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ABSTRACT

The aim of this study was to compare the performance of a suspended growth bioreactor
and a combined bio-physical bioreactor for Zn2+ removal from aqueous solution. Two identi-
cal bioreactors (8.5 L each) were operated at a fixed HRT of 29.1 h. The suspended growth
bioreactor was used as the control reactor and contained only sludge. The bio-physical biore-
actor contains sludge and a low-cost adsorbent derived from groundwater treatment plant
sludge. The influent Zn2+ concentration was varied from 0.5 to 15 mg/L in 8 experimental
phases. Influent and effluent Zn2+ concentration was monitored daily. Phase 1 (day 1–15)
and phase 2 (day 16–29) were used as acclimation period for both bioreactors, respectively.
Results show that Zn2+ removal increased with increasing influent Zn2+ concentration from
0.5 to 1.0 mg/L (phases 3–4) but fluctuated thereafter for the suspended growth bioreactor.
Zn2+ removal in the bio-physical bioreactor increased with increasing influent Zn2+ concen-
tration from 0.5 to 10 mg/L (phases 3–7) and decreased with further increase in influent
Zn2+ concentration to 15 mg/L (phase 8). The effluent Zn2+ concentration in phase 8 for the
suspended growth and the bio-physical bioreactors were 58.7 and 90%, respectively. The
higher removal of Zn2+ in the bio-physical bioreactor was due to heavy metal tolerance and
the resistance in heavy metal toxicity on the microbial community of the combined system.

Keywords: Zinc; Activated sludge; Groundwater treatment plant sludge; Bioreactor; Heavy
metal

1. Introduction

Wastewater from various industries such as pig-
ment, galvanizing plants, fertilizer plants, tanneries,
batteries, and mine drainage are associated with high
zinc concentrations [1]. Improper discharge of zinc-
contaminated wastewater constitutes severe health
and environmental problems. Health disorders such
as irritability, lung disorder, gastrointestinal distress,

metal fume fever, growth retardation, and even cancer
has been associated with zinc toxicity [2]. Heavy met-
als including zinc are commonly classified as priority
pollutants due to their mobility and toxic characteris-
tics in natural water streams [3]. Thus, the concern
and interest for heavy metal removal from wastewater
has intensified over the past decades.

The removal of zinc and other heavy metals from
wastewater has been investigated using various meth-
ods such as ion exchange [4], adsorption [5,6], solvent
extraction [7], ultrafiltration [8], electrodialysis [9], and*Corresponding author.
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physico-chemical precipitation [10]. However, several
demerits such as operational cost and environmental
concerns have been major constraint [11]. Thus, it is
pertinent to develop relatively simple, low-cost, and
effective treatment method to enhance zinc removal
from wastewater.

Biological treatment methods are considered as
cheap technologies in terms of capital and operational
cost. Depending on the objective of the process, biologi-
cal treatment and bioreactor configuration can be
achieved in different approaches such as aerobic, anox-
ic, and anaerobic processes. Micro-organisms are used
to remove water pollutants from wastewater. However,
biological treatment methods are not commonly used
for heavy metal removal from wastewater due to the
inhibitory effects and toxicity of heavy metals on the
microbial community. In order to overcome this con-
straint and at relatively low-cost, low-cost physical pro-
cesses have been adopted as a means to enhance
microbial tolerance and resistance toward heavy metal
toxicity and inhibition. The addition of powdered acti-
vated carbon derived from agricultural waste and solid
waste materials in biological treatment processes have
been explored but the application of precursors such as
microwave incinerated rice husk ash [12] and ground-
water treatment plant sludge (GWTPS) in biological
treatment process are still at infancy [13,14]. In addition
to their beneficial use in biological processes, it is also a
waste minimization approach.

The objective of this study was to examine the
performance of two identical bioreactors treating
zinc-contaminated synthetic wastewater, operated as
suspended growth and bio-physical modes at various
zinc concentrations. The influent and effluent Zn2+

concentrations as well as the mixed liquor volatile sus-
pended solids (MLVSS) were daily monitored.

