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Abstract
Arsenite binding was evaluated in two Bacillus strains i.e., B. megaterium and B. pumilus, isolated from arsenic 

contaminated soil of Unnao district of Uttar Pradesh (India). Initial results showed that more than 90% of arsenite 
was removed by surface binding by the cell wall component in both the tested species of bacteria. Results on the 
concentration dependent arsenic binding in bacterial strains exhibited higher efficiency of arsenite binding in B. 
megaterium (qmax - 1000 mg g-1 protein) than B. pumilus (qmax - 666.7 mg g-1 protein). The pH optima for arsenic (As) 
binding in both B. megaterium (pH 6.0) and B. pumilis (pH 8.0) were found to be different. Results on temperature 
dependent arsenite binding by B. megaterium showed maximum binding at 30ºC, while arsenic binding maxima in B. 
pumilus showed a broad temperature range (25ºC to 35ºC). The kinetic parameters on arsenite binding revealed that 
both the bacterial strains followed pseudo-second order kinetics. The As adsorption behavior of the bacterial strains 
was better explained by Langmuir isotherm rather than Freundlich model. Results of FTIR spectra on surface binding 
of As revealed major spectral changes in the band region of 1600 cm-1 to 800 cm-1 in case of B. megaterium, indicating 
involvement of mainly amines, alkenes and C-N functional groups. Whereas FTIR spectrum of B. pumilus showed 
changes in the band region of 3433 cm-1 to 2924 cm-1

,
 indicating the involvement of hydroxyl, alkanes, alkenes, amides 

and aromatic functional groups in the arsenic binding. A corollary of these results indicated differential binding of 
arsenite in both the Bacillus strains was on account of different arsenite binding ligands on cell surface as evident from 
the FTIR results as well as different pH and temperature optima. 
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contaminated soil of Gaja Khera, Shukla Ganj and Murtaza Nagar 
village located in Unnao district (27° 40’ N, 80° 00’ E) of Uttar 
Pradesh, India. As per survey of U.P. Jal Nigam (a statutory body of 
State Government which looks over the development and regulation 
of water supply and sewerage systems of state), these areas have been 
declared as arsenic a�ected areas. �e soil samples were collected from 
a depth of 15 cm in sterile plastic bags. �e arsenite tolerant colonies of 
bacteria were isolated and screened on nutrient agar plates containing 
40 mM of sodium arsenite. �e standard microbiological techniques 
were employed to screen the microorganism. Discrete arsenic tolerant 
bacterial colonies were picked up and maintained in nutrient broth 
containing 40 mM of arsenite.

�e bacterial isolates were further identi�ed by using standard 
morphological and biochemical tests [17] and then send for 16S rDNA 
sequencing at Genetech, Biotech Park, Lucknow (U.P., India). �e gene 
sequences of these strains were submitted at to NCBI. �e identi�ed 
bacterial strains are Bacillus megaterium (Accession no. KC633281) 
and Bacillus pumilus (Accession no. KC633283).

Arsenic biosorption experiment

Biosorption of arsenite was measured in 100 ml Erlenmeyer’s 
�ask containing 20 ml BSMY II. Exponentially growing culture was 
harvested by centrifugation (3000 X, 15 min), washed with distilled 
water and the pellets were suspended in the �asks containing di�erent 
concentrations (0-100 µg ml-1) of arsenite. �ey were kept in shaking 
incubator at 30ºC temperature for 120 minutes. At the end of 
incubation period, 10 ml of sample was taken and centrifuged (1500 X, 
10 min). Supernatant was collected in test tubes for the measurement 
of remaining as concentration in the medium. �e cell pellets were 
washed twice with distilled water to remove any unbound metal. 
�erea�er, cells were washed with 2 ml of 10 mM EDTA in order 
to measure the membrane bound metal concentration. �e EDTA 
washed cell pellets were washed with distilled water then dried at 60°C 
and were digested in acid solution containing 10:1 mixture of HNO3 
and HClO4 acids as described by [18]. Total EDTA washed fraction was 
also treated in the same way. �e substraction of membrane bound as 
from the total as removed from the medium gave the concentration of 
intracellular uptake of arsenite. Surface bound arsenite concentration 
was calculated from EDTA washable fraction. 

To study the e�ect of pH on biosorption of arsenite (III) on selected 
bacterial strains, experiments were conducted at initial pH 4, 5, 6, 7, 8 
and 9. E�ect of temperature was determined in temperature range of 
25°C, 30°C, 35°C, 40°C, 45°C. �e initial concentration of as was �xed 
at 50 µg ml-1 for both the above experiments. Rest of the procedure was 
same as described for adsorption experiment.

Determination of adsorption isotherms

An isotherm is a plot of amount of solute adsorbed per unit amount 
of adsorbent against the corresponding equilibrium concentration in 
the solution phase keeping temperature constant. Vital conclusion 
can be drawn from these isotherms, which are useful in designing of 
adsorption systems. Langmuir and Freundlich isotherms have been 
used in this study. 

