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Abstract 
A group of extracellular compounds are formed during 
the primary and/or secondary microbial metabolism in 
the form of volatile metabolites. A specific bioreactor 
was constructed and volatile metabolites emitted from 

organisms belonging to thermophilic Bacillus group were 
used in bioremediation of heavy metals (Cd, Cr, Cu, Fe, 
Zn) as an individual or mixed metal species. The volatile 
compounds act as a ligand to form insoluble metal 
precipitation and thus help in bioremediation process. 
The Fourier-transform infrared (FTIR) analysis has 
identified some organo-sulfur groups and nitrogen based 
compound in metal precipitates. Consequently, the 
bioreactor and bioprocess can be applied for the 
elimination of heavy metals from contaminated wastes 
especially the aggressive industrial effluents containing 
heavy metals in a cost effective and eco-friendly process. 
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1. Introduction 
 
The rapid expansion and increasing sophistication 
of the chemical industries in the past century and 
particularly over the last thirty years has meant that 
there has been an increasing amount and 
complexity of toxic waste effluents. At the same 
time, fortunately, regulatory authorities have been 
paying more attention to problems of 
contamination of the environment. Industrial 
companies are therefore becoming increasingly 
aware of the political, social, environmental and 
regulatory pressures to prevent escape of effluents 
into the environment. The occurrence of major 
incidents (such as the Exxon Valdez oil spill, the 
Union-Carbide (Dow) Bhopal disaster, large-scale 
contamination of the Rhine River, the progressive 
deterioration of the aquatic habitats and conifer 
forests in the Northeastern US, Canada, and parts 
of Europe, or the release of radioactive material in 
the Chernobyl accident, etc.) and the subsequent 
massive publicity due to the resulting 
environmental problems has highlighted the 
potential for imminent and long-term disasters in 
the public's conscience.   
 

 
 
 
 
of course, the bioprocesses for treating toxic 
effluents must compete with existing methods in 
terms of efficiency and economy. However, the 
biotechnological solution to the problem requires 
only moderate capital investment, a low energy 
input, are environmentally safe, do not generate 
waste (hopefully), and are self-sustaining. 
Biotechnological methods of toxic waste treatment 
are likely to play an increasingly key role both as a 
displacement for existing disposal methods and for 
the detoxification of novel xenobiotic compounds. 
On the other hand, however, it is important to limit 
the generation of both hazardous and non-
hazardous waste as much as possible, and utilize 
recycling methods wherever possible.   
 
A large number of microorganisms are capable of 
growing in the presence of high concentrations of 
heavy metal (Nies, 1992; Gaballa and Helmann, 
2003; Rehman et al., 2007). Anderson and Cook 
(2004) have reported strains of Aeromonas, 
Exiguobacterium, Acinetobacter,Bacillusand 
Pseudomonas, that can tolerate high 
concentrationsof arsenic species (up to 100 mM 
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arsenate orup to 20 mMarsenite). Several bacteria 
(Cervantes et al.,1994; Ahmed and Rehman, 2009) 
belonging to the genera Acidithiobacillus, Bacillus, 
Deinococcus, Desulfitobacterium and 
Pseudomonas (de-Vicente et al., 1990; Dopson et 
al., 2001; Niggemyer et al., 2001; Suresh et al., 
2004) have also been reported to be resistant to 
arsenic. Since heavy metals are ubiquitously 
present in the hot water springs, thermophiles have 
developed mechanisms to resist the toxic effects of 
these metals (White and Gadd, 1986). And thus can 
be used for the process of Bioremediation.   
 
The efficiency of bioremediation by thermophiles 
is depended on the presence of biochemical factors 
present in the cell. These substances may be 
present as protein, enzyme, EPS (Extra polymeric 
substances) or biogenic volatile substance. Thus 
study on enzymes and other biogenic volatile 
compounds from various thermophilic 
microorganisms involved in the biodegradation of 
wide range of pollutants is required to overcome 
the limitations of their efficient use.  
 