2. Methodology

2.1. Wastewater preparation

Synthetic wastewater was prepared by daily dis-
solving an appropriate amount of ZnCl3 in tap water
according to the experimental plan. Purina Alpo, a
high organic substrate was daily added to the wastew-
ater to give a C:N:P ratio of about 100:24:3, which
meets the required minimum 100:5:1 ratio for domes-
tic wastewater. Synthetic wastewater was used in
order to provide consistent organic loading for a better
assessment of the bioreactors. The synthetic wastewa-
ter was characterized as follows COD 500 mg/L, BOD
220 mg/L, and TSS 500 mg/L. The pH of the wastew-
ater was kept between 7 and 7.5 by the daily addition
of 0.15 mL/L of phosphate buffer.

2.2. GWTPS preparation

GWTPS was collected from Air Kelantan Sdn.
Bhd., Malaysia, in muddy form. It was then dried at
105˚C for 24 h and grounded into powder. No further
modification was done to the GWTPS. The powdered
GWTPS biosorbent was then stored in a tight con-
tainer prior to use. Elemental composition analysis
shows that GWTPS contains high amount of Fe2O3.

2.3. Bioreactor setup

Two rectangular biological reactors of equal size
were made from acrylic glass (5-mm thick). The
dimension of the bioreactors were 37 × 17 × 25 cm
(length × width × height) and have an individual total
volume of 8.5 L. A settling compartment was made in
the reactors by means of baffle to retain biomass (7 cm
from the length) near the effluent port. The influent
port was located 4 cm from the bottom and was oper-
ated in upflow pattern. The effluent port was located
17 cm from the bottom, opposite the influent port. The
bottom of the reactors were equipped with six hori-
zontal long air tube diffusers to circulate fine air bub-
ble in upflow pattern, throughout the reactor. The
bioreactors were operated at constant aeration (DO
concentration of about 3–4 mg/L). Seed sludge with a
mixed liquor suspended solid (MLSS) concentration of
about 4 g/L was collected from the domestic wastewa-
ter treatment plant in Universiti Teknologi PETRO-
NAS (UTP), Malaysia. The influent flow to the
bioreactors was fixed at 7 L/d (HRT 29.1 h) using a
Masterflex Precision Pump. The study was carried out
in eight experimental phases consisting of different
Zn2+ concentrations as shown in Table 1.

2.4. Bioreactor operation

The experiment was conducted in eight different
phases. In phase 1 (day 1–12), the seed sludge and the

Table 1
Experimental plan

Phase Concentration Days

1 Acclimation 1–12
2 Addition of GWTPS 13–29
3 Zn2+ dosage 0.5 mg/L 30–47
4 Zn2+ dosage 1.0 mg/L 48–64
5 Zn2+ dosage 2.0 mg/L 65–79
6 Zn2+ dosage 5.0 mg/L 80–96
7 Zn2+ dosage 10.0 mg/L 97–112
8 Zn2+ dosage15.0 mg/L 113–125

S.R.M. Kutty et al. / Desalination and Water Treatment 57 (2016) 28932–28938 28933



wastewater (without the addition of heavy metal)
were allowed to acclimate in both the suspended
growth and bio-physical bioreactors, respectively. In
phase 2 (day 13–29), 2,000 mg of GWTPS was added
to the bio-physical bioreactor and further acclimation
was given to both bioreactors until day 29. In phase 1
and 2, the sludge age was controlled through wasting.
GWTPS (2,000 mg) was daily added to the bio-
physical bioreactor throughout phase 2 (taking into
consideration, GWTPS wasted daily). In phase 3 (day
30–47), influent Zn2+ concentration of 0.5 mg/L was
applied to both bioreactors. In phase 4 (day 48–64),
influent Zn2+ concentration was increased to 1.0 mg/L
in both bioreactors. Henceforth, 100 mg of GWTPS
was added daily into the bio-physical bioreactor. The
purpose was to prevent GWTPS from reaching the
exhaustion point, where all GWTPS becomes saturated
with heavy metal. In phase 5 (day 65–79), influent
Zn2+ concentration was increased to 2.0 mg/L. In
phases 6 (day 80–96), 7 (day 97–112) and 8 (day
113–125), influent Zn2+ concentration was increased to
5, 10, and 15 mg/L, respectively, for both reactors.
The influent and effluent samples were collected daily
and the performance of both reactors was monitored
for more than 4 months. Zn2+ concentration was mea-
sured using Zincon method (HACH 8009) while the
solids (MLSS and MLVSS) were analyzed according to
standard methods Number 2540 E.