Langmuir isotherm

Langmuir isotherm is obtained from a kinetic derivation of 
equilibrium between adsorbed and desorbed molecules [19]. �is gives 
the following equation-

qe = qm.KA.Ce + KA.Ce

where, qe is the amount of adsorbate adsorbed per unit amount of 
adsorbent at equilibrium; KA is the adsorption coe�cient (a measure 
of adsorption energy) and qm the amount of adsorbate adsorbed per 
unit amount of adsorbent required for mono layer adsorption (limiting 
adsorbing capacity). 

�e above equation can also be written in linear form as-

e e

e max max

C C1= +
q q b q

Where, Ce is equilibrium concentration (mg l-1), qe is amount 
adsorbed per gram of adsorbent at equilibrium (mg g-1), qmax is 
Langmuir constant related to the maximum adsorption capacity and 
b is energy of adsorption. �e value of qmax and b were calculated from 
the slope and intercept of the graph.

Freundlich isotherm

�is isotherm is derived from empirical consideration and 
expressed as- 

qe = KfCe1/n

where, qe is the amount adsorbed (mg g-1), Ce is equilibrium 
concentration (mg l-1), Kf is the adsorption coe�cient [Freundlich 
constant (mg g-1)], which is a measure of adsorption capacity or 
fundamental e�ectiveness of the adsorbent. It is directly related to the 
standard free energy change, empirical constant ‘n’ is a measure of the 
adsorption intensity [20].

�e model can be linearised logarithmically as below,

Log qe = (1/n) log Ce+ log Kf

�us a plot between log qe and log Ce is a straight line. Values of Kf 
and 1/n are calculated from plotting of graph between log qe and log 
Ce, which is residual heavy metal concentration. A high Kf and high ‘n’ 
value are indicative of high adsorption throughout the concentration 
range. A low Kf and high ‘n’ value indicates low adsorption throughout 
the studied concentration range. A low ‘n’ value indicates high 
adsorption at strong solute concentration.

Determination of adsorption kinetics
Kinetic study of metal adsorption by the selected bacterial strains 

was carried out at 50 µg ml-1 initial concentration of arsenic at room 
temperature, wherein the extent of adsorption was analyzed at regular 
time intervals (5, 15, 30, 45, 60, 90,180 and 240 minutes) until as removal 
attains a saturation level. �e Lagergren �rst order and pseudo-second-
order models were used to test adsorption kinetics data to investigate 
the mechanism of biosorption. 

�e Lagergren rate equation is most widely used model for the 
sorption of a solute from a liquid solution and the �rst order rate 
expression is given as [21]. 

( ) 1
e t e

klog q q log Q  t
2.303

− = −

Where, qe and qt (µg mg-1) are the amounts of metal adsorbed on 
the algal surface at equilibrium and time t, and k1 (min-1) is the rate 
constant of �rst order adsorption. �e slope and intercept of the plot 
of log (qe-qt) versus t were used to determine the value of Qe and k1.

�e pseudo-second order kinetic model in its integrated and 
linearized form has been used and is given as [22].

2
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where k2 (g mg−1 min−1) is the rate constant of second-order adsorption. 
�e slope and intercept of the plot of t/q versus t were used to determine 
the value of qe and k2. It is important to notice that for the application of 
this model the experimental estimation of qe is not necessary.

Fourier transforms infrared (FTIR) spectroscopy

FTIR spectroscopy was used to detect the changes in the membrane 
surface moieties in bacteria which are responsible for biosorption of 
arsenic. �e bacterial pellet treated with �xed concentration of arsenic 
for 2 hours were collected and oven dried for 12 hours at 50°C. A 
measured amount of biomass was mixed with KBr (1:100). �en the 
mixture was grounded into �ne particles with a pestle and mortar and 
was compressed into translucent sample disk by a manual hydraulic 
pressure. �e spectra for both control and treated cells were measured 
within the range of 400-4000 cm-1 using a KBr window by Fourier 
Transform Spectrophotometer (Nicolet 6700, �ermoscienti�c USA). 
�e background obtained from the scan of pure KBr was automatically 
subtracted from the sample spectra. 

Statistical analysis

All the experiments were conducted in triplicates and the reported 
value for each studied parameter are means ±SD. Data were analyzed 
by one way analysis of variance (ANOVA) at p<0.05. Statistically 
signi�cant data are shown by di�erent alphabets by using Duncan 
multiple range test (DMRT) using the SPSS so�ware (Version 7).

Results and Discussion
Effect of pH on surface binding and intracellular uptake 

Many0871 Tm d to detect th were cono-l and treated ceded 
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arsenite by Bacillus species. A further increase in temperature beyond 
30°C to 35°C showed decline in surface binding as well as intracellular 
uptake of arsenic. Meena et al. [31] reported that an increase in metal 
sorption with temperature might be attributed to either increase in the 
number of active surface sites available for sorption on the adsorbent 
or due to decrease in the boundary layer thickness surrounding the 
sorbent, which resulted into reduced mass transfer resistance of 
adsorbate.

