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*e electroplating sludge may pose serious threat to human health and surrounding environment without safe treatment. *is
paper investigated the feasibility of using electroplating sludge as subgrade backfill materials, by evaluating the mechanical
properties and environmental risk of the cement-coal fly ash solidified sludge. In this study, Portland cement and coal fly ash are
used to solidify/stabilize the sludge. After curing for 7, 14, and 28 days, the stabilization/solidification sludge specimens were
subject to a series of mechanical, leaching, and microcosmic tests. It was found that the compressive strength increased with the
increase of cement content, curing time, and the cement replacement by coal fly ash besides water content. Among these factors,
the impact of water content on the compressive strength is most noticeable. It was observed that the compressive strength declined
by 87.1% when the water content increased from 0% to 10%. Besides, leaching tests showed that the amount of leaching heavy
metals were under the standard limit. *ese results demonstrated utilization of electroplating sludge in subgrade backfill material
may provide an alternative for the treatment of electroplating sludge.

1. Introduction

Electroplating industries generate the increasing amount of
contaminated water, which requires treatment before being
discharged to mitigate the impact on the environment [1].
However, as a product from the process of the of wastewater
treatment, a great deal of highly hazardous sludge is pro-
duced [2]. Every year, about 100,000 tonnes of electroplating
sludge (ES) have been generated in China [3]. ES is an
extremely complex mixture that contains a huge amount of
heavy metals, pathogenic microorganisms, and organic
pollutants [4]. *ese harmful ingredients, especially various
heavy metals, have serious biological toxicity and can pose
serious threat to human health [5–7]. *us, the appropriate
disposal of ES is becomingmore urgent for the electroplating
industry and environmental engineering [8].

Solidification/stabilization (S/S) techniques are widely
used in the treatment for metal-contained hazardous waste.
*e S/S method mixes contaminants with binders to convert
the hazardous waste into the immobile and low toxic form
[9]. Several binders are currently used for S/S [10, 11].

Portland cement is one of the mostly used binders in the S/S
matrix due to its easy availability and low cost. It can readily
wrap wet wastes, and its alkalinity condition decreases the
solubility of many inorganic toxic or hazardous metals
[12, 13]. However, the S/S of sewage sludge by cement is
affected adversely by (1) the high internal porosity of
cement-solidified matrix that results in higher leaching rate,
and (2) the increase in volume of the solidified matrix
[14, 15].

Other techniques for sludge disposal are also found in
the literature, for example, incorporation into coal fly ash.
Coal fly ash is currently one of the most common binding
supplemental materials in waste stabilization. It is mainly
used in mixture with Portland cement or lime and serves as
a bulking agent and a pozzolan [10]. Coal fly ash is rich in
silica (SiO2) and calcium oxide (CaO). *e SiO2 reacts with
calcium hydroxide formed from the hydration process of
CaO to produce calcium silicate hydrate [12].*e pozzolanic
properties enable it to be used in some engineering appli-
cations instead of cement [16]. Incorporation of fly ash into
the binder can improve the long-term durability of mixed
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cement stabilized product by decreasing the penetration of
aggressive agents such as chloride ions [17]. Hardened fly
ash-cement mixture, when properly designed, acts with
increased strength and decreased permeability. Additionally,
replacing parts of cement by fly ash can reduce the cost of
production [18, 19].

Generally, cement-solidified products are always ulti-
mately treated by landfilling [20]. However, the limited land
area and the negative impact on environment have made it
more essential to develop the effective and feasible treatment
techniques [15]. Some researchers have studied the stability
of cement-solidified forms disposed in landfills [21–25].
Tang et al. suggested that the leaching of heavy metals from
cement-solidified products can be regarded as a pH-
dependent controlled process, and the solubility and
leachability of some solidified heavy metals increased when
the pH value decreased [15]. Accordingly, some viable al-
ternatives of reusing the sludge containing heavy metals
should be encouraged to discover, helping to decrease
landfill-space consumption and save resources [26].