3. Results and discussion

The time course profile for Zn2+ removal from the
suspended growth and bio-physical bioreactors is pre-
sented in Fig. 1 whereas the percentage removal is
depicted in Fig. 2. The impact of Zn2+ on the microbial
community in both bioreactors is shown in Fig. 3.
Phase 1 of the experiment was acclimation phase.

The MLSS on day 12 were about 6.3 and 6.0 g/L (fig-
ure not shown) whereas the MLVSS were 3.78 and
3.79 g/L for the suspended and bio-physical bioreac-
tors, respectively. There was no notable difference in
the concentration of the MLSS and MLVSS for both
bioreactors at this phase. No Zn2+ was applied to the
bioreactors at this stage (day 1–12). In phase 2 (day
13–29), the acclimation period was extended by the
addition of GWTPS into the bio-physical bioreactor. It
was observed at the end of this phase that the MLSS
increased to 6.7 and 7.1 g/L for the suspended growth
and bio-physical bioreactors, respectively. The notable
increase in the concentration of the solids in the bio-
physical bioreactor was as a result of the addition of
the powdered biosorbents (GWTPS) into the system.
However, the MLVSS concentration in the suspended
growth bioreactor was higher (4.4 g/L) when com-
pared with the bio-physical bioreactor (4.03 g/L).
Phase 3 started on day 30 with an influent Zn2+ con-
centration of 0.5 mg/L in both bioreactors. A steady
state condition was observed on day 47 for both biore-
actors. Zn2+ removal was more prominent in the bio-
physical bioreactor in this phase. The Zn2+ removal
for the suspended growth and bio-physical bioreactors
was 72% (0.14 mg/L) and 92% (0.04 mg/L), respec-
tively. The MLSS increased from 6.7 to 6.8 g/L in the
suspended growth bioreactor and 7.1 to 7.7 g/L in the
bio-physical bioreactor. The MLVSS also increased
from 4.4 to 4.6 g/L for the suspended growth bioreac-
tor and 4.03 to 4.8 g/L for the bio-physical bioreactor.
The suspended growth and bio-physical bioreactors
demonstrated remarkable stability to Zn2+ concentra-
tion in this phase, which resulted in the increase in
the MLVSS concentration. However, the rate of
increase in the MLVSS concentration in the suspended
growth bioreactor (0.2 g/L) was markedly inferior to
the bio-physical bioreactor (0.77 g/L). In phase 4 (day
48), influent Zn2+ concentration was increased to
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1 mg/L. An increase in Zn2+ effluent concentration
was observed in the suspended growth bioreactor and
reached about 0.24 mg/L on day 64. On the contrary,
no significant increase in the effluent Zn2+ concentra-
tion of the bio-physical bioreactor was observed. The
percentage removal of Zn2+ in the suspended growth
and bio-physical bioreactors in this phase was 76 and
92%, respectively. The MLSS and MLVSS for both
bioreactors decreased. In the suspended growth biore-
actor, the MLSS decreased from 6.8 g/L in phase 3 to
6.5 g/L in phase 4 whereas the MLVSS decreased
from 4.6 g/L in phase 3 to 4.5 g/L in phase 4. In the
bio-physical bioreactor, the MLSS also decreased from
7.7 g/L in phase 3 to 7.1 g/L in phase 4 whereas the
MLVSS decreased from 4.8 g/L in phase 3 to 4.5 g/L
in phase 4. In phase 5 (day 65), influent Zn2+ concen-
tration was increased to 2 mg/L. In line with earlier
observation, the effluent Zn2+ concentration increased
in the suspended growth (0.55 mg/L) and bio-physical
bioreactors (0.17 mg/L) on day 78, respectively. The
removal of Zn2+ for the suspended growth bioreactor
decreased from 76% in phase 4 to 72.5% in phase 5.
However, no change (91.5%) was observed in the
removal efficiency of Zn2+ in the bio-physical bioreac-
tor in phase 5. The MLSS of the suspended growth
and bio-physical bioreactors further decreased to 6.1
and 6.5 g/L with a slight decrease in the MLVSS to
4.3 and 4.4 g/L, respectively. In phase 6 (day 79),
influent Zn2+ concentration was increased to 5 mg/L.
The effluent Zn2+ concentration was remarkably high
for the suspended growth bioreactor (1.59 mg/L) com-
pared to the bio-physical bioreactor (0.22 mg/L) at
steady state (day 95). The Zn2+ removal efficiency fur-
ther decreased to 68.2% for the suspended growth
bioreactor but increased to 95.6% for the bio-physical
bioreactor. The MLSS and MLVSS of the suspended

