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HIGHLIGHTS

GRAPHIC ABSTRACT

* An-RBC reactor is highly suited to treat metallic
wastewater.

* Metal removal is due to sulfide precipitation via
sulfate reduction by SRB.

* Cu(IT) removal was the best among the different
heavy metals.

* Maximum metal removal is achieved at low
metal loading condition.

* Metal removal matched well with the solubility
product values of respective metal sulfide salts.
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ABSTRACT

This study was aimed at investigating the performance of anaerobic rotating biological contactor
reactor treating synthetic wastewater containing a mixture of heavy metals under sulfate reducing
condition. Statistically valid factorial design of experiments was carried out to understand the
dynamics of metal removal using this bioreactor system. Copper removal was maximum (>98%),
followed by other heavy metals at their respective low inlet concentrations. Metal loading rates less
than 3.7 mg/L-h in case of Cu(Il); less than 1.69 mg/L-h for Ni(II), Pb(II), Zn(II), Fe(III) and Cd(II)
are favorable to the performance of the An-RBC reactor. Removal efficiency of the heavy metals from
mixture depended on the metal species and their inlet loading concentrations. Analysis of metal
precipitates formed in the sulfidogenic bioreactor by field emission scanning electron microscopy
along with energy dispersive X-ray spectroscopy (FESEM-EDX) confirmed metal sulfide precipitation
by SRB. All these results clearly revealed that the attached growth biofilm bioreactor is well suited for
heavy metal removal from complex mixture.

© Higher Education Press and Springer-Verlag GmbH Germany, part of Springer Nature 2018

1 Introduction

Natural water bodies, such as rivers, lakes, marine

environment, etc. encounter heavy metal toxicity either
due to natural or human developmental activities (Sema et
al., 2012). Among the many developmental activities,
industries that discharge metallic wastewater, e.g. acid
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mine drainage (AMD), are responsible for the various
soluble metals and sulfate in the environment (Min et al.,
2008). Performance of wastewater treatment system is
often prone to deterioration owing to an elevated
contamination of sulfate and heavy metals in the waste-
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water, thereby posing serious threat to the environment and
the ecosystem (Sema et al., 2012; Kiran et al., 2016).

Metabolic activity of sulfate reducing bacteria (SRB)
can reduce sulfate present in metallic wastewater to sulfide
(Kaksonen and Puhakka, 2007), and microbial sulfate
reduction coupled to the high affinity of sulfide to form
insoluble metal sulfides with metal ions is marked as a key
substitute to treat wastewater containing both metals and
sulfate (Bai et al., 2008; Jiménez-Rodriguez et al., 2009;
Teclu et al., 2009; Velasco et al., 2008). Metals in
wastewater invariably occur as mixture and often interfere
with biological treatment systems to a great extent by
manifesting toxic effects than the individual metals (Wang
et al., 2009).

The collective effect of a mixture of metals can be either
superior than the sum of each metal effect (synergy) or
equivalent to the summation of each individual metal effect
(additive effect) (Utgikar et al., 2004; Gikas, 2007) or
lesser than their sum due to antagonistic effect (Utgikar et
al., 2004). Hence, metals in mixture present a different
effect on microorganisms in a biological treatment system
than the individual metals themselves (Sema et al., 2012).
Furthermore, it is well reported that results from batch
experiments cannot be extrapolated to comprehend the
collective effect of two or more heavy metals on their
continuous removal by SRB (Chen et al., 1997; Hu et al.,
2004; Sen et al., 2007).

In a study using packed bed bioreactor (PBR) for
treating mine wastewater with a novel marine waste extract
(MWE) as an alternative nitrogen source for the growth of
SRB, Dev et al. (2016) reported 62%-66% of sulfate
removal and 66%—-75% of metal removal (Fe, Cu, Zn, Mn,
Mg and Ni) at a very high hydraulic retention time (HRT)
of 120 h. The authors also demonstrated that MWE can
serve as a cheap and alternative source of nitrogen for
enhancing SRB growth compared with any commercially
available sources. However, the removal efficiency values
of metal and sulfate removal are low when compared with
the values reported in the literature (Robinson-Lora and
Brennan, 2009), which can be attributed to differences in
the (i) heavy metals used and its initial concentration, (ii)
microbial community, (iii) reactor operating conditions
followed and (iv) reactor configuration (Kaksonen and
Puhakka, 2007; Kiran et al., 2017a).

