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ABSTRACT 
Microbial reduction of soluble bivalent mercury to its less toxic elemental metallic form was performed using mercury-resistant Bacillus 
cereus (JUBT1) isolated from the sludge of chloralkali industries. A lab-scale 1 m long and 0.05 m diameter packed bed biofilm reactor 
was designed to remove mercuric ions (Hg2+) using isolated bacterial consortium. The bioreactor was continuously fed with sterile 
simulated wastewater containing HgCl2 to reduce bivalent mercury to its elemental form by growing bacterial biofilm on porous packing 
material of the reactor. The performance efficiency of the reactor was studied varying different chemical and hydrodynamic parameters 
such as inlet concentration of mercury and inlet flow rate of simulated mercury-laden water, among others. The reactor was followed by 
an activated carbon-based adsorber to remove residual mercury in the reactor effluent. A maximum of 97-98% removal efficiency was 
obtained with respect to the concentration of Hg2+ in the inlet water. A deterministic mathematical model was developed to explain the 
performance of the packed bed reactor. 
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INTRODUCTION 
 
Mercury (Hg), a highly hazardous heavy metal, is found to 
be present in appreciable quantity in the solid waste of 
caustic chlorine industries. Hg is also present in small or 
appreciable quantity in the industrial effluent of battery 
industries, goldsmith industries and industries for medical 
instruments. Due to its extensive applications, wide spread 
distribution, high toxicity and bio-magnification (Canstein 
et al. 1999; Okoronkwo et al. 2006), Hg poses a great threat 
towards environmental pollution. Hg is capable of binding 
with sulfhydryl, thioester and immidazole groups in its 
bivalent cationic form and thus inactivates the enzyme 
function (Horn et al. 1993; Okino 2000) causing absolute 
system disorder. Use of microorganisms for Hg removal is 
a very effective technique for the treatment of industrial 
wastewater (Essa et al. 2005; Ruiz 2005; Sorkhoh et al. 
2010). The present techniques to abate Hg pollution are 
highly energy intensive and thus the process, when used for 
large scale Hg separation, becomes highly expensive. Ap-
plication of bioremediation of contaminated soil is presently 
gaining a widespread application because of its low energy 
requirement, low cost (Oehmen et al. 2009; Mathivanan et 
al. 2010) as well as appreciably high purification efficiency. 
Bacteria containing Hg–resistance (mer) determinants are 
capable of reducing mercuric ions. Resistance to bivalent 
Hg ions in bacteria is conferred by the NADPH (Reduced 
Nicotinamide Adenine Dinucleotide Phosphate) dependent 
mercuric reductase, a cytoplasmic flavoenzyme (Horn et al. 
1993; Deckwer et al. 1999; Brown et al. 2002; Schneider 
and Deckwer 2005; Kiyono and Pan-Hou 2006). Studies on 
biotransformation of Hg contaminated industrial effluent 
are now being carried out by different research groups with 
the objectives of transforming soluble bivalent Hg to its less 
toxic elemental metallic form which can be conveniently 
separated using conventional downstream processing. Kan-
nan and Krishnamoorthy (2006) isolated Hg-resistant Bacil-

lus cereus in one of their studies and found that the bacteria 
efficiently reduce Hg to its elemental form. It is now well 
established that Hg-resistant bacteria are able to perform 
this biotransformation with significantly high rate under 
controlled environmental conditions. Jayasankar et al. 
(2008) observed that several marine bacteria were highly 
resistant to Hg and were capable of detoxifying Hg along 
with some other heavy metals (De and Ramaiah 2007). 
Although much is known on the isolation, identification and 
culture medium formulation for Hg-resistant bacteria, only 
little attention has been paid on the understanding of growth 
kinetics of Hg-resistant cell as well as bioprocess engineer-
ing behaviour of the cells in different contacting devices in 
order to achieve favourable product distribution. 

In the present investigation growth kinetics of the iso-
lated strain (identified by 16S r DNA technology) of Hg-
resistant bacteria namely, B. cereus (JUBT1) has been in-
vestigated. A biofilm reactor using immobilized form of the 
isolated strain has been operated to remove bivalent mercu-
ric ions from simulated wastewater. A deterministic mathe-
matical model has been developed for the biofilm reactor to 
predict its performance under the influence of different 
parameters like inlet concentration of mercuric ions and 
volumetric flow rate of the feed solution etc. 

