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1. Introduction

Wastewater from several industries such as electroplating, tannery, 
mining and steel contains elevated levels of heavy metals including 
chromium, cobalt, copper, nickel, zinc, mercury and lead. If the 
wastewaters were discharged directly into natural waters, it will 
constitute a great risk for the aquatic ecosystem, while the direct 
discharge into the sewerage system may negatively affect the sub-
sequent biological wastewater treatment [1]. Additionally, increas-
ing environmental awareness coupled with more stringent regu-
lations has triggered various industries to challenge themselves 
in seeking appropriate wastewater treatment technologies [2]. Thus 
these toxic metals must be effectively treated/removed from the 
wastewaters. Many methods that are being used to remove heavy 
metal ions include chemical coagulation, ion-exchange, oxidation, 
adsorption, membrane filtration, and electrochemical treatment 
technologies. However, most of these techniques have drawbacks 
such as inadequate removal efficiency, production of large amounts 
of sludge, and need for high capital and running costs and high 
technology [3, 4]. Thus these methods are not viable for small 

industries in developing countries. Adsorption process involving 
the use of solid adsorbents has been widely studied for heavy 
metal removal. While activated carbon is the most commonly used 
adsorbent, efforts have been made to use low-cost sorbents for 
heavy metal removal [5, 6]. Adsorptive treatment of heavy metals 
using non-conventional adsorbents such as agricultural and in-
dustrial solid wastes have been reported [6].

Large quantities of water treatment sludge (WTS) are produced 
globally as a by-product of coagulation and flocculation process 
while removing suspended and colloidal impurities from raw water 
[7]. Aluminium or iron salts are commonly used as coagulants 
and the resulting Fe-WTS or Al-WTS are primarily composed of 
amorphous iron or aluminium hydroxides respectively. They also 
contain inorganic and humic substances removed from the raw 
water and traces of coagulating agents used in the water treatment 
process [8]. At present these residuals are disposed (a) to sanitary 
sewers, (b) into a receiving stream and (c) by land application, 
assuming that these residuals do not possess any toxic character-
istics [9-13]. Adverse impacts of WTS disposal on water bodies 
have been studied, and acute toxicity towards various aquatic 
life has been reported [14]. This has initiated greater interest in 
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the proper management of these residuals in an environmentally 
acceptable and sustainable manner. Recently, a number of studies 
have been reported in the literature on the reuse of WTS for different 
applications including its use in water and wastewater treatment 
[15, 16]. 

Because of their amorphous nature [16] and large surface area, 
water treatment sludge has been used as sorbent for removing 
different contaminants [10]. Wet/dry sludge has been used as a 
coagulant to remove different contaminants in water and 
wastewater. Recently, efforts have been made to assess the suit-
ability of WTS for removing heavy metals [17-25]. These studies 
have shown that WTS is a cost-effective sorbent that can reduce 
the concentration of toxic heavy metals in aqueous solutions. Since 
heavy metals are a major environmental problem, the use of water 
treatment sludge for the removal of metals can be identified as 
a sustainable management technique. 

Most of these studies with WTS reported in the literature, how-
ever, were performed under controlled conditions using synthetic 
single heavy metal solutions [18, 24]. Since real electroplating 
wastewater generally contains a number of different heavy metals, 
it is necessary to evaluate the potential of WTS with multi-metal 
solutions. The purpose of the present study was to investigate 
the potential of aluminium-based WTS to remove heavy metals 
from a real electroplating wastewater which had high concentration 
of chromium and copper along with other metals. Batch tests 
were conducted using simulated wastewater in single metal and 
multi-metal solutions. Long-duration column tests were conducted 
using a real electroplating wastewater. 

2. Materials and Methods

2.1. Water Treatment Sludge

WTS was collected from the Bhandup water treatment plant, 
Mumbai, India which has a treatment capacity of 1,910 million 
litre per day. The processes used in this plant include sed-
imentation, coagulation, filtration and disinfection. Polyaluminium 
chloride (PACl) is used as the coagulant in this plant. Freshly 

generated aluminium-WTS in the wet form was collected from 
the plant. All the tests were conducted using a single batch of 
WTS collected on a particular day.  The sludge had high solids 
content of 70%. The sludge was oven-dried at 105°C for 48 h. 
The dried sludge was crushed and sieved through 150 μm sieve, 
and the portion retained on the sieve was used in the study. 