Dev et al. (2017) followed Taguchi design of experi-
ments to optimize batch process parameters (pH, HRT,
MWE, sulfate and total organic carbon (TOC)) involved in
heavy metal removal by sulfate reduction. At an optimum
level of these parameters, the authors operated a PBR with
SRB biomass for nearly 150 days to treat acid mine
drainage (AMD) collected from two different sources.
More than 949%-98% removal efficiency of heavy metals
(Fe, Cu, Zn, Mg and Ni) was reported except in the case of
Mn, for which, the removal was 28%-38% (Dev et al.,
2017). Guo et al. (2017) conducted bioassessment of heavy
metal toxicity and investigated heavy metal removal from

single and multi-metal solutions using by SRB or SRB
with zero valent iron. The SRB with zero valent iron
showed better results than SRB in terms of high sulfate
reduction and heavy metal removal (Cr, Mn, and Zn)
values (Guo et al., 2017). These results also showed that
zero valent iron synergistically supported high level of
sulfate reduction which further enhanced the metal
removal (Guo et al., 2017).

Zhang and Wang (2016) used an up-flow anaerobic
packed bed bioreactor (UAPBR) filled with immobilized
SRB granules for treating AMD containing high concen-
tration of heavy metal (Fe, Cu, Zn, Mn and Cd). More than
99.9% removal of Fe, Cu, Zn and Cd and 42.1%—-99.3% of
Mn were reported. Maximum removal of Fe, Zn, Cu and
Cd was obtained due to their low solubility product
constant values with sulfide as compared with low removal
of Mn which has a high sulfide solubility product value.
Moreover, Mn removal was mainly attributed to hydroxide
or carbonate precipitation (Zhang and Wang, 2016).
Similar to this study, Zhang et al. (2016) reported a high
removal of sulfate (61%—-88%) and heavy metal (>99.9%)
from synthetic AMD containing high concentrations of Fe,
Cu, Cd and Zn using an UAPBR filled with novel
immobilized SRB beads. Using this reactor system, not
only very high removal of the heavy metals was achieved,
but also it demonstrated very good tolerance of the
immobilized SRB beads to high concentrations of heavy
metals in the wastewater (Zhang et al., 2016).

For continuous metal removal from mixture by SRB,
reactor configuration is a very important factor affecting
the SRB activity and therefore, its performance. Among
the different sulfidogenic reactors, anaerobic rotating
biological contactor (An-RBC) reactor has been recently
shown to be effective for removing metals under sulfate
reducing conditions (Kiran et al., 2017a). However, its
ability to treat wastewater containing a mixture of heavy
metals under high metal loading condition has not been
investigated so far. Hence, this study is aimed at
investigating the performance of An-RBC reactor for
continuous metal removal from mixture in which, the SRB
exist mainly as passively attached biofilm onto its rotating
discs. The bio-precipitates formed in the reactor were
further characterized using field emission scanning
electron microscope integrated with energy dispersive X-
ray spectroscopy (FESEM-EDX) to understand the metal
removal mechanism involved.