The capacity of bacteria to sense and respond to 
small bioactive metabolites contributes to their 
ability to adapt and thrive in complex 
polymicrobial environments. While the role of 
soluble molecules has been actively investigated, 
bacteria also release a wide diversity of volatile 
compounds corresponding to by-products of 
metabolic reactions occurring under various growth 
conditions during food transformation and 
fermentation. They play a very important factor in 
bioremediation. The microbial liberation of 
extracellular non specific volatile compounds such 
as oxalates, sulfides, phosphates and carbonates, in 
addition to some organic substances that are 
produced during the microbial cell metabolism, 
play an important role in the reduction of heavy 
metals toxicity through the bioprecipitation of these 
pollutants in the microbial environment (Jarosz-
Wilkolazka and Gadd, 2003; Perry et al., 2007; 
Fomina et al., 2008; Dupraz et al., 
2009).Functionally, biogenic volatile compound 
aid inadhesion to substratum, formation of flocs, 
reduction of  harmful exogenous materials and to 
form precipitation.   
A group of these extracellular compounds are 
formed during the primary and/or secondary 
microbial metabolism in the form of volatile 
metabolites such as alcohols, ketones, terpenes, 
esters, aldehydes, mercaptans and nitrogen-based 
compounds (Hockelmann and Juttner, 2004; Bunge 
et al., 2008). Production of these compounds is 
greatly affected by microbial species and growth 
conditions (Wood et al., 2006; Schafer et al., 2010; 
Macaskie et al., 2007). 
 
 

Objective of Research  
 
The current study presents the involvement of 
biogenic volatile compound produced by  
thermophiles with a view to establish their role as 
central elements in bioremediation of heavy metals.   
 
Justification of Research  
 
Although the function of the microbial volatile 
compounds still not clear, some studies showed 
that they could play a role in the precipitation of 
some heavy metals as insoluble metal complexes. 
 
2. Materials and Methods  
 
2.1 Sampling for isolation of thermophiles:  
Water samples were collected from seven different 
hot springs (from Vajreshwari&Ganeshpuri, 
Thane) Mumbai. Surface water samples were taken 
from the Hot Springs using a grab sampler. A 500-
ml plastic cup attached to a 2-m pole was dipped 
into the water twice to rinse it. The sample was 
then transferred to a clean, new, polyethylene 
container with a snap-on lid. The temperature of 
the sample was taken with a laboratory 
thermometer and recorded. All samples were taken 
on the same day to prevent discrepancies due to 
sample date. Samples were kept cool during 
transport to the laboratory and processed within 12 
h of collection (Vieille C. 1996). 
 
2.2 Media & growth Conditions:  
Bacillus Medium described by Postgate (1969) was 
used for routine stock maintenance and all 
enrichment culture studies. Bacillus Medium 
contained (g/ Lit.: Soluble starch – 30.0 g, Agar – 
20.0 g, Peptone – 5.0 g, Yeast Extract – 5.0 g, 
Distilled Water – 1000 ml, pH 7.5 ± 0.2 (45˚C). 
Colonies were isolated from anaerobic roll tubes 
(Hungate et. al. 1969) containing Medium and 4% 
(w/v) purified agar. Stock cultures of all strains 
were prepared from single isolated colonies that 
proliferated on transfer in Media. All stock cultures 
were incubated at 50°C. Cultures were routinely 
checked for contamination (Zeikus et, al. 1979). 
 
2.3 Bioremediation 
All Strains isolated during the course of study were 
investigated for their bioremediation activity. The 
screening was done by using 100ppm of heavy 
metals (Control) and effluent from industry 
containing 5 specific heavy metals i.e. Cd, Cr, Cu, 
Fe, Zn (5 heavy metals were chosen as these are 
common pollutant in industrial wastewater).   
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2.4 Characterization and identification of the 
isolates  
The isolates showing bioremediation by biogenic 
volatile compound were further investigated for 
their cellular, biochemical and molecular 
properties. 
 