Concentration of different elements in the sludge was estimated 
after acid digestion as per USEPA Method 3050B [26]. For this, 
2.5 g of dried sludge was digested for two hours at 140°C with 
4 mL of concentrated nitric acid and 12 mL of concentrated 
hydrochloric acid. After cooling, 50 mL of distilled water was 
added and mixed thoroughly. The supernatant was separated by 
centrifugation and was analysed for different metals. The elemental 
content and some key characteristics of the WTS sample are shown 
in Table 1. High concentrations of Al and Fe were present. Though 
PACl-based sludge was used in the present study, high Fe content 
found in the digested WTR solution could be due to the leaching 
of iron from the suspended solids present in the raw water and 
also due to the leaching of iron removed from the raw water during 
the coagulation process. Relatively high contents of Ca, Mg and 

Table 1. Characteristics of the Water Treatment Sludge

Parameter Value Unit

pH 7.29

Moisture content 30 % of sludge

Total solids 70 % of sludge

Al 135.51 mg/g dry sludge

Fe 89.82 mg/g dry sludge

Ca 19.40 mg/g dry sludge

Mg 12.28 mg/g dry sludge

K
Mn
Na
Si
P

5.02
2.2
1.3

123.5
4.3

mg/g dry sludge
mg/g dry sludge
mg/g dry sludge
mg/g dry sludge
mg/g dry sludge

Fig. 1. SEM images of the water treatment sludge.



Anujkumar Ghorpade and M. Mansoor Ahammed

94

K were also found in the sludge. Scanning electron microscopy 
(SEM) images (Fig. 1) showed that collected sludge was heteroge-
neous mixtures of particles with irregular shape and variable sizes 
with concentration of particle size at around 100 μm. Amorphous 
nature of WTS is also evident from Fig. 1. Point zero charge (pHzpc) 
of the WTS was determined following the procedure of Mehdi 
et al. [27], and was found to be 6.9.

2.2. Electroplating Wastewater

Electroplating wastewater was collected from an industry located 
at Makarpura, Vadodara, India. Physico-chemical characteristics 
of the wastewater are given in Table 2. Since the concentration 
of the metals was very high in the wastewater, it was diluted 
100 times with tap water and was used in column studies.  

Table 2. Characteristics of the Electroplating Wastewater

Parameter Value

pH 0.66

Electrical conductivity (μS/cm) 312,800

Total solids (mg/L) 69,655 

Total dissolved solids (mg/L) 68,950 

COD (mg/L) 4,000

Chromium (mg/L) 3,965.3

Copper (mg/L) 1,499.4

Zinc (mg/L) 972.3

Mercury (mg/L) 65.1

Lead (mg/L) 26.1

Cobalt (mg/L) 3.2

2.3. Batch Sorption Tests

Batch sorption experiments were conducted at room temperature 
(23-25°C) using six different heavy metals namely Cu(II), Co(II), 
Cr(VI), Hg(II), Pb(II) and Zn(II) employing synthetic metal solutions. 
Metal solutions with desired concentration were prepared using  
Cu(NO3)2, Co(NO3)2, Na2CrO4, Hg(Cl)2, Pb(NO3)2, or ZnSO4. Two 
different types of tests were conducted, one with each metal solution 
and the other with multi-metal solution where all the six metals 
were added in equal concentration. In single-metal solution tests, 
initial metal concentration was kept at 10 mg/L, while in multi-metal 
solution tests, a total metal concentration of 10 mg/L with equal 
concentration for each of the six metals was employed. All the 
experiments were carried out in 0.01 M NaNO3 solution to maintain 
equal ionic strength of the solution. The desired amount of sludge 
was added to 50 mL solution. Following that, the bottles were 
shaken in water bath shaker at 150 rpm until equilibrium was 
achieved. Preliminary kinetic tests were conducted to determine 
the equilibrium time required for further tests. These tests were 
conducted with an initial metal concentration of 10 mg/L and 
WTS dose of 1 g/L at an initial pH of 5. This test indicted that 
a contact time of 2 h was adequate to reach equilibrium for each 
of the metals, and subsequently 2 h contact time was used in 
all the tests. 

In tests to determine the effect of initial pH on sorption, pH 
of the solution was varied in the range of 2.5-8.5, and the pH 
was adjusted using 0.1N HCl or 0.1N NaOH. For determining 
effect of sorbent dose on extent of metal removal, tests were con-
ducted at an initial pH of 5.0 with WTS dosage varying between 
0.5 and 10.0 g/L. After each test, samples were taken out and 
centrifuged at 6,000 rpm for 5 min and were analysed for metals. 