2 Materials and methods
2.1 Biomass source and wastewater composition

Mixed SRB consortia used in this study was acquired from
a laboratory scale 10 L capacity packed bed reactor treating
sulfate rich wastewater (Brahmacharimayum and Ghosh,
2014; Kiran et al., 2016; Kiran et al., 2017b). Microbial
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community analysis of the biomass showed that the SRB
consortium consisted of Desulfovibrio. species (Brahma-
charimayum and Ghosh, 2014). Modified Postgate med-
ium for the SRB growth consisted of (g/L): 1 NH4Cl, 1.47
Na,SO,, 0.1 ascorbic acid, 0.2 tri-sodium citrate, 0.1
CaCl, - 2H,0, 0.2 bromo ethane sulfonic acid (BESA) (Jin
et al., 2007), 0.2 EDTA (Saifullah et al., 2009), 0.5
KH,POy4, 0.15 FeSO,4:7H,O (Postgate, 1984). Sodium
lactate (60% v/v) was used as the carbon source.
Concentrations of sulfate and chemical oxygen demand
(COD) in the influent were adjusted so as to obtain a COD/
sulfate ratio of 0.6740.08 (Rinzema and Lettinga, 1998).
The influent pH was adjusted to 7 using 1N NaOH. All the
reagents and chemicals used in this study were of
analytical grade.

2.2 Heavy metal removal experiments

The details of An-RBC reactor (passive biofilm bioreactor)
used to study heavy metal removal from mixture under
high inlet loading condition can be found in our previous
work (Kiran et al., 2017a). Schematic of the An-RBC
reactor used in this study is provided in Fig. la.
Photograph of experimental setup showing the An-RBC
reactor with the immobilized SRB on its discs is shown in
Fig. 1b. Owing to its attached/immobilized form in the
reactor, the amount of biomass present could not be
precisely determined, for example, as mixed liquid
suspended solids (MLSS) or mixed liquor volatile
suspended solids (MLVSS), which are however, com-
monly reported for characterizing the amount of suspended
biomass present in any biological system. The statistically
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valid fractional factorial design (FFD) was employed for
carrying out the experiments involving different combina-
tion levels of Cd(II), Fe(Ill), Zn(Il), Cu(Il), Pb(IT) and Ni
(II) in the influent wastewater.

Table 1 presents the FFD experiments with different
metal combination levels highlighting high metal loading
conditions. Heavy metal concentration levels shown in
Table 1 are chosen in view of the results obtained from a
previous study using SRB immobilized An-RBC bior-
eactor (Kiran et al.,, 2017a). The results of heavy metal
removal under high metal loading conditions were
statistically analyzed in terms of student’s ¢ test and
analysis of variance (ANOVA) to comprehend the
collective effect of mixture of metals on each other
removal. Low metal combination levels in the mixture
always yielded maximum removal (90%) of the corre-
sponding metals in mixture except Ni(II), which is more
than 66%. Minitab (Version 16, PA, USA), a statistical
software was employed for the FFD and for statistical
analysis of the results.

Metal stock solutions each of 100 g/L concentration
were prepared using CuCl,-2H,O, Zn(NOs),:6H,O0,
FCC13 : 6H20, N1C12 : 6H20, Cd(NO3)2 : 4H20 and
PbNO;. Desired concentration of the metals as per the
FFD was obtained by adding corresponding metal stock
solution to the modified Postgate medium mentioned
earlier. All experiments were carried out at 48 h hydraulic
retention time (HRT) and at an ambient temperature of
2542°C (Kiran et al., 2017a). Samples collected from
outlet of the reactor at regular time intervals were analyzed
for sulfate, COD, metal and sulfide concentrations.

Sulfate, metal and COD concentration in the samples

Speed control motor

‘ Reactor vessel | | Sampling porls‘

Inlet

Disc with immobilized
sulfate reducing bacteria

OQutlet  Gas trap

Fig. 1 (a) Schematic of the An-RBC reactor; (b) photograph of experimental setup showing the An-RBC reactor with the immobilized

SRB on its discs
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Table 1 Fractional factorial design of experiments presenting different heavy metal combination levels highlighting high metal loading condition in
the study