As a waste-to-resource technique, recycling waste sludge
for geotechnical works material and incorporation into
construction materials can play a significant role in sus-
tainable natural resource use [27]. Moreover, if the utili-
zation of waste sludge in suitable geotechnical and
construction material systems can be more beneficial to the
stabilization of hazardous heavy metals, it will simulta-
neously alleviate the environmental damages.*erefore, this
current work evaluated the potential utilization of solidified
electroplating sludge for subgrade backfill materials. *e
impacts of binder formulation (different portions of Port-
land cement and coal fly ash), water content, and curing time
on the physical properties of the solidified sludge specimens
were explored. Microstructure characteristics were in-
vestigated on specimens with different formulation of the
binders. In addition, the leachability of hazardous metals
from the solidified sludge was evaluated for ensuring the
environmental safety. *e optimum proportion of sub-
stitution for meeting technical requirement and environ-
mental standards were also determined.

2. Materials and Methods

2.1. Materials. *e waste sludge (Figure 1(a)), as the
byproduct generated from wastewater treatment processes,
was collected from a diode plant located in Suzhou, China,
and its physical and chemical properties are listed in Table 1.
*e elemental composition of the sludge was analyzed
through X-ray fluorescence spectroscopy (XRF) analysis
(JSX–3400R, JEOL, Japan). As shown in Table 1, the main
elements in the sludge were copper (Cu), rhodium (Rh), and
calcium (Ca), with an average composition of 23.17, 23.22,
and 25.29%, respectively. *e first two were directly related
to the production process of diode. *e Ca is generated
during the wastewater treatment process, in which calcite is
used as a coagulant agent (CaCO3) [28]. *e Cu is the main
contamination, and the toxicity degree of Cu is critical.

Moisture and density were determined for select sludges.
*e sludge was acidic (pH 4.8), with a moisture content
around 70% and a density about 1.05 g/cm3. Table 1 shows
the mean values of three parallel samples used in the
analysis. Moisture was measured following the method
described by EN 14346: 2006 [29]. Density was determined
by introducing a certain amount of sludge in water and
measuring the volume on exchanging with water [30].

Portland cement (PC), coal fly ash (CFA), and water were
used as binding materials. *e PC was purchased from a local
cement plant in Suzhou, China, mainly consisting of 6–15%
active additive and 85–94% cement.*e CFA was supplied by
a coal-fired power plant located in Anhui, China (Figure 1(b)).
*e physical properties and chemical compositions of the
cementitious materials are summarized in Table 1. Physically,
CFA is in a form of fine particles with a medium density
(2.9 g/cm3) and has a high surface area (3413 cm2/g). *e pH
value of CFA shows alkalinity (pH� 10.36). In terms of
chemical compositions, high contents of Si and Al were ob-
served in CFA, which was in close agreement with the results
of studies in other literatures [31, 32]. Water used in this study
was deionized and was prepared from tap water via distillation
(RFD240NA, Advantec, Japan).

2.2. Sample Preparation. During sample preparation, the
homogeneity of CFA and sludge need to be guaranteed. *e
sludge was grinded to aid workability of the sludge-ash-cement
matrix during casting. Prior to mixture, the CFA and PC were
oven dried (101-A, Leao, China) at a temperature of 105°C for
at least 24 hours and then cooled down naturally.*e designed
amounts of sludge, PC, CFA, and water were mixed together
manually with certain care. Table 2 lists the detailed compo-
sition of sludge-ash-cement samples. Sludge was prepared with
different water, PC, and CFA amounts in order to examine the
effect of the PC replacement, water content, and cement
content on themechanical and leaching properties of mixtures.
*e proportions of cement were 10, 15, and 20%by total weight
of solid materials. In terms of PC replacement, the S/S sludge
specimens were prepared with a constant binder content (PC
+CFA) of 30%, including 20% PC+10% CFA (i.e., 33% PC
replacement) and 15% cement+ 15% CFA (i.e., 50% PC re-
placement). In particular, the water content used in this study is
the additional added amount of water that excludes moisture
contained originally in the raw sludge. Specimens in the un-
confined compressive strength (UCS) test were prepared with
water content of 0, 5, and 10%, while the water content in the
leachability test was 8.5%. In order to achieve sufficient cement
hydration, the amount of water must be considered. Excessive
water may cause the loss of effective components of cement,
resulting in difficulty in forming stable and uniform cement-
solidified mixtures. However, when the water is inadequate,
cement-sludge mixture cannot be mixed evenly, and the ef-
fective utilization rate of cement would be reduced. After
designed days of curing, the samples were tested for strength
and leachability. Each test was performed on three parallel
samples with the same composition.
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2.3. Test Methods