2.4. Column Test

Column tests were conducted at room temperature (23-25°C) with 
real electroplating wastewater in a glass column of 2.5 cm internal 
diameter and 75 cm height with WTS medium height of 45 cm 
(Fig. 2). The column had a bed volume of 221 cm3 and a pore 
volume of 83 cm3.  The column was operated in upflow mode 
with a flow rate of 1.2 mL/min using a peristaltic pump correspond-
ing to a bed flowthrough time of 3 h. Effluent was collected at 
regular interval and was analysed for relevant parameters. 

Fig. 2. Continuous flow column set-up (1) wastewater influent, (2) peri-
staltic pump, (3) WTS column and (4) effluent collection.

2.5. Analyses

The solid content of WTS was calculated by the difference in 
the initial weight of the sludge and dry weight of sludge after 
being dried in hot air oven at 105°C for 24 h and volatile suspended 
solids (VSS) of the same was calculated after burning the dry 
solids in a muffle furnace at 550°C for 2 h. Metals were analysed 
using inductively-coupled plasma atomic emission spectrometry 
(ICP AEP) (ARCOS Spectro, Germany). The COD of the samples 
were analysed using the closed reflux titrimetric method in accord-
ance with the Standard Methods [28]. pH was measured using 
a pH meter (Hanna 209), and electrical conductivity was measured 
using an electrical conductivity meter (Systronics, India).

3. Results and Discussion

3.1. Kinetic Tests

It is important that an adsorbent offers rapid sorption to minimise 
the time required to remove heavy metals, which helps to reduce 
capital and operational costs. The results of the kinetic tests are 
presented in Fig. 3. It can be seen that for all the metals tested, 
there was rapid adsorption initially and it slowed down to reach 
a constant value. For lead, almost complete sorption occurred 
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Fig. 3. Effect of contact time on heavy metal removal (initial metal 
concentration 10 mg/L, sorbent dose 1 g/L, initial pH 5.0).

within 15 min. For other metals, no significant increase in removal 
was observed after 2 h. Thus, an equilibrium time of 2 h was 
used in all subsequent tests. It has been reported that Pb could 
form strong inner sphere complexes with aluminium and iron 
oxide surfaces [29]. This could be responsible for complete adsorp-
tion of Pb observed in the present study. Such rapid adsorption 
by water treatment sludge has been reported for As(V) by Makris 
et al. [18]. 

3.2. Effect of pH on Metal Removal

Effect of initial pH on metal removal was studied for a pH range 
of 2.5-8.5 and the results are presented in Fig. 4(a) and (b), re-
spectively for single metal and multi-metal solutions. It can be 
observed that for four metals namely, Cu(II), Co(II), Hg(II), and 
Zn(II) removal increased with increase in initial pH whereas for 
Pb(II) there was no influence of pH, and almost complete removal 
occurred at all the pH values tested. Cr(VI) presented a different 
trend with higher removal at lower pH values of 2.5-4.0 and then 
decreasing with increase in pH. 

It is known that the pH of aqueous solution plays an important 
role in the adsorption process, affecting the character of both the 
ions to be removed and the adsorbent itself. In acidic solutions 
there is a competition between metal cations and the protons 
present in solution for the adsorption sites. At alkaline pHs (usually 
pH > 7.0), precipitation of metal ions eventually occurs. This 
pH value will be different for different metals based on their 
solubility. This shows that the adsorptive process will occur in 
a well-defined pH range [30]. Generally at optimum pH conditions, 
the adsorbent and the pH should have opposite charges for en-
hanced electrostatic interactions [31]. 

Further, it is known that the sorption onto an adsorbent is 
affected by its point of zero charge (pHzpc). The WTS used in 
the present study had a pHzpc of 6.9, similar to the values reported 
in the literature [22]. At pH above this value sludge surface may 
become negatively charged and hence increased sorption was ob-
served for cationic metals such as Cu(II), Co(II), Hg(II), and Zn(II) 

a

b

Fig. 4. Effect of pH on removal of heavy metals in (a) single-metal 
solution and (b) multi-metal solution (initial metal ion concen-
tration 10 mg/L, WTS dose 1 g/L, contact time 2 h. In multi-metal 
solution, total concentration of the six metals was 10 mg/L).

at higher pH. It is reported that increase in pH results in increased 
formation rate of mixed-cation hydroxide phase [32] and thereby 
increasing removal at higher pH values for metal cations. In the 
case of anionic metals such as Cr(VI) this will be reversed with 
higher adsorption at pH values less than pHzpc. Similar observations 
have been reported by Zhou and Haynes [19] and Hovsepyan 
and Bonzongo [22]. They reported increased removal for cationic 
metals such as Pb(II) and Cr(III) at higher pH values, while for 
anionic metal Cr(VI), removal was reduced at higher pH values. 