Experimental runs Cd Cu Ni Fe Pb Zn
1 90 175 90 50 90 50
2 50 175 90 50 50 50

3 50 100 90 50 90 75

4 50 100 90 90 90 50

5 50 100 50 50 50 50

6 50 175 50 90 90 50

7 90 100 90 90 50 50

8 90 100 50 90 90 75

9 70 1375 70 70 70 62.5
10 50 100 50 90 50 75
1 90 100 50 50 90 50
12 50 175 90 90 50 75
13 50 175 50 50 90 75
14 90 100 90 50 50 75
15 90 175 90 90 90 75
16 70 137.5 70 70 70 62.5
17 70 137.5 70 70 70 62.5
18 90 175 50 920 50 50
19 90 175 50 50 50 75

were determined as per the methods explained in American
Public Health Association (APHA) (APHA, 2005). Sulfide
concentration in the samples was measured as per the
method outlined by Cord-Ruwisch (1985). Each experi-
mental run as per the FFD was carried out for a period until
three steady-state values of effluent heavy metal concen-
tration were obtained at 48 h HRT interval. Results
reported are average of three steady-state values.

2.3 Metal bio-precipitates characterization using FESEM-
EDX

Metal precipitates obtained from experimental run 5,
which yielded a maximum heavy metal removal efficiency
in this study were analyzed for its elemental composition
and morphology using FESEM-EDX (Zeiss, Sigma,
Germany) as per the method described by Cao et al.
(2013).

3 Results and discussion

3.1 Removal of metal, sulfate and COD from wastewater

This study was mainly carried out to comprehend the
collective effect of mixture of metals commonly present in
metallic wastewater on each other removal using the An-

RBC reactor (passive biofilm bioreactor). Simultaneous
removal of Cu(Il), Zn(Il), Fe(I1I), Ni(II), Cd(II) and Pb(II)
using the An-RBC reactor is presented in Fig. 2(a-b).
Copper removal was maximum (98.4%), which is
followed by Zn(Il) (96%), Fe(Ill) (95%), Pb(1l) (93.5%),
Cd(II) (91%), and Ni(Il) (65.7%) at their respective low
inlet concentrations i.e., experimental run 5 with 50 mg/L
each of Ni(Il), Pb(Il), Fe(Ill), Cd(Il) and Zn(IT) and 100
mg/L of Cu(ll) (Fig. 2(a-b)). Metal removal was minimum
at their respective high inlet combinations in mixture
(experimental run 15; Table 1; Fig. 2(a—b)). These results
were slightly lower than the results of metal removal from
wastewater containing the individual metals in solution
(Kiran et al., 2017a). Hence, it is clear that the reactor
performance to treat wastewater is based on the metal and
their inlet loading concentrations. To gain further insight
into the high metal loading effect on the reactor
performance, metabolic activity of SRB was evaluated in
terms of wastewater COD removal, sulfate reduction
efficiency and sulfide generation.

Figure 2¢ presents the results of COD removal, sulfate
reduction efficiency and sulfide generated consequent to
the experimental runs using the An-RBC reactor. Max-
imum sulfate reduction efficiency was obtained at low
metal loading condition i.e., in experimental run 5 and in
experimental run 1 (>71%) (Fig. 2¢). Similarly, maximum
COD removal was obtained in experimental runs 5 and 2
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(>78%) (Fig. 2c) and sulfide generated was maximum in
experimental runs 4, 11, 8 and 5, respectively. However,
these values were reduced at high metal loading condition,
particularly in experimental run 15. Thus, the removal of
different heavy metals correlated well with sulfate
removal, confirming that the metal removal by SRB is
due to sulfide precipitation (Fig. 2). Copper removal was
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low sulfide solubility product value (Hill et al., 2005).
Removal of the other metals was also consistent with the
their respective sulfide solubility product values (Kiran et
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At low metal loading condition, the SRB activity is
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Fig. 2 Heavy metal removal: (a) Cd(Il), Cu(Il), Ni(II), (b) Fe(1lI), Pb(II) and Zn(II) and (c) COD removal, sulfate reduction and sulfide

