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Abstract Minimization, utilization and disposal of
industrial waste are very important from the environmental
esthetic point of view. Sludge generated during the treat-
ment of distillery spent wash by electrocoagulation process
is highly complex in nature and requires proper disposal. In
this context, the present study was conducted to employ the
electrocoagulation-generated sludge as a partial replace-
ment of cement while manufacturing the non-construc-
tional building blocks. Various physiochemical and
thermo-gravimetric characterization studies have been
carried out on electrocoagulation-generated sludge and
cement. Mortar specimens with different proportions of
sludge ranging from 0 to 15 % by weight of cement were
tested for density, compressive strength and leachability of
heavy metals by standard method. Results from the anal-
ysis showed that the cement-based solidification of EC
sludge reduces the heavy metal concentration in the lea-
chate from cement—sludge mortars compared to the EC
sludge alone. Reduction in the compressive strength of
mortar with 7.5 % substitution of cement by EC sludge was
<5 % against the control mortar (without sludge), there-
after the reduction was substantial. The optimum percent-
age of sludge that can replace the cement with marginal
change in the physiochemical properties is found to be 7.5.
This can be used in the manufacturing of the non-con-
structional building material within the industry for their
different types of usages such as paving, pot making and
fencing of garden without affecting the environment.
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Introduction

Distilleries are among 17 most polluting industries in India
(CPCB 2001-2002). Usually about 8—15 1 of wastewater is
generated for every liter of alcohol produced by the
molasses-based distilleries called “spent wash.” The spent
wash is characterized by extremely high chemical oxygen
demand, biological oxygen demand, suspended solids,
inorganic solids, color content and acidic pH (Shin et al.
1992; Saha et al. 2005). For industries using large quantities
of water such as distilleries, it is essential to treat and reuse
their wastewater for achieving zero discharge. Electroco-
agulation (EC) technology is one of the promising tech-
nologies for the treatment of this high-strength industrial
wastewater. An important issue associated with the EC
treatment is the generation of large volume of sludge that is
semisolid and bulky. EC sludge generated is very complex
in nature having organic and inorganic matter; oil and
grease; toxic heavy and trace metals (Rahman et al. 2012). It
also contains hydroxide of metals used as sacrificial anode
dissociated during wastewater treatment (Golder et al.
2006). These metal hydroxides are hazardous in nature and
cannot be discharged as such to water bodies. This residual
solid waste is considered as a nuisance to the distilleries as
well as to the environment because of various handling and
management issues (Weng et al. 2003; Balasubramania
et al. 2006; Baskar et al. 2006). Sludge treatment and dis-
posal are an expensive operation and has negative impact on
environment. The land application of metal containing
sludge leads to soil and ground water contamination
(Thomson et al. 2009). Leaching of heavy metals (e.g., Cd,

\g
’r @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13762-015-0845-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s13762-015-0845-7&amp;domain=pdf