Comparison of Fig. 4(a) and (b) shows the effect of competition 
on metal removal. It can be seen that in the multi-metal system, 
removal of all the metals except Cr(VI) were affected at lower 
initial pH values. As in the case of single-metal system, metal 
removal increased with increase in pH and almost complete re-
moval was observed at pH 8.5 for all the metals except Cr(VI). 
It is interesting to note that for Co(II) complete removal was observed 
at pH 8.5 in multi-metal solution though only about 73% removal 
was achieved in single-metal solution. This could be due to co-pre-
cipitation of Co(II) along with other metals at higher pH values. 
In the case of Cr(VI), removal was unaffected in the pH range 
studied. Cr(VI) is an anionic metal, and lower removal of other 
metals at lower pH values did not pose competition for Cr(VI) 
at these pHs. It may also be noted that sorption of Co(II) and 
Zn(II) was more impacted compared to other metals in the mul-
ti-metal system.  
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It may be noted that initial pH of the metal solution was adjusted 
to the desired values before addition of WTS and no adjustment 
was done during the sorption process. It was observed that after 
the contact time of 2 h, the final pH of the reaction mixture was 
increased in the range of 0.10-1.10, with higher increase for sol-
utions with lower initial pH values. It is also interesting to note 
that the total amount of metals removed in multi-metal system 
was less compared to the removal in the single-metal solution 
in the pH range of 2.5-7.0. However, at the highest test pH of 
8.5, the total metal removal was significantly higher in the mul-
ti-metal system possibly due to co-precipitation. 

3.3. Effect of WTS Dose on Metal Removal

The effect of WTS dose on metal sorption was studied in the 
range of 0.5-10.0 g/L for both single metal and multi-metal systems, 
and the results are presented in Fig. 5(a) and (b), respectively. 
It is clear from Fig. 5(a) that in the case of single metal system, 
there was no impact of WTS dose on the removal of Pb(II) and 
Cu(II), with Pb(II) showing almost complete removal at all the 
doses. Cu(II) removal remained in a narrow range of 89-94% for 
different doses of WTS. For Hg(II) and Zn(II), percentage removal 

a

b

Fig. 5. Effect of WTS dose on removal of heavy metals in (a) single-metal 
solution and (b) multi-metal solution (initial metal ion concen-
tration 10 mg/L, pH 5.0, contact time 2 h. In multi-metal solution, 
total concentration of the six metals was 10 mg/L).

increased with WTS dose and removal in excess of 97% were 
observed at the highest dose of 10 g/L. For Co(II), however, the 
removal remained below 80% even at the highest WTS dose. Cr(VI) 
removal did not improve significantly beyond a dose of 1 g/L 
and remained below 60% at higher doses. 

The effect of competition on metal removal can be observed 
by comparing Fig. 5(a) and (b). Similar to the results of the tests 
on effect of pH, this test also showed reduced removal of different 
metals in the multi-metal system. The effect was, however, highly 
significant at lower WTS doses. At the highest WTS dose of 10 
g/L, removal of Cu(II) and Pb(II) were almost similar to the those 
in single metal system showing preferential adsorption for these 
metals compared to others. Cr(VI) was least affected by competition 
as its removal was similar to that in single metal solution. 
Availability of larger number of sorption sites at higher WTS doses 
reduced the influence of competition in multi-metal system, there-
by increasing the metal removal. 

3.4. Column Test

Results of the column test conducted with real electroplating waste-
water are presented in Fig. 6 and Fig. 7. It can be observed from 
Fig. 6 that complete removal of copper occurred up to about 100 
bed volumes and a sudden reduction in its removal was found 
after that. Chromium removal was also high (78-92%) during the 
column operation. The effluent Cr(VI) concentration was still high 
(3-8 mg/L) due to its high influent concentration. It is evident that 
the removal of copper was not affected by the presence of chromium 
as complete removal was observed for 100 bed volumes. Further, 
while batch studies showed only up to a maximum of about 40% 
Cr(VI) removal at an initial pH of 6.0, column tests showed much 
higher Cr(VI) removal showing the effectiveness of WTS in adsorbing 
metals in column operation. Also, other heavy metals present in 
the wastewater, though at low concentration, namely Zn(II), Hg(II) 
and Pb(II), were also removed effectively during the column oper-
ation and their concentrations were below 0.05 mg/L in the effluent 
throughout the column operation of 110 bed volumes. 