generation using the An-RBC reactor
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removal values (Fig. 2¢). It is clear from Fig. 2b that sulfide
produced through sulfate reduction is high at a low metal to
sulfide (M/S?*) ratio value of less than 1, which aided in
metal removal by sulfide precipitation (Fig. 2(a-b)).
Moreover, it is apparent that any toxic effect posed by
the low residual metal concentration in solution on the
sulfate reduction process becomes extraneous. Metal
removal was reduced at a high loading condition due to
an increase in the M/S*" ratio value (Fig. 2¢) (Villa-Gomez
etal., 2015). A M/S? ratio value greater than 1 results in an
elevated residual concentration of metal, which is toxic to
the microorganism, thus hindering the sulfate reduction
activity and, consequently, its own removal (Fig. 2c)
(Villa-Gomez et al., 2015). Furthermore, a high residual
COD in the effluent is attributed to the formation of acetate
from lactate (Omil et al., 1996; Lens et al., 1998; Widdel,
1998; Nagpal et al., 2000).

3.2 Bio-precipitates characterization and metal removal
mechanism

Bio-precipitate analysis using FESEM-EDX was per-
formed to determine the elemental composition and
morphology of the bio-precipitates produced in the reactor.
Figure 3a represents the EDX spectrum of the precipitate
collected from experimental run 5 with its FESEM image
in the insert. X-ray dot mapping of the precipitates
obtained from experimental run 5 collected from the An-
RBC reactor is presented in Fig. 3b. The presence of sulfur
peak in the FESEM-EDX spectra (Fig. 3a) is attributed to
metal sulfide precipitation. Figure 3 confirms that the metal
removal mechanism is attributed to the precipitation of
metals as metal sulfide salts via sulfate reduction by SRB
in the reactor along with the occurrence of other elements
present in the liquid medium.

From FESEM-EDX results, it is evident that sulfide
peak is more prominent compared to other elements peaks,
revealing that metals were precipitated as metal sulfides
(Fig. 3), whereas the other forms, such as MCO;, M(OH),,
etc. are not considerable, where M is metal. X-ray dot
mapping of the precipitates (Fig. 3b) further reveal the
qualitative information about the presence and distribution
of different metals present in the wastewater. Sulfate and
COD reduction along with metal sulfide formation
illustrated by FESEM-EDX substantiate sulfidogenesis as
the prevailing mechanism for metal removal by SRB in the
reactor (Jin et al., 2007). Based on all these results,
schematic of the metal removal mechanism is depicted in
Fig. 4.

The combined effect of inlet metal concentration and
HRT on metal removal was examined by determining the
inlet metal loading rate (ILR) (mg/L-h) and the corre-
sponding metal removal rate (mg/L-h) as described in
Kiran et al. (2017a). Metal removal performance of the An-
RBC reactor as a function of ILR is depicted in Fig. 5,

which shows that low ILR values yielded maximum metal
removal efficiency. Whereas, at high ILR values of the
metals (metals at high inlet concentration), an inhibitory
effect on SRB activity was observed as evident from the
decrease in the metal removal rate and removal efficiency
(Fig. 5).

Stable performance of a reactor is generally indicated by
a line passing through the origin of the figure plotted
between metal removal rate and different inlet loading
conditions. The metal removal rate values that deviate
from the line passing through the origin signify that ILR
values beyond this point are unfavorable for achieving a
high metal removal using the An-RBC reactor (Kiran et al.,
2017a). Therefore, metal loading rates greater than 3.7 mg/
L-h in case of Cu(Il); more than 1.69 mg/L-h, in case of
other metals seem to be toxic and inhibitory to SRB
activity. Compared to the metal removal results from single
metal solutions (Kiran et al., 2017a), the removal rates of
Ni(Il), Fe(lll)and Zn(II) from mixture was reduced (Figs.
5S¢, 5d and 5f), which can be attributed to their competitive
effect for sulfide precipitation due to their similar solubility
product constant values. Whereas the removal rate of the
other metals was stable and unaffected in both single
(Kiran et al., 2017a) and multi-metal containing solutions
(Fig. 5).