growth bioreactor decreased to 5.7 and 4.1 g/L,
respectively. In the bio-physical bioreactor, the MLSS
and MLVSS increased to 7 and 4.6 g/L, respectively.
In phase 7 (day 96), influent Zn2+ concentration was
increased to 10 mg/L. The effluent Zn2+ concentration
of the suspended growth bioreactor increased and
reached about 2.97 mg/L on day 112 with a removal
efficiency of about 70.3%. In the bio-physical bioreac-
tor, the effluent Zn2+ concentration was stable
(0.2 mg/L) on day 112 with a removal efficiency of
about 98%. The MLSS and MLVSS in the suspended
growth bioreactor decreased to 5.3 and 3.5 g/L,
respectively. In the bio-physical bioreactor, the MLSS
and MLVSS also decreased to 6.6 and 4.1 g/L, respec-
tively. In phase 8 (day 113), influent Zn2+ concentra-
tion was further raised to 15 mg/L. The effluent Zn2+

concentration in the suspended growth bioreactor was
very high (6.2 mg/L) at steady state on day 125 but
lower for the bio-physical bioreactor (1.56 mg/L). The
suspended growth and bio-physical bioreactors
achieved Zn2+ removal of 59 and 90%, respectively.
The MLSS and MLVSS for both bioreactors decreased
(4.6 and 2.6 g/L for the suspended growth bioreactor)
and (5.9 and 3 g/L for the bio-physical bioreactor).
With a remarkable decrease in the performance of the
suspended growth bioreactor in phase 8, the experi-
ments were terminated.

3.1. Discussion

It is well known that micro-organisms can oxidize
organic contaminants to carbon dioxide but cannot
oxidize heavy metals because metals are not
biodegradable [15]. However, micro-organisms can
alter the metal speciation and transform metals from
one chemical form to another, which are easily precip-
itated or volatized from solution [15,16].

Micro-organisms are typically small in size and
possess a high surface area to volume ratio, which
provide a considerable contact area for interaction
with metals in activated sludge process [16]. Micro-
organisms possess a number of functional sites such
as imidazole, carboxyl, amino, sulphydryl, sulfate,
phosphate, carbonyl, thioether, phenol, hydroxyl moi-
eties, and amides. These functional sites have different
affinities for metals due to their cell wall compositions
[17]. The cell wall of micro-organisms is also relatively
abundant with macromolecules such as polysaccharide
and glycoproteins (glucans, mannans, chitin, and
phosphomannans) which contains metal binding
ligands [18].

The basic principles for the removal of heavy metal
by micro-organisms are bioaccumulation, biosorption,
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and bioreduction. Different mechanisms such as pre-
cipitation, adsorption, complexation, and active intra-
cellular transport are involved in bioaccumulation
[16]. Heavy metal accumulation could occur through
passive sorption (independent of metabolism) or by
intracellular active uptake (metabolism dependent).
Passive heavy metal accumulation could be affected
by the surface properties of the micro-organisms such
as charge, cellular functional groups, metal speciation,
and chemistry [16]. For instance, the surfaces of the
isolated cell wall of Rhodococcus erythropolis possess
about three groups of metal binding sites [19] whereas
numerous metal binding sites were detected on the
cell surface of Pseudomonas atlantica [20]. Biosorption
of heavy metal by micro-organisms involves various
physico-chemical processes through which metal spe-
cies are removed from aqueous solution and usually
occur at the cell wall of micro-organisms [21]. The
sorption of heavy metals by micro-organisms depends
on the basic principle of electrostatic interaction
between metal ions and the exposed functional groups
on the microbial cell surface. Such interaction can
cause the nucleation and build-up of more metal ions
and counter ions at the reactive sites and also enable
the aggregates to grow. Furthermore, micro-organisms
can produce extracellular macromolecules such as pro-
tein, DNA, and RNA which have high metal binding
capacity [16].