Fig. 6. Heavy metal removal in column test (Bed flow through time 
3 h, flowrate 1.2 mL/min, column height 45 cm, influent pH 
6.0, influent Cr(VI) 39.653 mg/L, influent Cu(II) 14.994 mg/L).
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Fig. 7. Variation in pH and electrical conductivity in the effluent with 
bed volume (Influent pH 6.0, influent electrical conductivity 3,230 
μS/cm).

Effluent pH and electrical conductivity were also monitored 
during the column test, and are shown in Fig. 7. While the pH 
of the original wastewater was 0.66, the diluted wastewater had 
an initial pH of 6.0. Passage of wastewater through the WTS column 
resulted in an increase in pH and the effluent pH varied in the 
range of 6.5-7.5. This shows that WTS column can act as a buffering 
system for low-pH heavy metal-laden wastewater bringing the 
effluent pH to neutral values. Initial conductivity of the influent 
was 3,230 μS/cm and effluent conductivity showed a decreasing 
trend throughout the operation with its removal varying in the 
range of 49-63%.

Mass balance for copper and chromium for the system based 
on the metal removal for 110 bed volumes showed that the WTS 
medium had a Cu(II) and Cr(VI) sorption capacities of about 1.7 
and 3.5 mg/g of dried sludge, respectively. In addition, the media 
also removed substantial quantities of Zn(II) and Hg(II). The Cu(II) 
and Cr(VI) sorption capacities of WTS reported in the literature 
are generally higher. For example, Lee et al. [33] and Zhou and 
Haynes [19] reported 3.94 and 11.4 mg/g for Cu(II) and Cr(VI), 
respectively. However, these values were based on adsorption iso-
therms obtained from batch tests with single metal synthetic 
solutions. Further, characteristics of WTS such as aluminium and 
iron contents in the sludge also influence the adsorption capacity. 
Also, in the present study, the sorption capacity was estimated 
based on 110 bed volumes and the medium was not exhausted 
completely. 

The column effluent was also monitored for COD and the values 
were less than 20 mg/L throughout the operation, thus ruling out 
the possibility of leaching of organic matter during the column 
operation. Column effluent was also monitored for aluminium 
and iron leaching from WTS. Aluminium and iron concentrations 
were found to be in the range 0.09-0.13 mg/L and 0.4-0.9 mg/L, 
respectively, thus ruling out the possibility of metal leaching from 
WTS. 

Chemical coagulation and precipitation with aluminium or iron 
salts are the most common methods used for treating heavy met-
al-rich wastewaters in developing countries like India. However, 
these techniques generate large quantity of toxic waste, disposal 
of which poses a problem. Further, precipitation method cannot 
produce an effluent with low metal concentrations conforming 
to the discharge standards. Water treatment sludge, a waste product 
available in large quantities, can be used to treat this type of 
wastewater. As shown in this study, column operation with WTS 
medium can produce very low metal concentration in the effluent 
from a real wastewater containing different metals, thus indicating 
the potential of WTS for handling metal-rich wastewaters. 

While these tests showed the potential of aluminium-based 
water treatment sludge as a filtration/adsorption medium for heavy 
metal removal, more studies should be conducted to understand 
the mechanism of the removal and release of sorbed metals from 
the medium. Recent studies by Castaldi et al. [23] showed that 
larger part of the removed metals on WTS were tightly bound 
to the medium and would not be readily released under normal 
environmental conditions, while a smaller fraction was in wa-
ter-soluble and exchangeable form.

4. Conclusions

The potential of aluminium-based WTS for heavy metal removal 
from simulated and real electroplating wastewater was assessed 
using batch and long-term column tests. Batch tests with simulated 
wastewater containing Cu(II), Co(II), Cr(VI), Hg(II), Pb(II) and Zn(II) 
showed the influence of initial pH on metal removal by WTS 
in single- and multi-metal solutions. While removal of cationic 
metals such as Pb(II), Cu(II) and Zn(II) increased with increase 
in pH, anionic Cr(VI) showed a reduction in removal with increase 
in pH values. Complete removal of Pb(II) was obtained at all the 
pH values tested, even with low WTS doses. Tests with different 
doses of WTS showed reduced removals of different metals in 
the multi-metal system compared to single metal solution. This 
effect was, however, more pronounced at lower WTS doses. Column 
test with real electroplating wastewater showed complete removal 
of copper, zinc and mercury up to 100 bed volumes while chromium 
removal ranged between 78-92%. No leaching of organic matter 
present in the WTS was observed during the column operation.  
WTS showed Cu(II) and Cr(VI) adsorption capacities of about 1.7 
and 3.5 mg/g of dried sludge, respectively. This study thus indicates 
that water treatment sludge can be a good sorption medium for 
metals in metal-bearing wastewaters.
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