350

Int. J. Environ. Sci. Technol. (2016) 13:349-358

Zn, Cu, Cr, Co, Fe, Pb, Mn, Ni, Hg) into ground water is of
main concern because of its non-biodegradable nature and
potential to bio-accumulate in vegetation and animal body
parts, which can also potentially affect food quality and
health safety (Manahan 2005; Wilson and Pyatt 2007; Islam
et al. 2009; Muchuweti et al. 2006). Landfills are generally
used for waste disposal. Rapid urbanization makes disposal
of sludge in landfills difficult due to shortage of suitable
landfill sites. Incineration is another conventional option
used for the sludge disposal, but the residues generated after
incineration cause secondary pollution, and is not eco-
nomically viable also. The above points highlight the need
to find some cost-effective and eco-friendly reuse or dis-
posal methods for the sludge disposal.
Solidification/stabilization has been a potential long-
term solution and an attractive alternative for the remedi-
ation and disposal of improperly discarded hazardous
waste as the solidification of waste material in reusable
form reduces the risk of environment pollution and also
helps in conservation of natural resources. Sludge solidi-
fication is an effective strategy to overcome the disposal
problem and also to reduce leaching potential of hazardous
constituents (Adyel et al. 2012a). It stabilizes the waste
material by mixing with cement, clay and sand as binder
material producing a solid mass with improved physical
properties (Montgomery et al. 1988). The stabilized waste
material can be used in various building materials if it
meets the standards otherwise it may be disposed to secure
landfill site (Weng et al. 2003). Various researchers have
done the works on solidification of different types of
sludge, i.e., sewage sludge, effluent treatment plants of
textile industry, electroplating industry, and oil and pet-
roleum industry (Tay 1987; Lin and Weng 2001; Ismail
et al. 2010; Ha et al. 2008; Chen and Lin 2009; Liew et al.
2004; Trauner 1993; Alleman et al. 1990). Industrial
wastes have also been used in different building materials
(e.g., flooring tiles, bricks, wall materials) as partial
replacement of cement and clay (Sharma and Laxmi 2002).
Disposal of industrial by-products, e.g., fly ash, ground
bottom ash and silica fume in concrete have been inves-
tigated earlier in various studies (Siddique 2003; Kohno
and Komatsu 1986). Effective use of electrocoagulated
metal hydroxide sludge (EMHS) as soil substitute has been
reported (up to 30 %) for making different types of
building materials such as pavement block, hollow block
and brick (Lin and Weng 2001; Weng et al. 2003). Bala-
subramania et al. (2006) found that the textile effluent
treatment plant (ETP) sludge could be substituted for
cement up to a maximum of 30 % in manufacturing of
non-structural building materials. Utilization of arsenic-
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contaminated sludge for making ornamental bricks was
also studied by the researchers (Mahzuz et al. 2009).
Result revealed that up to 4 % arsenic-contaminated
sludge could be used safely. Rouf and Hossain (2003) have
also recommended the use of contaminated sludge up to
15-25 % by weight in brick formation. The clay in the
brick making material can be effectively replaced by tex-
tile sludge up to 15 % (Begum et al. 2013). Adyel et al.
(2012b) studied the reusability of EC-generated sludge
from textile industry by substituting it with the soil in
bricks making. They found that the soil could be substi-
tuted up to 30 % with sludge. Sogancioglu et al. (2013)
investigated the utilization of andesite processing
wastewater treatment sludge as admixture in concrete mix.
Results of the study concluded that cement could be
replaced by up to 0.5 % of physicochemical sludge for
making non-load-bearing structures. However, environ-
mental aspects of sludge usage have not been considered.

No study has reported regarding potential reuse of
EC-generated sludge from distillery effluent treatment in
building or non-building materials considering their
detrimental effects on environment. The present study
comprehends the utilization of the EC-generated sludge
from distillery spent wash treatment as a non-construc-
tion building material, employing cement-based solidi-
fication and also its potential effect on environment. A
systematic study comprising preparation of mortars with
sand and varying proportion of sludge as partial
replacement of cement was undertaken. The dry and wet
densities, compressive strength and leachability of
heavy metals for the sludge-substituted mortars were
studied.

Tests were performed during March to August 2013 in
the laboratories of Central Building Research Institute
(CBRI), Department of Hydrology, Indian Institute of
Technology (IIT), Roorkee, India, and Institute Instru-
mentation Center, IIT Roorkee, India.

Materials and methods

EC sludge was generated at laboratory scale by treating the
distillery spent wash with EC process using stainless steel
(SS) electrodes as anode with following operating condi-
tions: pH = 7.8, current density (j) = 154.32 Am™?,
electrode distance (g) = 2.2 cm and time (t) = 135 min.
Operating conditions of the experiments were optimized by
using central composite design of response surface
methodology (Sharma et al. 2015, doi: 10.1080/10934529.
2015.994968). EC sludge was dried in a hot air oven at
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100 °C until its weight became constant, and then it was
ground manually to reduce the size of the large particles.
The grounded EC sludge was then directly used as a sub-
stitute of the cement in mortar preparation. EC sludge was
characterized for different physicochemical analyses.
Cement used in mortar formation was ordinary Portland
cement (43-grade), confirming Indian Standard Specifica-
tions, IS: 8112-1989 (BIS 1989). Sand of particle size 16
micron was used.