Utgikar et al. (2004) in their study demonstrated that the
toxic effect of Zn and Cu in mixture was notably greater
than their individual toxic effect. In an another study using
an anaerobic semi continuous stirred tank reactor contain-
ing SRB for metal removal from mixture, Kieu et al. (2011)
reported about 94%-100% metal removal each of Cu, Ni,
Zn and Cr without any effect on the reactor performance. It
is evident from the results obtained from different studies
that the toxic and inhibitory effect of different metals on
SRB are controlled by parameters, such as pH, tempera-
ture, HRT, type of metal and its concentration, microbial
community and the bioreactor configuration (Kieu et al.,
2011).

Dev et al. (2016) reported that use of MWE enhanced
the growth rate of the bacteria in PBR and the metal
removal followed the order: Ni>Mg>Fe>Cu>Zn>Mn
which matched with the solubility product values of the
corresponding metal sulfide salts. The authors further
attributed the incomplete removal of metals at low sulfate
reduction efficiency, which strongly indicates the depen-
dence of metal removal on SRB activity in the PBR (Dev et
al., 2016).

Optimization of the operational parameters using
Taguchi design revealed that pH and MWE concentration
was the most significant followed by sulfate concentration,
HRT and TOC. At an optimum level of these process
parameters, the PBR system performed well for sulfate and
metal removal thereby, ensuring that these levels were
below the permissible limit for discharge of treated
wastewater into the environment (Robinson-Lora and
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Fig. 3 (a) EDX spectra and (b) X-ray dot mapping of the bio-precipitate collected from the An-RBC reactor during experimental run # 5
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Brennan, 2009). This study which was carried out at an  concentrations of Cu and Zn; the metal removal order
ambient temperature for more than 150 days also showed followed was Zn>Cu>Ni>Fe>Mg>Mn which as well
that the PBR can successfully treat AMD even with high  matched with the results reported by Dev et al. (2016). It is
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reported that combined toxicity of heavy metals in mixture
was not very strong in contrast to toxicity exhibited by
individual metals and the metal removal order followed in
the study was Zn>Mn>Cr (Guo et al., 2017).

In the present study, the better results obtained than
those found from the literature can be attributed to the use
of a different community of metal resistant SRB
consortium (Kiran et al., 2016, Kiran et al., 2017a;
2017b) and a different reactor configuration. This main
advantage of the An-RBC reactor is that it offers a high
interfacial area on its rotating discs for biomass growth and
attachment, thereby providing sufficient contact between
the microbes and contaminants present in the wastewater
(Pakshirajan and Kheria, 2012). Along with this attached
biomass, the suspended biomass present in the system
further improves the wastewater treatment efficiency, viz.
heavy metals, COD and sulfate removal (Kiran et al.,
2017a).

3.3 Statistical analysis

Analysis of variance (Table 2) and student ¢ test (Table 3)
were employed to bring out the collective effect of
different metals on the performance of the An-RBC
reactor at high metal loading conditions. In this ANOVA
table, a low probability (P) value and a high Fisher’s (F)
value of the regression model signify the model precision
in explaining the variations in the results (Montgomery,
2004). In this study, a low P value (P < 0.2) for the factors
and their effects is considered as significant (Montgomery,
2004; Madamba and Liboon, 2001). Therefore, from Table
2, low P values (< 0.1) of the main effects for Pb(Il) and
Zn(Il) removal reveal a very high significance of these
responses over the others. A high Ni(Il) concentration in
the mixture favored its own removal (P value of 0.167;
Table 3) even though its overall Ni(Il) removal efficiency
was less when compared with the removal efficiency of the