The surface characteristics of micro-organisms play
a significant role for metal accumulation and the
capacity of these functional groups to accumulate met-
als varies [16]. For instance, the bacteria strains which
produced the LamB hybrids with the “His” chain in
the outer membrane protein of Escherichia coli have a
higher accumulating capacity (11-fold more Cd2+) than
cells without the “His” ligand on the protein molecule
[22]. Micro-organisms can produce extracellular mela-
nins in response to metal toxicity. Furthermore, sub-
stances within a growth medium can result to the
formation of various functional groups on the cell sur-
face of micro-organisms. For instance, cysteine, glu-
cose, ammonium, and phosphate can insert the S and
N-ligands, C-ligands, N-ligands, and P-ligands on the
cell surface of Saccharomyces cerevisiae, respectively
[23]. Cell density can also influence metal accumula-
tion. At higher biomass concentrations, microbial cells
in suspension can affix to each other and lower the
contact between the cell surface area and the solution
[16]. Several other physico-chemical factors such as
pH and ionic strength also influence the magnitude of
bioaccumulation.

Heavy metal can be toxic to micro-organisms at
concentrations higher than the minimal inhibitory con-
centration [24]. However, some heavy metals are

essential for microbial composition and activity [16].
Heavy metal tolerance could be expressed as the
capacity to withstand metal toxicity through the
intrinsic properties of the micro-organisms whereas
resistance represents the capacity to survive metal
toxicity through detoxification mechanisms. Micro-
organisms can response to toxic metals by transport-
ing the metals outside the cells through alkylation or
efflux pumps, or by transformation into a harmless
form by producing ligands [16,25]. The bacteria resis-
tance to heavy metal toxicity can arise from non-
specific mechanisms such as cellular impermeability
or by specific resistance transfer factors that result in
the uptake of free metal cations [25,26]. Micro-organ-
isms can also respond to metal toxicity by producing
metallothioneins (MTs) which are cysteine-rich protein
molecules that can bind metal ions and sequester them
into biologically innocuous forms. However, intracel-
lular metal uptake by MTs has proved less effective
than the extracellular uptake [27].

A removal trend was established for both the sus-
pended growth and bio-physical bioreactors, respec-
tively. In the suspended growth bioreactor, Zn2+

removal efficiency increased with increasing influent
Zn2+ concentration from 0.5 to 1.0 mg/L (phase 3–4)
but fluctuated with further increase in influent Zn2+

concentration (phase 5–8). Similarly, effluent Zn2+ con-
centration increased with increasing Zn2+ concentra-
tion from phase 2 to phase 8. In the bio-physical
bioreactor, Zn2+ removal efficiency was stable from
phase 2 to phase 6, increased in phase 7, and
decreased in phase 8. The effluent Zn2+ concentration
increased from phase 2 to phase 6 but decreased from
phase 7 to 8. Several factors such as pH, concentration,
sludge concentration, metal species, and solubility
influence metal toxicity to micro-organisms [28,29]. It
is also well known that micro-organisms are sensitive
to a wide range of organic and inorganic toxic com-
pounds. At concentrations above their threshold,
metabolic activities significantly reduce [30].

The performance of the suspended growth bioreac-
tor decreased from phase 5 until phase 8. This indicated
that the microbial threshold limit could have been
attained. The addition of small concentration of heavy
metals into a microbial environment results in cell
growth until the threshold concentration is surpassed
and a relative decrease in the stimulation effect is
noticed [31]. Further increase in heavy metal concentra-
tion will adversely affect the cell growth until the com-
plete decrease in microbial activity and system failure
[31]. Thus, from phase 5 to phase 8, the suspended
growth bioreactor was inhibited by toxicity and a rela-
tive decrease in the growth rate (MLVSS) was observed.
Similar observation was made elsewhere [13]. As the

28936 S.R.M. Kutty et al. / Desalination and Water Treatment 57 (2016) 28932–28938



MLVSS concentration decreases in the suspended
growth bioreactor, Zn2+ removal efficiency decreased
and the effluent concentration increased. The critical
point for the suspended growth bioreactor was phase 4
(1 mg/L). Heavy metal inhibitory effect at higher con-
centration (phase 5) was observed and resulted to sig-
nificant decrease in the removal of Zn2+. A similar
observation is reported elsewhere [32].