 
MATERIALS AND METHODS 
 
Bacterial strain 
 
Hg-resistant bacteria have been isolated from the sludge of chlor-
alkali industry initially as a mixed culture. A pure monoculture 
was purified from the mixed culture using conventional microbio-
logical techniques. The morphology and genes of the isolated bac-
teria have been established using microbiological, biochemical and 
16S-rDNA (ribosomal deoxyribonucleic acid) techniques (Genei, 
Bangalore). 
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Chemicals 
 
Sucrose (SRL, India), yeast extract powder (LOBA Chemie, India), 
NaCl (Merck, India), HgCl2 (Merck, India), NaH2PO4 (Merck, 
India) and Na2HPO4 (Merck, India) were used in the present expe-
riment. 

 
Bacterial enrichment and growth condition 
 
Hg-resistant B. cereus (JUBT1) was isolated from the sludge of 
chloralkali industry (Hindusthan Heavy Chemicals, West Bengal) 
and was cultured in laboratory condition in Hg specific growth 
medium composed of (per liter) sucrose (10 g), yeast extract (10 g), 
NaCl (30 g) dissolved in sodium phosphate buffer (0.25 M). Tem-
perature and pH of the culture broth were maintained at 30°C and 
7, respectively. At first the selective sterile culture broth (0.2 Mpa, 
121°C, 15 min) was inoculated with the sludge of the chloralkali 
industry. The growth medium was supplemented with HgCl2 
solution at a concentration of 0.002 g/m3. The broth was incubated 
in a rotary shaker at 30°C for 7 days at 150 rpm. Subsequently, 
10% of the suspension was transferred into another set of 50 ml 
Erlenmeyer flasks containing media of higher concentrations of 
Hg2+ in steps up to 0.03g/m3 to help proliferation of the desired 
micro-organism. After 10 such transfers in 0.03 g/m3 mercury-
containing media, a loop-full of inoculum was streaked onto agar 
plates having similar composition and was incubated for 24 h at 
37°C. Streaking of colony with same morphology was carried out 
for five times. Incubation was done for 24 h at 37°C. The pure cul-
tures were refrigerated at 4°C for further uses. 

 
Dry weight method for the determination of 
bacterial mass 
 
The biomass concentration in the reaction broth was determined 
by dry weight method. In this method the broth was centrifuged at 
the rate of 10,000 rpm for 15 min at 4°C. The bacterial mass was 
then transferred to a pre-weighed aluminium cup and dried at 
50°C overnight. The exact weight of the bacterial mass was deter-
mined by subtracting the weight of dry cup from that of the cup 
containing dry bacterial mass. 
 
Mercury assay 
 
The outlet samples from the packed bed reactor and the samples of 
the batch experiments were centrifuged at 10,000 rpm for 15 min 
and the supernatants were analyzed using cold vapour atomic 
absorption spectrophotometer (A-analyst, 200; Perkin-Elmer) to 
determine Hg concentration. The wavelength for determination of 
Hg was 253.7 nm. 
 
Batch experiment 
 
Growth kinetics of B. cereus (JUBT1) with respect to sucrose was 
determined by conducting batch experiments varying initial suc-
rose concentration from 1000 to 10,000 g/m3 in Erlenmeyer flasks 
under shaking condition in absence of Hg. Separate batch experi-
ments were performed varying initial concentration of Hg2+ from 
0.005 to 0.03 g/m3, the sucrose concentration being kept at 10,000 
g/m3. A constant temperature of 30°C and a neutral pH were main-
tained. Samples were withdrawn at an interval of 8 h over 72 h 
period. 