I) Morphological Studies:  
Morphological properties were investigated by 
using 18 hour old bacterial cultures. These included 
the wet mount preparations using light microscope 
& Gram staining to confirm Gram reaction. 
Motility was determined by hanging drop method.  
 
II) Biochemical Tests:  
Two thermophilic isolate was identified by the use 
of conventional methods for the presumptive 
identification of physiological and biochemical 
tests. These tests were; Gram reaction, catalase 
production, hydrolysis of protein, starch and lipid, 
and acid production from sugar (Campos,et.al. 
1995). The species was reconfirmed by using 
automated BiomerieuxVitek 2 System (Nucleus 
Diagnostic Centre, Kalyan).  
 
III) Strain identification by 16s rRNAMethod:  
It was done by 16s rRNA Analysis and the isolated 
colonies were sequenced for its conserved 
sequences and analysed for partial 16s rRNA by 
geneOmbio, Pune, Maharashtra. The predicted 16S 
rRNA sequences from this study were compared 
with 16S rRNA sequences in a BLASTable 
database constructed from sequences downloaded 
from the Ribosomal Database Project (release 8.1; 
http://rdp8.cme.msu.edu). Comparisons were made 
using the program BLAST 
(ftp://ftp.ncbi.nih.gov/BLAST/executables/LATES
T/) and a FASTA-formatted file containing the 
predicted 16S rRNA sequences.  The selected 
isolates were studied for the effect of biogenic 
volatile compounds on reduction of heavy metals. 
For studying precipitation of heavy metals by using 
biogenic volatile compound, a bioreactor was 
designed. 
 
2.5 Operation of the bioreactor  
For metal composed of two chambers. The growth 
chamber (1.5 L) that contains the bacterial culture 
grew on Sterile Nutrient medium in the exponential 
phase (6 h) and maintained under aerobic 
conditions at 45°C by pumping in filtered 
compressed air. The other chamber was used for 
metal precipitation (500 ml) by passing the culture 
biogas released from the growth chamber into the 
metal solution as a single or mixed metal solution 
with different concentrations (Figures 1, 2 and 

Table 3) for 24 h through a 0.2 µm membrane. The 
cell density of the bacterial liquid cultures was 
determined as mentioned above. 
 
2.6 Heavy metals determination:  
After treating the metal solutions with the biogenic 
volatiles produced by bacterial cultures for 24 h, 
the metal solutions collected from the precipitation 
chamber were centrifuged at 15,000 rpm, for 10 
min, and the supernatant was used for the 
determination of the different heavy metals, while 
the metal precipitate pellets were subjected for 
Fourier-transform infrared (FTIR) spectroscopy. 
The heavy metal ion concentration was assayed by 
AAS (SAIF,IIT, Bombay).   
 
2.7 FTIR spectroscopy   
The metal precipitate pellet produced from the 
previous step was washed three times in distilled 
H2O and then dried in vacuum oven to obtain 
metal precipitate in powder form that was analyzed 
by FTIR spectrophotometer at the wave number 
range of 400.00 cm-1 to 4000 cm-1 (SAIF, IIT, 
Mumbai). 
 
3. Results and Discussion  
 
3.1 Characterization of in situ Bioremediation: 
Microbial heavy metal reduction at high 
temperatures was studied at several sites in 
Vajreshwari & Ganeshpuri hot springs. Enrichment 
cultures were initiated with Bacillus Medium. After 
incubation of all enrichments for 6 d at in situ 
temperature, the cultures formed a dense colonies. 
Repeated transfer of enrichments revealed small 
rod-shaped bacteria in all cultures. 5 strains 
appeared morphologically different when cultured 
on st. media at 41°C. Stock cultures were 
maintained on Sterile. Media and transferred 
monthly. 
 