2.3.1. Unconfined Compressive Strength. To measure the
UCS, the mixture was filled into the mold (4 cm in diameter,
8 cm in height). To ensure uniformity, samples were com-
pacted in four equal layers, and each layer was dropped by
rammer with the same hammer times. After that, the
specimens were demolded and cured at 95% humidity and
27°C temperature for 7, 14, and 28 days in a curing box
(HBY-15B, Donghua, China). *e UCS testing was

performed with a microcomputer-controlled electronic
machine (LDS-50, Chenda, China) with a fixed strain rate of
1%/min according to ASTM D4219.

2.3.2. Leaching Test. *e sample preparation for the leaching
test is the same as that for the UCS test, besides the curing
time being 14 days. After that, the leaching tests were carried
out according to the USEPA TCLP method (method no:
1311) [33]. All the specimens were oven dried at 105°C for
24 hrs and then manually crushed to< 9.5mm for the TCLP.
*e pulverized mixture was weighed and mixed with
deionized water at a liquid-to-solid ratio of 20 by weight.*e
pH value of the samples was adjusted to 2.88± 0.05 by
adding 0.1M acetic acid, and then the samples were vibrated
at 30 rpm for 18 hrs before passing them through 0.6–0.8 μm
glass fiber filters. Subsequently, the targeted heavy metal in
the filtrate solution was analyzed by atomic absorption
spectroscopy (AAS) (TAS–990, Persee General, China) to
assess its potential leachability.

2.3.3. Microscopic Characteristics Test. *e shape, size, and
morphology of the S/S samples were observed through a SU-
8020 scanning electron microscope (SEM). During SEM, the

(a) (b)

Figure 1: Industrial sludge and CFA used in the study.

Table 1: Physical characteristics and chemical composition of
sludge, fly ash, and cement.

Sludge Coal fly ash Portland
cement

Physical characteristics
Moisture (%) 70 20 0.5
Density (g/cm3) 1.05 2.9 3.18
pH 4.8 10.36 13
Specific gravity (g/cm3) 2.65 2.34 3.13
Specific surface area (cm2/g) 3400 3413 3550
Chemical composition (%)
Cu 23.17 — —
Fe 2.12 2.95 2.34
Al 0.43 15.46 3.07
Ca 25.29 3.53 47.0
Si 0.4 25.24 9.4
S 1.16 0.69 1.08
Zn 2.53 — -
Pb 1.03 — -
Mg 0.40 — 0.50
Cr 2.5 — —
Mn 1.62 — —
Rh 23.22 — —
V 12.93 — —
Sr 2.6 — —
Ti — 0.40 —
Na — — 3.19
K — — 0.42
Cl — — 0.005

Table 2: Experimental tests carried out.

Mixture
Binder (%)

Mixture
Binder (%)

PC CFA Water PC CFA Water
UCS Leaching
1 15 0 5 1 0 0 0
2 20 0 5 2 10 0 8.5
3 30 0 5 3 15 0 8.5
4 15 15 0 4 20 0 8.5
5 20 10 0 5 30 0 8.5
6 15 15 5 6 10 20 8.5
7 20 10 5 7 15 15 8.5
8 15 15 10 8 20 10 8.5
9 20 10 10 — — — —
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samples were firstly crushed, dried at 65°C, and then
mounted on Al-stubs and gilt with Au, with a working
voltage of 15 kV.