 
Bioreactor design and set up 
 
A laboratory scale packed bed reactor (Fig. 1) made up of stainless 
steel having 1 m length and 0.05 m diameter was used in order to 
treat the sterile simulated wastewater containing HgCl2. The inlet 
concentration of Hg was varied from 0.005-0.03 g/m3. The solu-
tion was pumped into the packed bed column in upward direction. 
The reactor was filled with rice husk. Isolated bacteria were grown 
as bio-film on the rice husk (Figs. 4A, 4B) inside the reactor. Per-
formance of the bioreactor was studied using different parameters 
like inlet concentration of mercuric ions and volumetric flow rate 
of the feed solution etc. Samples collected from the reactor were 
analyzed for concentration of Hg2+ using atomic absorption spec-

trophotometer. A 1 m long and 0.25 m diameter filter, packed with 
activated carbon, was placed after the reactor to adsorb the resi-
dual Hg from the reactor outlet (Fig. 1). 

 
Statistical and data analyses 
 
Non-linear regression analysis of the experimental data derived 
from batch experiments was performed using the method of least 
squares to determine the growth kinetics of the isolated bacterial 
strain, i.e. B. cereus (JUBT1). The regression coefficients lie in the 
range of 0.96 to 0.98. 
 
RESULTS AND DISCUSSION 
 
In the present investigation, a set of batch experiments has 
been performed to determine the kinetic parameters of 
growth of the Hg-resistant bacteria, B. cereus (JUBT1), iso-
lated from the sludge of chloralkali industry. Kannan and 
Krishnamoorthy (2006) isolated seven strains of B. cereus 
from Pulicat lake sediment, India and identified them on the 
basis of fatty acid profile. All the isolates exhibited high tol-
erance to mercuric compounds. All the strains exhibited 
longer lag phase at 200 μg/ml HgCl2 concentration. They 
have also added that growth of bacterial strains in liquid 
culture medium also depends on the bioavailability and 
toxicity of mercuric compounds. Several organic matters 
like yeast extract and also some negatively charged ions 
like chlorides which bind with the metal and alter the bio-
availability, toxicity and rate of diffusion of metals in the 
medium. Therefore, they concluded that the growth of bac-
terial cells shows some small differences according to the 
increasing concentrations of toxic mercuric compounds in 
liquid medium. Initial concentrations of Hg and that of lim-
iting substrate, sucrose, have been varied in order to com-
pare their effect on Hg reduction capacity of the bacterial 
culture. It was found that growth of the isolated bacteria 
under study increases with the increase in Hg concentration 
which was varied from 0.005-0.03 g/m3. So considering Hg 
as the second substrate the multiple substrate growth kinetic 
model was used to describe the dual substrates limited 
growth of the bacteria. De and Ramaiah (2007) found that 
the toxic effect of Hg enhanced the lag phase of the bacteria 
but as the bacteria adapted to the toxic Hg by means of 
detoxification growth was normal. In another study, De et al. 
(2007), isolated six Hg-resistant bacteria and reported the 
similar growth pattern, in some cases a steep increase fol-
lows a long gap whereas in another cases they observed 
exponential growth without any lag. 

 
Determination of growth kinetics of bacterial 
strain 
 
Systematic batch studies have been conducted for the deter-
mination of growth kinetics of the isolated bacterial strain 
varying the initial concentration of bivalent Hg in the range 
of 0.005-0.03 g/m3 and that of sucrose, the only carbon 
source, in the range of 1000-10,000 g/m3. For each set of 
batch experiment, biomass and residual Hg concentration of 

Fig. 1 Schematic diagram of bioreactor set up. 
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the culture broth have been determined at a particular time 
interval. Biomass concentration has been determined using 
dry weight method. Residual Hg concentration has been 
measured using atomic absorption spectrophotometer. The 
kinetic parameters namely μmax – maximum specific growth 
rate and Ks – saturation constant related to sucrose have 
been calculated by performing batch type experiments 
varying the initial concentrations of carbon source, sucrose 
(1000-10,000 g/m3) without addition of HgCl2 in the liquid 
medium. Similar experiments have been conducted varying 
Hg concentration from 0.005-0.03 g/m3 at a constant value 
of sucrose concentration of 10,000 g/m3. In one of their stu-
dies, Wagner-Dobler et al. (2003) observed that the enzy-
matic Hg biotransformation mechanism followed by com-
mon bacterial culture is reaction controlled. This reaction is 
a bireactant mechanism having substrate inhibition where 
Hg (II) acts as an uncompetitive inhibitor and the reducing 
cofactor NADPH2 acts as a competitive inhibitor. According 
to them the complete enzyme kinetics within the cell can be 
described appropriately by the King-Altman method. They 
have calculated the reaction rate of Hg biotransformation 
considering NADPH2 concentration to be constant. From 
the experiment they observed that both the natural isolates 
having mer-resistance genes as well as the genetically engi-
neered microorganism used in the experiment exhibited the 
general kinetic behaviour. In another study, Wagner Dobler 
(2003) also stated that enzymatic detoxification of mercuric 
ions follows typical inhibition kinetics with respect to opti-
mum Hg concentration in the culture broth. This absolute 