For the bio-physical bioreactor, no significant Zn2+

impact was noticed throughout the study. Although
Zn2+ removal in phase 8 was high (90%), the effluent
concentration increased (1.56 mg/L) and the MLVSS
concentration decreased to 3 g/L. A slight decrease in
biosorption was observed in the bio-physical bioreac-
tor in phase 8. At the initial phases, Zn2+ could build
up in both bioreactors and cause damage on the living
cells, resulting to partial loss of sorption abilities and
the release of accumulated metal into the solution in
the later phases [32]. Heavy metals can damage sur-
faces of living cells and leach accumulated compounds
into the solution [33]. However, the bio-physical biore-
actor demonstrated that immobilized biomass has
higher potential for metal accumulation. GWTPS pro-
vided an immobile inert medium for biomass attach-
ment. The higher Zn2+ removal in the bio-physical
bioreactor could be attributed to direct metal binding
to the micro-organisms, chelation to GWTPS, and
complexation. Zn2+ removal of 90% from the bio-phys-
ical bioreactor in phase 8 indicated that the bioreactor
was yet to reach its critical point and can tolerate
higher Zn2+ concentrations. For instance, it is reported
that the accumulation of Cd2+ on the fungus “Rhizopus
oligosporus” was higher in the cells immobilized with
polyurethane foams (34.25 mg/g) than suspended cells
(17.09 mg/g) [34]. Furthermore, in the case of GWTPS,
the immobilized material (matrix) can contribute its
own properties (Fe2O3) to enhance metal accumulation
and precipitation.

4. Conclusion

Heavy metal was successfully removed from aque-
ous solution in this study. Two identical bioreactors
were operated in the suspended growth and bio-phys-
ical modes, respectively. It was observed that the
removal capacity of both bioreactors differed based on
the concentration of heavy metal applied. While the
performance of the suspended growth bioreactor
decreased in phase 5 due to heavy metal inhibitory
effect and toxicity, the bio-physical bioreactor was
stable throughout the study. In phase 8, the removal
efficiency of the suspended growth and bio-physical
bioreactors were 58.7 and 90%, respectively. Micro-
organisms offer high potential for metal removal with

appreciable operational flexibility in situ or ex situ
using various bioreactor configurations. Biological pro-
cesses are therefore a viable option for heavy metal
removal because micro-organisms can accommodate a
wide variety of contaminants including both organic
and inorganic compounds. It is important to note that
micro-organisms do not destroy metals but transform
them into more innocuous forms. This study, therefore
demonstrates that solid waste materials from ground-
water treatment plants could be put to beneficial use
in biological systems, to improve microbial resistance
and tolerance toward heavy metal toxicity.
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copper and lead by natural zeolite—A comparison of
adsorption isotherms, Water Res. 38 (2004) 1893–1899.

[6] E.H. Ezechi, S.R.b.M. Kutty, M.H. Isa, M.S. Liew,
Application of response surface methodology for the
optimization of hexavalent chromium removal using a
new low-cost adsorbent, Desalin. Water Treat. (2015)
1–12.

[7] K. Kongolo, M. Mwema, A. Banza, E. Gock, Cobalt
and zinc recovery from copper sulphate solution by
solvent extraction, Miner. Eng. 16 (2003) 1371–1374.

[8] K. Trivunac, S. Stevanovic, Removal of heavy metal
ions from water by complexation-assisted ultrafiltra-
tion, Chemosphere 64 (2006) 486–491.

[9] H.K. Hansen, L.M. Ottosen, B.K. Kliem, A. Villumsen,
Electrodialytic remediation of soils polluted with Cu,
Cr, Hg, Pb and Zn, J. Chem. Technol. Biotechnol. 70
(1997) 67–73.

[10] T.A. Kurniawan, G.Y. Chan, W.-H. Lo, S. Babel, Phy-
sico-chemical treatment techniques for wastewater
laden with heavy metals, Chem. Eng. J. 118 (2006)
83–98.

S.R.M. Kutty et al. / Desalination and Water Treatment 57 (2016) 28932–28938 28937



[11] A.H. Veeken, L. Akoto, L.W.H. Pol, J. Weijma, Control
of the sulfide (S2−) concentration for optimal zinc
removal by sulfide precipitation in a continuously stir-
red tank reactor, Water Res. 37 (2003) 3709–3717.

[12] S.R.M. Kutty, E.H. Ezechi, S. Khaw, C. Lai, M.H. Isa,
Evaluation of copper removal using MIRHA as an
adsorbent in a continuous flow activated sludge sys-
tem, Water Pollut. XII 1 (2014) 233–244.