3. Testing Results and Discussion

3.1. UCS. *e UCS is one of the important factors affecting
the solidified effect. To date, most countries do not have
concrete strength index for sludge landfill, except for Ger-
many where a minimum requirement for UCS is set at 50 kPa
[34, 35]. Figure 2 shows that the UCS of all solidified sludge
treated by the blended cement meets the acceptance criterion
for landfilling. As shown in Figure 2, the UCS of solidified
sludge varied depending on the PC content. For example, in
the case of the mixtures containing 15, 20, and 30% of PC by
weight, after 28-day curing, the UCS was 0.17, 0.20, and
0.21MPa, respectively. It shows that, with the increase of the
proportion of PC, the sludge strength increases. It is supposed
that the cement hydration provides the formation of calcium
silicate hydrated (C-S-H) and calcium hydroxide (CH), which
is the gels in cement responsible for strength development
[36, 37]. It can be seen from Figure 2, the UCS of the cement-
sludge mixtures was not obviously increased in the early stage
of experiment.*ismay due to the presence of a large number
of Cu atoms, which is reported to contribute to the re-
tardation of cement hydration [38]. Cu may exist as hy-
droxides or interactions with calcium to form a series of
complex compounds in the cement-solidified materials [39].
*ese detrimental compounds can wrap the binder particles
and restrict further pozzolanic activity and the generation of
cementitious gels. Such changes would play a negative in-
fluence on the strength of S/Smixtures [40]. Figure 2 shows an
unusual phenomenon that was based on the 0% water con-
tent; the UCS of the cement-solidified sludge decreased with
the increasing amount of cement after 7-day and 14-day
curing. *is can be explained that the water required for
cement hydration comes only from moisture contained
originally in the raw sludge, resulting in an insufficient hy-
drated reaction. Some cement particles without hydration,
acting as filling materials, were filled in the pores between the
soil particles and even weakened the cementation between soil
particles and cement hydration products, furthermore
resulting in the decrease of UCS.

As can be observed in Figure 2, the UCS of the solidified
matrix increases with curing time. Compared to 7 days, the
28-day UCS of solidified mixtures with 15, 20, and 30% of
PC increases by 21.4, 81.8, and 163%, respectively. *e in-
creasing strength values over time reflected the ongoing
hydration reaction during which the strong adhesive
products were produced, providing strong loading resistance
[41]. Tang et al. concluded that the hydration reaction is
more sufficient with the increase of curing time [15]. In
addition, at the later hydration age, the hydration of residual
cement particles may take place by the solid-state reactions
and the transport of ions in the solution becomes limited
[24, 42]. It can be seen that the setting time of cement paste
plays an important role in the S/S process.

*e adverse impact of water on strength development is
given in Figure 3, where the change of relation between the

UCS and water content is depicted. Obviously, the experi-
mental results revealed that the strength values of all time
periods decreased as water content increased. For example,
the UCS of cement-based matrices (water content� 0, 5, and
10%) after 28 days of solidification are 1.47, 0.22, and
0.19MPa, respectively. Wang et al. explained that the higher
water content increases the lubrication between sludge
particles and reduces the friction force, which leads to the
decrease of the strength [43]. Besides, the initial moisture
content of the sludge is also an important factor that restricts
the UCS of the solidified sludge. Table 1 shows that the initial
moisture content of the sludge used in this study is 70%
which is very high. It is generally very difficult to consolidate
the sludge material in practice. To reduce the detrimental
influence of moisture on the strength of specimens, cement
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was used as a material that, by consuming large quantities of
water as a result of the pozzolanic reactions, results in a rise
of the strength of the mixture [44].

