the incorporation of WWS into the CM. Although Al, Pb, Fe, Ni and
Cr exhibited visible leaching along with time, but the
amount of these metal that leached was found to be smaller.
Overall, the results showed that the amount of metal that
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Figure 8. Effects of 7-days curing duration and the curing solution on the leachability of metals from CM and CMWWS cube
specimen.

leached out using curing solution increased with time. The
level of leaching was found to be higher in acetate buffer,
followed by ammonium hydroxide and water. The highest
amount of metal to leach out was Al, because the main
component of CMWWS is Al. As for the CMWWS cube
specimens, the order of metals leaching in the curing
solutions was acetate buffer [ ammonium hydroxide
buffer [ water. The order for the amount of metal that
leached out was Al [ Pb [ Cr [ Fe [ Ni. Other metals
that leached out in the form of trace amounts could not be
detected (ND) by FAAS.

The higher amount of Al and Fe attributes to the
chemical composition of WWS. It can be concluded that
the S/S technique was most effective in decreasing the
leaching out of Cr, as indicated with the decreasing amount
of Cr in the acetate buffer when the percentage of WWS
was increased. In general, these results indicate that the
incorporation of WWS into the cement using S/S technique
was effective in reducing the leaching out of metals from
WWS. The metals initially present in the WWS were
immobilised in the CMWWS cube specimens, thus reducing the leaching of heavy metals.
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Figure 9. Effects of 28-days curing duration and the curing solution on the leachability of metals from CM and CMWWS cube
specimen.

3.4 Compressive strength
The potential of using CMWWS as a raw material for
construction was further investigated by performing the
standard compressive strength test on CMWWS cube
specimens as shown in ﬁgure 10a. The effect of curing
time, pH, curing solution and percentage of WWS on the
compressive strength of CMWWS cube specimens is
illustrated in ﬁgure 10b. The results show that the factors
contributing to the compressive strength of the cube specimens are due to the percentage of WWS in the cube
specimen, curing time and pH of the curing solution. The
increasing percentage of WWS in the CMWWS reduced
the compressive strengths of the cube specimen due to the
loss of cohesive bond strength caused by the displacement
of main minerals in the cement by other compounds such as
ﬁne inorganic particles ﬂocs and other organic debris

present in the CMWWS [15]. In addition, as more Al leached out of from the CMWWS, the porosity of the material
increased; causing the CMWWS samples have lower
compressive strength values. The longer the curing time,
the higher the compressive strength of the CMWWS cube
specimens was obtained. The compressive strength of the
cube specimen increased along with the increasing pH of
the soaking solution, as shown in most of the studies
involving cement [19]. The results of the present study
indicate that for using CMWWS as construction material,
the percentage of WWS in the CMWWS must not exceed
10%, as higher percentage makes the material more porous.
A basic (pH [ 7) curing solution is found to be better than
water. Curing in acidic solution not only reduces the
strength of the CMWWS cube specimens but also may
result in the increasing of heavy metals.
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Figure 10. (a) Compressive strength tester, (b) compressive strength of CMWWS cube specimen as function of the percentage of
WWS and pH.

4. Conclusion
The CM and CMWWS showed the presence of similar
level of organic matter as demonstrated with the identical
IR spectral pattern. The urchin-like morphology of CM and
CMWWS became clear with the increasing of WWS.
Higher amount of metals were found to leach out of
CMWWS cube specimens in the acidic solution (low pH,
acetate buffer), followed with the basic solution (high pH,
ammonium hydroxide) and neutral solution (neutral pH,
water). The compressive strength of CMWWS cube specimens increased along with the prolonged curing time and
increasing pH in the curing solution. In contrast, increasing
the content of WWS in CMWWS reduced the compressive
strength of the cube specimens. The CMWWS in order to
be used as construction material, the percentage of WWS
added to the CM must not exceed 10%, and the material
must not be cured in the acidic medium. In this study, the
application of S/S technique to WWS using cement as the
stabilising medium was demonstrated to be a potentially

effective method to reduce heavy metal leaching from the
WWS. In addition it can be mentioned that CMWWS has
the potential to be used as a construction material.
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