3.2 Screening for Bioremediation by biogenic 
volatile compound  
The 5 strains (SZP 4, SZP 8, SZP 12, SZP 16, SZP 
18) were selected for bioremediation and bio-
precipitation of heavy metals, out of which only 3 
were shown to have properties to reduce heavy 
metals. All the 3 selected isolates were belonging 
to Bacillus species.   
 
3.3 Cellular properties   
All biochemical properties (As per Berge’s 
manual) are described in Table 1-4. Species was 
again confirmed by using automated system of 
Biomerieux System (Done at Nucleus diagnostic 
Centre, Kalyan) stated as in Table 5-7 
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Table 1: Colony characteristics of selected isolate 
 

 
Table 2: Acid Production and fermentation of Sugar of selected isolates 

Isolate Biochemical Test (Acid Production and fermentation of Sugar) 
 L-Ara Glu Gal Suc Mal Fru Raf Star Cel Ino Mann 
SZP 4 - + + + + + + - - + + 
SZP 8 + + + + + + + + + + + 
SZP 16 + - - - - + - + + + + 

 
Table 3: Biochemical Test of selected isolates 

Isolate Biochemical Tests 
 Nitrate  Cellulose  Gelatin  Casein  H2S Catalase  PAD MR VP Oxidase Citrate I 
SZP 4 - - - - - - - + + - + - 
SZP 8 + - - - + + + + - - + - 
SZP 16 - + - - + + + - - - + - 

 
Table 4: Physiological properties of selected isolates 

Isolate Physiological properties 
 pH Temperature (oC) NaCl (%) 

SZP 4 5 45 5 
SZP 8 7 45 2 
SZP 16 5 45 7 

 
Table 5: Biochemical Tests of SZP 4 by automated method 

Biochemical Details for SZP 4 
2 APPA - 3 ADO - 4 PyrA - 5 IARL - 7 d CEL - 9 BGAL - 
10 H2S - 11 BNAG - 12 AGLTp - 13 d GLU + 14 GGT - 15 OFF + 
17 BGLU - 18 d MAL + 19 dMAN + 20 d MNE + 21 BXYL + 22 BAlap - 
23 ProA - 26 LIP - 27 PLE - 29 TyrA - 31 URE - 32 dSOR - 
33 SAC - 34 d TAG - 35  d TRE - 36 CIT + 37 MNT - 39 5KG - 
40 ILATk + 41 AGLU - 42 SUCT - 43 NAGA - 44 AGAL - 45 PHOS - 
46 GlyA - 47 ODC - 48 LDC - 53 IHISa - 56 CMT - 57 BGUR - 
58 0129R - 59 GGAA - 61 IMLTa - 62 ELLM - 64 ILATa +    

 
 
 

Isolate  colony characteristics 
 Size  Shape  Colour Consistency Opacity Elevation  Gram nature Motility 
SZP 4 1 MM Circular Colour less Dry  opaque Flat  Gram Negative rods NM 
SZP 8 Pin point Irregular  Pale white Butyrous Trans lucent Flat  Gram Negative rods M 
SZP 16 Pin point Irregular Colour less Butyrous opaque Flat  Gram Positive bacilli   NM 
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Table 6: Biochemical Tests of SZP 8 by automated method 
Biochemical Details  for SZP 8 
2 APPA - 3 ADO - 4 PyrA - 5 IARL - 7 d CEL - 9 BGAL - 
10 H2S + 11 BNAG - 12 AGLTp - 13 d GLU + 14 GGT - 15 OFF - 
17 BGLU - 18 d MAL + 19 dMAN - 20 d MNE - 21 BXYL - 22 BAlap - 
23 ProA - 26 LIP - 27 PLE - 29 TyrA - 31 URE + 32 dSOR - 
33 SAC - 34 d TAG - 35  d TRE - 36 CIT + 37 MNT - 39 5KG - 
40 ILATk + 41 AGLU - 42 SUCT + 43 NAGA - 44 AGAL - 45 PHOS - 
46 GlyA - 47 ODC - 48 LDC - 53 IHISa - 56 CMT - 57 BGUR - 
58 0129R - 59 GGAA - 61 IMLTa - 62 ELLM - 64 ILATa +    
 