Preparation of mortar specimens

The cement solid blocks (mortar) were formed by using
different proportions of EC sludge ranging from 5, 7.5, 10,
12.5 and 15 % by weight of cement as per Indian Standard
Specifications, IS: 10262-1982 (BIS 1982). A control sam-
ple, i.e., 0 % EC sludge was also prepared for comparison
purpose. Steel molds of 25 x 25 x 25 mm size were used
for the preparation of mortar cubes. Cement-to-sand ratio
used for the preparation of mortar was 1:4. Mortars were
prepared using hand mix method with glass rod to remove
the entrapped air. Compaction was provided by putting the
steel molds on vibration table. Mortar samples were
demolded after 48 h of demolding time. Thereafter, the
mortars were cured in water for different curing periods, i.e.,
7, 14 and 28 days. After specified curing period, mortar
cubes were subjected to different physicochemical tests.

Analytical procedures

Homogenized samples of sludge, cement and sand were
used after drying for different physicochemical analysis.
Chemical used in the analysis was of analytical (AR)
grade. The surface morphology and composition analysis
of cement and EC sludge were carried out by field emission
scanning electron microscope (FESEM, model Quanta
FEI-200) and energy-dispersive X-ray spectroscopy
(EDAX, model Penta FET Precision), respectively.

The particle size distribution was measured with Zeta
sizer (Nano S90), using mechanism of dynamic light
scattering. Samples of 0.5-1.0 g of EC sludge were sus-
pended in 100 ml deionized water, and the suspension is
used for analysis. Each measurement was triplicated.

Block density was measured by taking the ration of
constant mass of the mortar after oven drying at 100 °C
followed by cooling to the volume of the dried mortar by
measuring its dimensions. Density was measured by con-
sidering the average of triplicate.

Compressive strength of control mortar and various
sludge-added mortar samples were analyzed using a
hydraulic type SHIMADZU UH-1000 kNI testing machine
according to American Society for Testing and Materials
C109-92 (ASTM 1992), for different curing days (7, 14 and
28 days). Gradual and steady load was applied on the
mortar. When the limit reached, the mortar gets crushed.
The average strength of three cubes was taken as the result
in kN/s unit. The compressive strength of mortars was
calculated by dividing the maximum load applied to the
cross-sectional area of the mortar.

Leaching test was conducted to predict the chemical
stability of the waste material (sludge) when it came in
contact with the acidic aqueous solution. Both whole and
crushed mortar samples were subjected to leaching test to
simulate worst case scenario. The extraction procedure was
performed according to the US environmental protection
agency (USEPA 1990) protocol. For the whole mortar
leachability (WML) test, complete mortar pieces (25 x
25 mm) were subjected to extraction using 1 N acetic acid
for 24 h with 1:10 solid-liquid ratio by weight. Then, the
EC sludge—acid suspension was filtered through a What-
man filter paper no. 1, and filtrate was subjected to heavy
metals extraction in the presence of strong acids using
direct digestion method using 10 ml nitric acid and 5 ml
perchloric acid. The solution was made up to 100 ml with
distilled water (Alam et al. 2006) and then analyzed for
heavy metals using inductively coupled plasma mass
spectrometry (ICP-MS) as per APHA (1998). For the
crushed mortar leachability (CML), the core portion of the
crushed mortar was taken. The solid-liquid ratio of 1:20 by
weight was taken using acetic acid as an extractant. EC
sludge—acid suspension was agitated mechanically for 18 h
and then filtered. Then, the sludge—acid suspension was
digested as in CML test and analyzed using ICP-MS. Initial
heavy metal contents in EC sludge and cement were also
analyzed.