[13] S.R.M. Kutty, E.H. Ezechi, S. Khaw, C. Lai, M.H. Isa,
Comparison of the effect of two support materials on
copper removal from aqueous solution in the acti-
vated sludge process, Energy Sustain. V: Spec. Con-
trib. 1 (2015) 149–159.

[14] S.R.M. Kutty, S. Khaw, C. Lai, M.H. Isa, Removal of
copper using groundwater treatment plant sludge
(GWTPS) adsorbent in continuous flow activated
sludge system, Recent Adv. Urban Plann. Constr.
(2013) 76–82.

[15] D.R. Lovley, J.D. Coates, Bioremediation of metal con-
tamination, Curr. Opin. Biotechnol. 8 (1997) 285–289.

[16] M. Ledin, Accumulation of metals by microorganisms
—Processes and importance for soil systems, Earth
Sci. Rev. 51 (2000) 1–31.

[17] H. Eccles, Removal of heavy metals from effluent
streams—Why select a biological process? Int. Biodete-
rior. Biodegrad. 35 (1995) 5–16.

[18] S.S. Ahluwalia, D. Goyal, Microbial and plant derived
biomass for removal of heavy metals from wastewa-
ter, Bioresour. Technol. 98 (2007) 2243–2257.

[19] A.C. Plette, W.H. van Riemsdijk, M.F. Benedetti, A.
van der Wal, pH dependent charging behavior of iso-
lated cell walls of a gram-positive soil bacterium, J.
Colloid Interface Sci. 173 (1995) 354–363.

[20] T. Rudd, R. Sterritt, J. Lester, Formation and condi-
tional stability constants of complexes formed between
heavy metals and bacterial extracellular polymers,
Water Res. 18 (1984) 379–384.

[21] G.M. Gadd, Bioremedial potential of microbial mecha-
nisms of metal mobilization and immobilization, Curr.
Opin. Biotechnol. 11 (2000) 271–279.

[22] C. Sousa, A. Cebolla, V. de Lorenzo, Enhanced metal-
loadsorption of bacterial cells displaying poly-His
peptides, Nat. Biotechnol. 14 (1996) 1017–1020.

[23] A. Engl, B. Kunz, Biosorption of heavy metals by Sac-
charomyces cerevisiae: Effects of nutrient conditions, J.
Chem. Technol. Biotechnol. 63 (1995) 257–261.

[24] A. Hassen, N. Saidi, M. Cherif, A. Boudabous, Resis-
tance of environmental bacteria to heavy metals,
Bioresour. Technol. 64 (1998) 7–15.

[25] R. Sterritt, J. Lester, Interactions of heavy metals with
bacteria, Sci. Total Environ. 14 (1980) 5–17.

[26] Z. Hu, K. Chandran, D. Grasso, B.F. Smets, Effect of
nickel and cadmium speciation on nitrification inhibi-
tion, Environ. Sci. Technol. 36 (2002) 3074–3078.

[27] W. Chen, F. Bruhlmann, R.D. Richins, A. Mulchan-
dani, Engineering of improved microbes and enzymes
for bioremediation, Curr. Opin. Biotechnol. 10 (1999)
137–141.

[28] K.B. Chipasa, Accumulation and fate of selected heavy
metals in a biological wastewater treatment system,
Waste Manage. (Oxford) 23 (2003) 135–143.

[29] P. Madoni, D. Davoli, G. Gorbi, L. Vescovi, Toxic
effect of heavy metals on the activated sludge proto-
zoan community, Water Res. 30 (1996) 135–141.

[30] M. Eddy, Wastewater Engineering, Treatment and
Reuse, fourth ed., McGraw Hills Publishers,
New York, NY, 2004.

[31] P. Gikas, P. Romanos, Effects of tri-valent (Cr(III)) and
hexa-valent (Cr(VI)) chromium on the growth of acti-
vated sludge, J. Hazard. Mater. 133 (2006) 212–217.

[32] S. Khor, S. Ng, P. Lim, C. Seng, The effects of nickel
(II) and chromium(VI) on oxygen demand, nitrogen
and metal removal in a sequencing batch reactor, Env-
iron. Technol. 32 (2011) 1903–1914.
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