value for optimum Hg concentration depends on the buffer 
and medium used, cell density and growth stage of the 
microbial culture used and also on characteristics of the 
bacterial strains. They noticed that in case of unbuffered Hg 
solution microbial growth occurs up to 1-10 mg/l and in 
case of buffered solution growth occurs almost up to the 
concentration of 70 mg/l. In the present study, it has been 
observed that the growth of microorganism under study 
increases with the increase in Hg concentration in the pre-
sent range under study. Therefore, the growth of the orga-
nism has been considered to be limited by dual substrates 
and a multiple substrate growth kinetic model has been 
attempted. The model is as follows: 
 

(1) 
      
 
In Fig. 2, the reciprocal of specific growth rate obtained 

in absence of mercuric ions, has been plotted against that of 
sucrose concentration. The values of μmax and KS1 have 
been determined both graphically and through non-linear 
regression analysis. To determine the rate constants, K and 
KS2 with respect to Hg, in Fig. 3 the reciprocal of a para-
meter �, defined as � = μin presence of Hg/μin absence of Hg has been 
plotted against the inverse of Hg concentration. Non-linear 
regression analysis has also been done to determine the 
same parameters. All kinetic parameters, namely, μmax, KS1, 
KS2 and K have been reported in Table 1. Kinetic para-
meters of microbial detoxification of Hg-laden wastewater 
have never been reported. 

 
Biofilm 
 
The characteristics of the scanning electron micrograph of 
the biofilm developed by growth of Bacillus cereus 
(JUBT1) on the reactor packing for 120 days have been 
shown in Figs. 4A and 4B. From the micrographs it is clear 
that a distinct biofilm has been developed on the packing. 
 
Reactor modeling 
 
The following assumptions have been made during the 
development of the mathematical model, 
1. Inlet feed stream is sterile; 
2. Biofilm thickness remains unchanged throughout the 
operation; 
3. The process is under steady state; 
4. Reactor packing is random; 
5. Biomass growth is according to Monod type of kinetic 
model; 
6. Bed porosity(�) remains same during the operation; 
7. Both external and internal mass transfer resistances are 
negligible. 

Applying the above assumptions the differential system 
equations based on Monod kinetics have been developed. 

Making material balance for biomass over a differential 
volume of axial length �z spanning over length “z” and “z+ 
�z”: 
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Fig. 2 Graph for μmax and KS1. 
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Fig. 3 Graph for K and KS2. 

Table 1 Values of the kinetic parameters. 
Kinetic parameter Value 
μmax (h-1) 0.043 
KS1 (g/m3) 1410.787 
K 0.6 
KS2 (g/m3) 0.00396 
 

Fig. 4 Scanning electron micrographs of Bacillus cereus (JUBT1) 
grown on packing material. Left: magnification = X850; Right: magni-
fication = X5000. 
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u A � Cx – u A � Cx = � Cx (1-�) A ap l�z     (2)  
z+�z   z 

 
Dividing both sides by A�u�z and limiting �z � 0, 
Biomass: 
     

                       (3) 
 
The yield coefficient with respect to any substrate, S, is 

defined as follows: 
     

                                      (4) 
 
Therefore, the differential mass balance equations for 

sucrose and Hg may be written in the following forms,  
Sucrose: 
 
                (5) 
 
 
Hg: 
       

(6) 
 
 

Equations (3), (5) and (6) have been solved using 4th-
order Runge-Kutta method with the aid of a suitable Visual 
FORTRAN program. 