Thermo-gravimetric (TG) analysis of oven-dried EC
sludge and cement was carried out using TG/DTA (Perk-
inElmer Diamond) in air at a heating rate of 10 °C/min.
The operating pressure was kept slightly positive; the air
flow rate was maintained at 200 ml/min, and the maximum
heating temperature was 1000 °C. Crushed fine powder of
28-day cured samples of optimum percentage of EC sludge
mixed concrete sample was analyzed by X-ray diffraction
(XRD) with Cu Ka target. The peaks in the new positions
of the spectrum were marked, compared and identified
from the joint committee on powder diffraction standards
(JCPDS) data file.
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Fig. 1 FESEM images of cement and EC-generated sludge.
a FESEM image of EC-generated sludge. b FESEM images of cement

Results and discussion
FESEM images

Figure 1 shows the FESEM images along with elemental
distribution of dried EC sludge (a) and ordinary Portland
cement (b). It can be observed from the images that the
particle size of EC sludge seems to be higher and more
agglomerated than that of the cement. The average particle
size of EC sludge measured was 1652 nm. EC sludge
produced was dark brown and fluffy in appearance. The
presence of calcium and silica defines the binding property
of any material. Elemental analysis showed that cement
contains relatively high content of calcium and silica
compared to the sludge. In addition, as the EC sludge
fraction increases, setting time gets delayed due to organic
fraction present in the sludge.
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Fig. 2 Wet and dry densities of sludge mortars versus percentage
sludge addition

Wet and dry densities

Figure 2 shows variation in wet and dry densities for var-
ious cement—sludge mortars samples (cured for 28 days).
Water/cement ratio increases from 0.47 (without sludge) to
0.56 (with EC sludge) as the percentage of sludge increases
from 5 to 15 %. Results shows that both wet and dry
densities of the mortars decreased as the sludge addition
increased from 5 to 15 %. The results are closely related to
the fine particle size of EC sludge and water absorbed. As
the sludge proportion increases, water absorption also
increases, which results in larger pore size and lower
density (Weng et al. 2003). Up to 7.5 % EC sludge addition
does not give much difference between the densities of
cement—sludge mortar and control mortar.

Compressive strength of mortar samples

All construction materials must resist stress. To study the
strength of the mortar and its ability to resist the forces at
failure, compressive strength of mortar samples was
determined. Figure 3 shows the variation of compressive
strength with respect to dried sludge percentage in the
mortar samples cured for different curing periods (7, 14
and 28 days). It may be seen that the strength of EC
sludge-added mortar is generally lower than that of the
control mortar and it greatly depends on the amount of
sludge present in the mortar and the curing period. The
strength decreased with an increase in the percentage of EC
sludge in the mortar. The reason could possibly be the
presence of heavy metals in the EC sludge, which causes
retardation of cement hydration. This could also be due to
very fine particle size of EC sludge, large surface area and
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Fig. 3 Effect of sludge accession on compressive strength of mortars
as a function of curing time (7, 14 and 28 days)

lower density (Benson et al. 1986). It might reduce the
overall amount of cement available for binding the struc-
ture (Zain et al. 2004). Change in the chemical reactions or
bonding characteristic of the cement, water and admixture
with addition of sludge could be another reason for
decreased compressive strength of mortars (Sogancioglu
et al. 2013). Maximum compressive strength was observed
for samples which were cured for 28 days. For mortar

samples containing up to 7.5 % sludge, decrease in com-
pressive strength was <5 % against the control mortar
(without sludge), thereafter the reduction was substantial.
Thus, 7.5 % sludge addition could be considered as opti-
mum dosage for compressive strength and also acceptable
with respect to control mortar.

Leaching test

At the end of the 28-day curing period, the mortar samples
with different proportions of sludge (5, 7.5, 10, 12.5 and
15 %) and control (without sludge) were subjected to
leaching test. Mortars were found to contain various metals
such as chromium (Cr), lead (Pb), zinc (Zn), nickel (Ni),
copper (Cu), manganese (Mn) and iron (Fe). These metals
were present in the sludge, and their toxic nature requires
proper handling. Acetic acid extraction method has been
used for heavy metal extraction (Sarode et al. 2010). The
leaching test with acetic acid as an extractant simulates
with the many years of landfill leachability conditions
(Boyle et al. 1983). Discharge limits of different heavy
metals into inland surface water and land as prescribed by
Environmental protection agency (EPA Rules 1986) and
Indian Standard (Awashthi 2000), are given in Table 1.