Table 2 ANOVA of heavy metal removal from wastewater using the An-RBC reactor

Variable Ni Fe Pb Zn

source F P F P F P F P
Main Effects 2.78 0.288 223 0.341 9.2 0.101 10.34 0.091
Cd 0.89 0.445 0.01 0.929 0.13 0.752 26.54 0.036
Cu 0.18 0.709 0.34 0.616 3.68 0.195 0 0.974
Ni 4.54 0.167 4.17 0.178 7 0.118 4.86 0.158
Fe 4.17 0.178 5.86 0.137 5.34 0.147 19.55 0.048
Pb 0.62 0.513 0.09 0.793 1.01 0.421 9.36 0.092
Zn 0.75 0.477 1.09 0.406 8.38 0.102 2.83 0.235
2-Way Interaction effect 0.37 0.786 2.7 0.282 1.4 0.443 5.62 0.155
Cd*Cu 0.4 0.591 1.31 0.371 223 0.274 0.46 0.567
Cd*Ni 0 0.982 0.66 0.503 0.03 0.886 0.64 0.508
Cd*Fe 0.24 0.67 7.04 0.118 0.19 0.705 15.24 0.06
Table 3 Student ¢ test of heavy metal removal from wastewater using the An-RBC reactor

Variable Ni Fe Pb Zn

term T P T P T P T P
Constant 22.39 0.002 25.01 0.002 67.37 0 65.07 0
Cd -0.94 0.445 -0.1 0.929 -0.36 0.752 -5.15 0.036
Cu -0.43 0.709 0.59 0.616 -1.92 0.195 0.04 0.974
Ni 2.13 0.167 2.04 0.178 -2.65 0.118 2.2 0.158
Fe -2.04 0.178 -2.42 0.137 -2.31 0.147 -4.42 0.048
Pb -0.79 0.513 0.3 0.793 -1 0.421 3.06 0.092
Zn -0.87 0.477 -1.04 0.406 -2.89 0.102 1.68 0.235
Cd*Cu -0.63 0.591 -1.14 0.371 -1.49 0.274 -0.68 0.567
Cd*Ni -0.03 0.982 —0.81 0.503 -0.16 0.886 -0.8 0.508
Cd*Fe 0.49 0.67 2.65 0.118 0.44 0.705 3.9 0.06
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other metals (Fig. 2a). A high Fe(Ill) concentration in the
mixture showed inhibitory effect on its own removal as
well as on Ni(Il) removal owing to similar solubility
product values of these metals (P < 0.137; Table 3).

Presence of Fe(Ill), Cu(ll), Ni(Il) and Zn(Il) in the
metallic wastewater inhibited Pb(II) removal (P < 0.195),
whereas Pb(Il), Fe(Ill), Cd(II) and Ni(II) inhibited Zn(II)
removal (P < 0.158), both due to the competitive effect of
these ions for metal sulfide precipitation (Table 3). All
these effects of heavy metals on each other removal from
the wastewater is associated with the solubility product
constant values of the respective metal sulfide salts (Hill et
al., 2005). The solubility product values of CuS, PbS, CdS,
ZnS, NiS, and FeS are 6 x 107373 x 10,8 x 1028, 2 x
10,3 x 10" and 6 x 10", respectively (Hill et al.,
2005). Metal removal results obtained in this study is also
attributed to the competitive/interaction effect posed by
simultaneous presence of different heavy metals on sulfate
reducing activity of the SRB which is the main mechanism
for metal removal. It is also reported that metals present in
different proportion exert more toxic effect to SRB than
when presented as single metal solution (Utgikar et al.,
2004).

4 Conclusions

This study evaluated the performance of the An-RBC
reactor for metallic wastewater treatment under high
loading conditions. The reactor performance depended
on the metallic species present and their concentration, i.e.,
maximum removal efficiencies of the metals were achieved
at low loading condition than at high loading condition.
Metal removal rates of Ni(II) and Fe(Ill) were lower than
that of the other metals. Metal removal efficiency order
followed in the mixture study was Cu>Zn>Cd>Pb
>Fe>Ni which closely matched with the solubility
product values of respective metal sulfide salts. FESEM-
EDX analysis of the metal precipitates revealed metal
sulfide precipitation as the governing mechanism of metal
removal in the reactor. The passive biofilm bioreactor (An-
RBC reactor) could be chosen for large scale treatment of
complex sulfate and metal rich wastewater owing to its
excellent performance under different metal loading
conditions.
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