In Figs. 5A-D, simulated values of Hg concentrations in 
the effluent drawn at different axial position have been 
plotted against the corresponding axial length using inlet 
concentration of Hg as a parameter. Experimental results 
have been plotted in the same figure. From the close ana-
lysis of the figure, it is evident that simulated results are in 
good agreement with the experimental results. 

Similarly, in Figs. 6A-F, both the experimental and 
simulated values of Hg concentrations in the effluent drawn 

at different axial position have been plotted against the axial 
length of the reactor using superficial velocity of reactor 
inlet as a parameter. This plot represents that the removal 
efficiency of Hg increases with the decrease in superficial 
velocity of the feed stream. This may be justified by the fact 
that with the decrease of superficial velocity, the residence 
time of Hg-laden stream in the reactor increases resulting in 
more transport and assimilation of Hg in the cellular system. 
It is also evident from the plot that simulated results are in 
good agreement with the experimental data for all the initial 
Hg concentrations studied. 

In the present investigation a maximum of 90-95% Hg 
removal efficiency has been observed for the bio-film reac-
tor. The efficiency increases to 97-98% when an activated 
carbon filter has been added after the reactor. Previous wor-
kers also observed the efficacy of removal of mercuric ions 
to lie in the range of 98-99% using the combination of bio-
reactor based on Hg-resistant microbial cultures and a car-
bon filter (Wagner-Dobler et al. 1999; Canstein et al. 2002; 
Wagner-Dobler et al. 2003). However, the efficiency of Hg 
detoxification obtained solely by the bio-film reactor has 
not been reported. In most of the reported works month-
wise performance the bioreactor, coupled with carbon filter, 
has been reported. The comparison of experimental data 
with any theoretical prediction has not been made in the 
literature. 
 
CONCLUSION 
 
It is evident from the study that the biodetoxification of 
bivalent Hg using isolated Hg-resistant bacterial strain from 
chloralkali effluent is not only feasible but may also offer a 
promising route for industrial application as well. The 
results of the present investigation clearly indicate that the 
microbial Hg detoxification procedure is a highly effective 
system to purify the environment from Hg pollution. It is 
found that the treatment procedure is dependent on optimi-
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Fig. 5 Simulated and experimental profiles of mercury concentration along the axial length of the reactor (taking inlet mercury concentration as 
a parameter). (A) Superficial velocity of inlet HgCl2 solution 0.0197 m/h. (B) Superficial velocity of inlet HgCl2 solution 0.0217 m/h. (C) Superficial 
velocity of inlet HgCl2 solution 0.0235 m/h. (D) Superficial velocity of inlet HgCl2 solution 0.0248 m/h. 
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zation of a large number of controlling factors and it is 
achieved only through modeling of those rate determining 
factors. It is expected that the model will be helpful to 
predict the performance behaviour of similar systems meant 
for the treatment of heavy metals through biochemical route. 
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Fig. 6 Simulated and experimental profiles of mercury concentration along the axial length of the reactor (taking superficial velocity as a para-
meter). (A) Initial mercury concentration 0.005 g/m3. (B) Initial mercury concentration 0.01 g/m3. (C) Initial mercury concentration 0.015 g/m3. (D) 
Initial mercury concentration 0.02 g/m3. (E) Initial mercury concentration 0.025 g/m3. (F) Initial mercury concentration 0.03 g/m3. 
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Appendix: Abbreviations list
 
μ = Specific growth rate of bacterial cell (h-1) 
μmax         = Maximum specific growth rate of bacterial cell (h-1) 
KS1 = Saturation constant (g/m3) 
KS2 = Saturation constant for mercury (g/m3) 
CS1 = Sucrose concentration (g/m3) 
CS2 = Mercury concentration (g/m3) 
YX/CS1      = Yield coefficient of sucrose 
YX/CS2      = Yield coefficient of mercury 
CX          = Biomass concentration (g/m3) 
K = Constant 
Z = Axial length of the reactor (m) 
�  = Bed porosity 
ap  = Specific surface area of packing (m2/m3) 
u  = Superficial velocity (m/h) 
l  = Biofilm thickness (m) 
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