Table 1 WML leachability of different heavy metals and regulatory discharge and for various heavy metals by EPA and Indian standards

Heavy Replacement percentage of sludge Regulatory discharge limits
?:IT;})S 0% 5% 75% 10% 125 % 15 % Discharge standards for Inland Permissible limits of heﬂ/y metal f(?r soil by
surface water (EPA rules 1986) Indian standard (mg kg™ ') (Awasthi 2000)

Cu 0.007 0.014 0.009 0.006 0.006 0.008 3.0 -

Pb 0.014 0.015 0.013 0.009 0.013 0.010 0.1 250-500

Fe 0.533 0.628 0.647 0.660 0.661 0.671 3.0 -

Cr 0.019 0.039 0.078 0.089 0.077 0.078 0.2 -

Mn 0.048 0.049 0.063 0.044 0.057 0.059 2.0 -

Zn 0.077 0.103 0.137 0.153 0.170 0.214 5.0 300-600

Ni 0.014 0.060 0.076 0.078 0.107 0.107 3.0 75-150

Table 2. CML leachability of Heavy metals (mg/l)  Replacement percentage of sludge

different heavy metals

0 % 5% 7.5 % 10 % 12.5 % 15 % Cement  Sludge

Cu 0.017  0.045 0.024 0.026  0.031 0.031 0.009 0.086
Pb 0.009  0.006  0.008 0.006  0.007 0.008 0.019 0.012
Fe 1.051 1.215 1.224 1.231 1.374 1.557 3.531 4.331
Cr 0.102 0296 0344 0.506  0.561 0.813 0.101 5.889
Mn 0.094  0.109 0.112 0.119 0.137 0.150  0.013 1.397
Zn 0.141 0.200  0.200 0.196  0.223 0.225 0.208 0.361
Ni 0.035 0.180  0.245 0312 0.360 0.543 0.033 8.813
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Fig. 5 XRD graphs of sludge and cement

The leaching test was conducted for the whole and
crushed mortar samples to predict the chemical stability of
the waste in aqueous solution. The heavy metal contents in
cement and sludge were also analyzed. EC sludge contains
Cr, Mn and Fe in higher concentration than their permis-
sible limits. The effect of acidic conditions on the leaching
from intact structure of sludge mortar was studied by WML
test (as per procedure given in “Analytical procedures”
section). The results of WML test are presented in Table 1.
These results revealed that the mortar samples with various
sludge percentages leach heavy metals within regulatory
discharge limits set by EPA and Indian Standard (Awashthi
2000). To simulate worst case scenario where the mortar
gets mashed or broken down, CML test was conducted.
The results of CML test are shown in Table 2. Leaching
test for CML showed that the concentration of heavy
metals in the crushed mortar was comparatively more than
that in whole mortar. Out of all the heavy metals studied,
iron (Fe) showed higher concentration than others in both
WML and CML. Cr and Mn had shown very less con-
centration in the cement—sludge mortar leachate compared
to the EC sludge leachate. The reason could be that during
solidification, many metals are trapped within the pores of



Int. J. Environ. Sci. Technol. (2016) 13:349-358

355

the cement matrix and converted to insoluble precipitates
(Webster and Loehr 1996). In the view of this, there is no
significant leaching of heavy metals from the cement—
sludge mortars which is harmless to environment.

Thermo-gravimetric analysis (TGA)

Thermal stability of any material is directly dependent on
its decomposition temperature. Thermal characteristics and
degradation kinetics of sludge, cement and mixtures with
different proportions of sludge were studied by thermal
gravimetric analysis (TGA). Sludge has both organic and
inorganic compounds. At higher temperatures, organic
matter decomposes into CO, CO, and free hydrogen (Puri
and Walker 1966). Thermo-gravimetric analysis curves
(TGA, DTA and dTG) for sludge, cement and mixtures
with different proportions of sludge with cement are shown
in Fig. 4a—c, respectively.