Effect of As concentration

E�ect of di�erent concentrations (10 µg ml-1 to 100 µg ml-1) of 
arsenic on surface binding and intracellular uptake e�ciency of a known 
amount of bacterial biomass at optimum pH and temperature is shown 
in Figure 3. Continuous increase in surface binding and intracellular 
uptake was observed with increasing concentrations of arsenic up to 
50 µg ml-1. Later on, the rate of As adsorption became more or less 
constant in both the strains. �ese results were in agreement with the 
�ndings of several other workers who suggested that metal sorption 

increases with increasing metal ion concentration, and then become 
saturated a�er reaching to a certain metal concentration [32,33]. At 
higher concentration, the number of As species available for binding 
onto the cell surface of bacteria was enhanced, which ultimately 
increased the biosorption of As [34]. Maximum surface binding 
(76%) and intracellular uptake (12%) of arsenic was observed in case 
of B. megaterium. �e surface binding in both the bacterial strains 
contributed about 6 times more in total removal of arsenite when 
compared with the intracellular uptake of As. �ese results were in 
conformity with the previous reports that a large proportion of metals 
remained adsorbed onto the cell surface, and a very small fraction of 
metals entered into the intracellular compartment [26,35-37]. A higher 
contribution of cell surface binding of metal could be an advantageous 
point in the sense that the adsorbed metals can be recovered by using 
a suitable desorbing agents, especially in the case of precious metals. 
�e binding/chelation of metal ions onto the extracellular surface is the 
main defense strategy adopted by the microorganisms in mitigation of 
metal toxicity [38,39]. 
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concentration of 50 µg ml-1 (Figure 5) to test the adsorption kinetics and 
nature of biosorption. �e t/q vs t plot for pseudo second order kinetics 
gave a straight line whereas plot of �rst order kinetics log (qe-qt) vs t 
did not fairly follow a linear relationship. �e results suggested that the 
second order kinetics is applicable in the case of arsenite biosorption 
by the bacterial strains. �e rate constants for both the bacterial strain 
were calculated from the Lagergren �rst-order and pseudo-second-
order models as shown in Table 2. �e value of regression coe�cient 
(R2) for the second order adsorption model is relatively high, however 
the values of R2
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showed a shi� towards the le� at 1604 cm-1 position. A shi� in the peaks 
from 1428 cm-1 to 1429 cm-1 could be attributed to carboxylic acid and 
alkenes. Some peaks in the band region of 888 cm-1 ascribed to alkenes 
which changes to 885 cm-1 a�er adsorption of arsenic (Table 3).

Shi� in the FTIR peak from 3433 cm-1 to 3426 cm-1 in B. pumilus 
showed stretching of amide and hydroxyl groups. A shi� in the peaks 
from 3080 cm-1 to 3066 cm-1 can be attributed to C—H stretching of 
fatty acid. Peaks at 2924 cm-1 was assigned to C-H of CH3 stretching of 
proteins, which exhibited a shi� towards the wavelength of 2926 cm-1 
a�er interaction with arsenite. Some new peaks (2960 cm-1 and 970 
cm-1), not present in the control set, appeared in the arsenite treated
cells. �ese changes indicated that alkanes, alkenes and sulphonates
moieties present on to the bacterial cell surface were involved in the
arsenite binding. Some peaks in the band region of 1460 cm-1ascribed to
nitro groups also shi�ed to 1453 cm-1 a�er interaction with arsenite (3).

�e cell surfaces of many microorganisms consist of 
polysaccharides, proteins and lipids, these macromolecules confer 
several functional groups capable of binding with toxic metal ions 
[45]. �e present results showed a shi� in the IR peaks for Carboxylic, 
C-H of alkane, alkene, PO2 moeity, amines, amide and sulphonate
groups when treated with arsenite, indicating involvement of these
functional moieties in the arsenite binding. Many workers have also
used the FTIR spectra for qualitative and preliminary analysis of the
chemical functional groups present in the cell wall of microorganisms.
�e IR signature of cell surface moieties yields basic information on
the nature of the possible cell surface and metal ion interaction [46-
49]. �e carboxyl, hydroxyl, amino, phosphate and sulphate groups on 
microbial cell surface have been implicated in the binding of various
charged molecules [50,51]. Carboxylic, C-H of alkane, amine, amide
and amino group were also responsible for the binding of arsenite (III) 
in E. coli [16].

Conclusion
Based on the foregoing evidences, it may be concluded that surface 

binding of arsenite (about 90%) on the bacterial cell surface might be 
the primary mode of arsenite removal and arsenite tolerance in the 
isolated bacterial strains. However, pH and temperature optima of 
arsenite adsorption including the FTIR results clearly demonstrated 
that both the Bacillus strains involve di�erent functional groups in the 
arsenite binding, depending upon the cell wall characteristics of each 
genotype. 
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