Figure 4 shows the effect of CFA on the UCS of the
cement-solidified mixtures. It shows that, with 0, 5, and 10%
of water content, the 28-day UCS of the sludge blocks
stabilized/solidified by 20% PC+10% CFA (i.e., 33% PC
replacement) and 15% cement + 15% CFA (i.e., 50% PC re-
placement) are (0.93MPa, 1.47MPa), (0.1MPa, 0.22MPa),
and (0.13MPa, 0.19MPa), respectively. *e results revealed
that the PC replacement by CFA increased the mechanical
strength. *e hydration of CFA leads to consumption of
cement hydrates and packs the pore structure already
established by its own hydration product, thus helping to
achieve a tighter pore structure and greater intensity for
cement-based mixtures. Now in China, for the safe use of
stabilized materials in the highway construction, a standard
called Technical Guidelines for Construction of Highway
Roadbases (JTG/T F20-2015) was established. In this highway
construction technical specification, there is a specific regu-
lation on unconfined compression strength of lime-coal fly
ash stabilized, which is shown in Table 3. Based on Figure 4, it
can be seen that the UCS of 14-day and 28-day solidified
matrix with 0% water all can satisfy the design value (1.1MPa,
which is required in the standard).

3.2. TCLP Results. *e TCLP technique determines the
pollutants’ migration in a sample and the toxic degree that
allows the classification of thematerial as “dangerous.” It can
be seen from Table 1 that the content of Cu in sludge
dominates the leading position. *e effect of different heavy
metal ions types on cement hydration have been studied
extensively in recent years. Qiao et al. investigated that
copper ions leading to a high degree of inhibition in the
cement hydration, indicating that the curing effect of Cu is
worse than that of other heavy metals [45]. According to
scanning electron microscope results of Wang et al., the
existence of copper allows an offset in the C-S-H gel dif-
fraction peak, and thereby decreases the crystallinity of C-S-
H [46]. *erefore, monitoring the leachability of Cu plays
a guiding role in this research. *e results of the TCLP tests
are presented in Figure 5. *e average leached Cu con-
centrations of untreated samples are 29.9mg/L, suggesting
its high mobility in the untreated soil. Figure 5 shows the
effect of the amount of PC on the leaching characterization
of solidified sludge. *e Cu leaching concentration for all
stabilized samples is noticeably decreased after PC treat-
ment. In addition, increasing PC content is found to sig-
nificantly reduce the Cu leachability. Because of the high-
alkalinity environments in the cement-based matrix, these
metals might exist in the form of metal hydrated phases,
metal hydroxides, and calcium-metal compounds [47]. Roy
and Cartledge investigated the speciation of Cu in the
cement-solidified ES [48]. It was found that the main
copper-bearing phase was a copper-hydrated phase when Cu
was added as copper nitrate in the matrix. Cu may also exist
in the form of hydroxides or react with calcium to generate
complex compounds in the cement-based materials.

In China, for the safe utilization of heavy metal-
contained materials in the road construction, the relevant
standard titled “Specifications for environmental impact
assessment of highways” (JTG B03.2006) was established
based on the characteristics of highway engineering. Con-
sidering the heavy metals in the solidified sludge will
eventually permeate into the soil, the water quality evalu-
ation in highway engineering of the this standard is the same
as the standard “Soil environmental quality standard” (GB
15618-1995). So, the standard GB 15618-1995 was adopted
to evaluate the acceptable leaching of the treated sludge as
a roadbed material. *e limit values of soil environmental
quality are presented in Table 4. *e leaching characteristic of
the sludge stabilized/solidified by PC+CFA is also illustrated in
Figure 5. Obviously, the leaching values of the targeted heavy
metal were far below the limit, although the addition of CFA
increased the leaching concentration. For example, with the
presence of 30% binder, all the leaching concentration of 10%
CFA+20% PC (1.3mg/L), 15% CFA+15% PC (13.9mg/L),
and 20% CFA+10% PC (16.1mg/L) far exceeded the leaching
of 30% PC (0.8mg/L). It may be because C-S-H gel generated
by the hydration of CFAwas insufficient to make up the loss of
cement hydration [49]. Based on the foregoing results, CFA
geopolymers solidification of heavy metals was a choice. Qian
et al. considered that heavy metal ions are not only in the form
of physical enclosure but also via special solidifying structures
of adsorption and even bonding with matrix materials [12].
Hence, it can be firmly fixed in the geopolymers.