From these curves, three different degradation zones
were envisaged. First zone exists from room temperature to
350 °C corresponding to the weight loss mainly due to
moisture and light volatile compounds. Second zone ranges
from 350 to 750 °C where the major weight loss occurred,
while third zone from 750 to 1000 °C corresponded to
minor weight losses (Baskar et al. 2006). The TG graph of
cement showed 5-7 % of weight loss on thermal treatment
up to 1000 °C, whereas TG graph of EC sludge showed
around 3540 % weight loss, which showed that the EC
sludge contains up to 40 % organic content. The difference
in the weight loss for EC sludge-added mixture (up to
10 %) was only 3-5 % when compared to the control
sample mixture (without sludge), whereas the weight loss
difference was more than 15 % when the sludge addition
increased (10-15 %). DTA and dTG graphs shown in
Fig. 4b, ¢, for control (0 %) and 5-10 % sludge-added
mixture, respectively, do not show much difference.

Fig. 6 XRD graphs of different percentage of sludge mixtures (0-15 %)
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Thermo-gravimetric analysis showed that the thermal sta-
bility of the mixture up to 5-10 % EC sludge was com-
parable to the mixture without addition of sludge (control
mortar).

X-ray diffraction (XRD) analysis

XRD graph of sludge (Fig. 5) does not show any promi-
nent peaks due to its amorphous nature except very few
low-intensity peaks. XRD analysis of ordinary Portland
cement used in the formation of mortar showed the salient
peaks of calcium aluminum silicate along with silicon
dioxide peaks (Fig. 5). Peaks in the XRD graph of cement
imparted its crystalline nature. XRD analysis of the mix-
tures with different percentage of sludge (0-15 %) is
shown in Fig. 6. Graph for the control sample without
addition of sludge (0 %) shows the prominent peaks of
calcium aluminum silicate and silicon dioxide with few
silicate peaks (Kaur et al. 2010). As the percentage of
sludge is increased up to 7.5 %, there is almost no change
in the pattern of peaks in the XRD graphs of the mixture
except addition of few peaks of iron oxides which could
be due to the presence of iron oxide in the sludge. Beyond
7.5 % sludge addition, there are salient changes in the
peak pattern and intensity which might be the resultant of
chemical reaction within the mixture. As the proportion of
sludge increases, the appearance of iron oxide and iron
silicate peaks has started. Up to 7.5 % sludge addition, no
remarkable change in the peaks was noticed in comparison
with the control mortar.

Conclusion

The feasibility of utilization of EC sludge as a substitute
of cement in non-construction materials was estimated in
view of the environmental concern regarding its disposal
and exploring the possibility of recycling it as a resource.
In the current study, experiments were conducted to find
out the optimum combination of cement and EC sludge
in this regard. The results indicated that the cement-based
stabilization/solidification is an effective solution for the
reuse/disposal of sludge generated during electrocoagu-
lation process. Thermo-gravimetric analysis showed that
the EC sludge has up to 40 % organic content. After
mixing it with the cement up to 7.5 %, the thermal sta-
bility of the mixture is not significantly affected.
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Compressive strength of sludge—cement mortar samples
decreased with an increase in the proportion of EC
sludge. The compressive strength results indicated that a
maximum amount of EC sludge of 7.5 % could be added.
The decrease in the compressive strength with 7.5 %
replacement was <5 % with respect to control mortar
(without sludge). Cement-based solidification of EC
sludge reduces the heavy metal concentration in the
leachate from mortars which could be due to their
entrapment within the pores of the cement matrix and
converted to insoluble precipitates compared to the EC
sludge alone. All the heavy metals studied in the leachate
were below discharge limits of effluent as per the Indian
standards. Leaching pollution potential of cement—sludge
mortar met the regulatory limits set by EPA. From
mechanical as well as environmental point of view, it
could be successfully demonstrated that cement—sludge
mortar containing 7.5 % EC sludge could be used safely
within the industry itself in different applications such as
decoration tiles, pot making and fencing of garden
without adversely affecting the environment.
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