Table 7: Biochemical Tests of SZP 16 by automated method 
Biochemical Details for SZP 16 
2 AMY + 3 CAT + 4 ADH1 - 5 PyrA - 7 BGAL - 9 AGLU - 
10 APPA - 11 ADO - 12 BGAR - 13 AGLTp - 14 AMAN - 15 PHOS - 
17 LeuA - 18 BNAG - 19 AGAL - 20 dMAN - 21 PyrA - 22 BGUR - 
23 AlaA - 26 d MAL - 27 URE - 29 dGLU + 31 POLYB - 32 dGAL - 
33 dRIB - 34 TyrA - 35 NAG - 36  d TRE - 37 dMAL - 39 BACI - 
40 NOVO - 41 ILATk - 42 dMNE - 43 SUCT - 44 MBdG - 45 PUL - 
46 dRAF - 47 NC6.5 - 48 SAC - 53 LDC - 56 dNTRE - 57 ADH2S - 
58 OPTO - 59 0129R - 61 dARA - 62 IMLTa - 64 OXI +    
 
3.4 16s rRNAAnalysis The sequences were aligned for comparison with the existing databases by using in-silico tool BLAST. The sequence of isolated strain were deposited 
in NCBI database with specific accession number respectively as shown in table 8.  
 
Table 8: NCBI Accession number 

Denotation Organisms name Accession number 
SZP 4 Acidithiobacillus ferrooxidans ABHAY KM527215 
SZP 8 Thiobacillus acidophilus POPATNP  KM527210 
SZP 16 Geobacillus stearothermophilus BHALPRAVIN KM527211 
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3.5 Analysis of biogenic volatile compound 
Analysis of biogenic compound showed that some 
of the isolates produced biogenic volatile 
compound which are responsible for precipitation 
of heavy metals and thus for bioremediation.
 
3.6 Biogenic volatiles for the precipitation of 
monospecies metal solution (Control) 
Biological chelation of metals is a natural 
mechanism through which the harmful effect of 
these metals could be reduced by interaction with 
the numerous molecules possessing groups, 
capable of complexation or chelation (Gadd, 2010).  
The effect of the biogas produced during the 
growth of the selected isolates on the precipitation 
of the tested metals after 24 h was showed in
9, Figure 1. All the experiments were carried out in 
triplicates and the % reduction is 
threevalues. 
 
A great metal bioremoval capability for most of the 
metal as monospecies metal 
solutions(Cd2+,Cu2+,Cr2+, Fe3+andZn2+)
achieved with the isolate SZP4, SZP 8, SZP 16 
after 24 hrs. 
 
Table 9: Monospecies Metal reduction by selected
solates 

Metal % Reduction of metals by Isolates

 SZP 4 SZP 8

Cd 45.6 30 

Cr 23.2 51 

Cu 50 27.4

Fe 32.2 24.6

Zn 30.8 44 

 
Figure 1: Graph of Monospecies Metal reduction by 
selected, isolates 
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Analysis of biogenic compound showed that some 
of the isolates produced biogenic volatile 
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of heavy metals and thus for bioremediation.    
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3.7 Biogenic volatiles for the precipitation of 
metal solution (Effluent) 
It was assumed that the biogas produced from the 
bacterial culture contains some volatile 
that participate in the metal chelating process. In 
order to apply this bioprocess for metal cleanup, 
the selected isolates were grown aerobically inside 
a bioreactor and the volatilized biogas was used to 
precipitate metals out of effluent con
metal solution (Table 10, Figure 2). All the 
experiments were carried out in triplicates and the 
% reduction is mean of all the three values. Within 
24 hr., most of the tested metals were potentially 
precipitated by SZP 4, SZP 8, SZP 16, whil
precipitation was recorded for SZP 12, SZP 18 
under the same conditions. 
 