Scanning electron micrographs of the cement-sludge
(20% PC) and cement-fly ash-sludge mixtures (20% PC
+10% CFA) aged 14 days are shown in Figures 6(a) and 6(b),
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Table 3: Unconfined compression strength of lime-coal fly ash stabilized materials (MPa).

Structure layer Highway grade Special heavy traffic Heavy traffic Light traffic

Base Motorways and first-grade highway ≥1.1 ≥1.0 ≥0.9
Second-grade and under second-grade highway ≥0.9 ≥0.8 ≥0.7

Sub-base Motorways and first-grade highway ≥0.8 ≥0.7 ≥0.6
Second-grade and under second-grade highway ≥0.7 ≥0.6 ≥0.5
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Table 4: Standard values of soil environmental quality (mg/L).

Heavy metals Grade Ia Grade II Grade IIIc

Natural pH< 6.5 pH 6.5–7.5 pH> 7.5 pH> 6.5
Cu (farmland) 35 50 100 100 400
Cu (orchard) — 150 200 200 400
aLimit values for protecting natural ecology and maintaining the soil quality in the natural setting. bLimit values for protecting agricultural productions and
human health. cLimit values for protecting the normal growth of plants.

(a) (b)

Figure 6: SEM micrographs of 14-day cured solidified sludge with different binder formulation. (a) 20% PC. (b) 20% PC+ 10% CFA.
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respectively. A great quantity of smooth spherical particles
exists in the CFA, and they were primarily fly ash glassy
spheres, acting as lubricating agent, helping to improve the
rheological properties of fresh paste before setting [50, 51].
Compared with Figure 6(a), the microstructure of the
sample in Figure 6(b) showed a clear change. A high
concentration of white globule of C-S-H was found in
a denser structure, and these results corresponded to those
of Li and Poon [36]. *e CFA is believed to have pozzolanic
reaction after the age of 3 days as blended with PC, forming
geopolymer gel and filling between the inner portion of
unreacted fly ash spheres as well as the gap of particles, thus
resulting in higher densification of the matrix [51]. Recent
research reveals that the main hydrate of cement and fly
ash, calcium silicate hydrate (C-S-H), adopts two distinct
morphologies: a low density C-S-H at the surface of cement
and fly ash particles and a high density C-S-H deeper into
the particles [52]. However, as shown in Figure 6(a), the gel
structure of solidified matrix was loose and the density was
reduced, which may increase the permeability and ionic
diffusion of heavy metals in the solidified matrix. As shown
in Figure 5, the leaching concentration of the sample so-
lidified with 20% PC+ 10% CFA (1.3mg/L) is lower than
that solidified with 20% PC (6.1mg/L). Consequently, CFA
can improve cement packing, block capillary pores, and
reduce the permeability of heavy metals in the samples.

4. Conclusions

*is study has provided a feasible strategy for the utilization
of electroplating sludge as the subgrade backfill materials.
PC and CFA were acted as curing agents in the S/S treatment
of electroplating sludge. It concluded that all the studied
parameters (PC content, curing time, water content, and
CFA/PC ratio) dramatically affect the effectiveness of the S/S
process.

*e UCS of stabilized sludge with 0% water content
meets the highway construction technical specification and
increased fast with the increase of cement content, curing
time, and CFA/PC ratio. *e increment in strength for
cement/coal fly ash-treated samples could be largely due to
the main hydrate of cement and fly ash, a high density C-S-H
deeper into the cement and fly ash particles, helping to
achieve a tighter pore structure and greater intensity for
cement-solidified mixtures. *e water content produces
a detrimental effect on the UCS of cement-solidified sludge,
which retarded the development of strength or even reduced
the final strength.*is can be explained that the higher water
content increases the lubrication between sludge particles
and reduces the friction force. In terms of the leaching test
results, it was shown that CFA can act as a filler to plug
capillary pores and reduce the permeability of heavy metals
in the samples.
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