Table 10: Mixed Metal (Effluent) reduction by selected 
isolates 

Metal % Reduction of metals by Isolates

 SZP 4 SZP 8

Cd 40 

Cr 29 

Cu 35 

Fe 60 

Zn 46 

 
Figure 2: Graph of Mixed Metal reduction by selected 
isolates 

 
3.8 Analysis of the metal precipitates 
The FTIR analyses of the metal precipitate (Figure 
3-7) have identified some organo
such as disulfides (SS at 540 cm
at 2550 cm-1), thiocarbonyl (CS at 1200 cm
amines (NH at 1635, 3435, 3500 cm
sulfonamide/ amide (1168, 1611, 3154, 3396 cm
1). 
 
It is clear from the FTIR analysis and data in Table 
2 that, the biogas produced during the bacterial 
population growth contains volatile sulfur and 
nitrogen-based metabolites. These volatile 
metabolites might be produced as a 
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3.7 Biogenic volatiles for the precipitation of mixed 

It was assumed that the biogas produced from the 
bacterial culture contains some volatile metabolites 
that participate in the metal chelating process. In 
order to apply this bioprocess for metal cleanup, 
the selected isolates were grown aerobically inside 
a bioreactor and the volatilized biogas was used to 
precipitate metals out of effluent containing mixed 
metal solution (Table 10, Figure 2). All the 
experiments were carried out in triplicates and the 
% reduction is mean of all the three values. Within 
24 hr., most of the tested metals were potentially 
precipitated by SZP 4, SZP 8, SZP 16, while no 
precipitation was recorded for SZP 12, SZP 18 

Mixed Metal (Effluent) reduction by selected 

% Reduction of metals by Isolates 

SZP 8 SZP 16 

29 29 

56 38 

21 41 

20 41 

50 49 

Graph of Mixed Metal reduction by selected 
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1), thiocarbonyl (CS at 1200 cm-1), 
amines (NH at 1635, 3435, 3500 cm-1), 
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catabolism of some amino acids such as methionine 
(Kadota and Ishida, 1972). Many studies 
documented that the compounds of volatile sulfur 
like methanethiol, dimethylsulfide and 
dimethyldisulfide from microorganisms (Kelly et 
al., 2006; Lefebvre et al., 2007; Boden et al., 2011)  
 

have a great tendency to form ligand with some 
metal ions resulting into insoluble metal complexes 
and forms precipitation. In consistence with that, a 
previous study (Svetlana G. Bratkova, et al. 2011) 
showed the removal of the heavy metals was 
realized in a chemical reactor due to biogenic H2S 
produced by biofilm of sulphate-reducing bacteria. 
 

Figure 3: Monospecies metal Control 

 
 
Figure 4: Mixed metal Control 
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Figure 5: Monospecies and Mixed metal removal by SZP 4 

 
 
Figure 6: Monospecies and Mixed metal removal by SZP 8 
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Figure 7: Monospecies and Mixed metal removal by SZP 1 

 
 
The biogenic volatile compounds generated during 
the aerobic growth of thermophilic bacteria can be 
used as a ligands to form precipitation of heavy 
metals. The study highlights the application of 
microbial volatile metabolites for bioremediation of 
heavy metals from the industrial effluent. The 
application of bioreactor in bioremediation is a 
new, eco-friendly and cost effective bioprocess.   
 
Research Highlights  
 
The microbes are very beneficial in bioremediation 
of various pollutants.   
These microbes play very significant role in green 
technology.  
Biogenic volatile compounds are playing most 
important role in bioremediation of heavy metals.  
New strains of microbes have been isolated and 
deposited in NCBI having specific accession 
number.  Limitations: The exact mechanisms and 
also other factors that can be responsible for 
bioremediation has to be found out. 
 
Recommendations  
 
Research can be carried out to find the newer factor 
responsible for bioremediation. As the pollutant 
varied, the method and factor for bioremediation 
also changes. 
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