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a b s t r a c t

In this study, the Box–Behnken design matrix and response surface methodology (RSM) have been applied
to design the experiments to evaluate the interactive effects of three most important operating vari-
ables: pH (2.0–6.0), temperature (25–40 ◦C) and initial concentration of metal ions (10.0–60.0 mg/L) on
eywords:
iosorption
esponse surface methodology (RSM)
ox–Behnken model

biosorption of Cr (VI), Ni (II) and Zn (II) ions with immobilized bacterial strain Bacillus brevis. The total 17
experiments were conducted in the present study towards the construction of a quadratic model. Inde-
pendent variables have significant value 0.0001 which indicates the importance of these variables in the
biosorption process. Values of “Prob > F” less than 0.0500 indicate that model terms are significant for the
biosorption of Cr (VI), Ni (II) and Zn (II) ions. The regression equation coefficients were calculated and
the data fitted to a second-order polynomial equation for removal of Cr (VI), Ni (II) and Zn (II) ions with
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. Introduction

The presence of toxic metals contaminated aqueous streams
rising from the discharge of untreated metal containing efflu-
nt into water bodies is one of the most important environmental
ssues. The heavy metals such as lead, copper, cadmium, zinc and
ickel are among the most common which derives from electro-
lating, plastics manufacturing, fertilizers, pigments, mining and
etallurgical processes [1]. The imposition of strict regulations

ncreased the demand for innovative treatment technologies to
emove metals from wastewater and to attain today’s toxicity-
riven concentration limits. The search for new and innovative
reatment technologies has focused the attention on the metal
inding capacities of microorganisms such as bacteria, yeast and
lgae, etc. Biosorption has been recommended as cheaper and more
ffective technique. In biosorption, either live or dead microorgan-
sms or their derivatives are used, which bind metal ions through
he functioning of ligands or functional groups located on outer sur-
ace of cell [2,3]. Algae, bacteria, fungi and yeast have been proved

o be potential metal biosorbents [4–6]. Commercial application
f this microbial biomass as a biosorbent, however, has been hin-
ered by problems associated with physical characteristics such as
mall particle size, low density, poor mechanical strength, rigidity

∗ Corresponding author. Tel.: +91 9354 312123; fax: +91 1662 276240.
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nd solid–liquid separation [7,8]. Immobilization of biomass within
suitable matrix can overcome these problems by offering ideal

ize, mechanical strength, rigidity and porous characteristics to
he biological materials and provide greater opportunity for reuse
nd recovery [9,10]. Different techniques like flocculation, covalent
inding to carriers, encapsulation in polymer gel and entrapment

n polymer matrix are available for immobilization. Both living and
ead biomass can be immobilized [11]. Immobilization of cells has
lso permitted the successful use of the reactor designs and can
e used to overcome limitations such as porosity in static beds,
iomass retention in expended, fluidized and attrition of the biosor-
ent; most importantly it allows simple separation of biomass
rom aqueous phase. Whereas, biosorption efficiency depends upon

any factors, pH, temperature and metal ions concentration that
ffect the biosorption of metals ions. The variability of these factors
n real wastewater makes it necessary to know how they influence
iosorption performance. As a consequence of these possible mul-
iple interactions, the comprehension of biosorption phenomena is
ery complex and requires a study of both the solution chemistry
f metal ions depending pH, anions and/or ligands in solution and
he mechanisms of metal uptake such as ion exchange, complexa-
ion, micro-precipitation, etc. The influence of parameters should

e investigated to achieve the optimum experimental conditions
or the biosorption of Cr (VI), Ni (II) and Zn (II) from aqueous solu-
ion. Treating each factor separately would be very time consuming;
urthermore, if several factors play a role, their interactions would
ot be discernable even if they were dominated. Response surface

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:nrbishnoi@gmail.com
dx.doi.org/10.1016/j.cej.2008.06.020
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tion of the central point. Repeated observations at the center point
were used to estimate the experimental error employed. All the
biosorption experiments were conducted in 250 mL Erlenmeyer
flasks on a rotary shaker (at 125 rpm) and then the filtrate was ana-
lyzed for residual Cr (VI) concentration using a spectrophotometer

Table 1
Morphological, physiology and biochemical characteristics of the bacterial sp. Bacil-
lus brevis

Morphological characteristics Colony Cream, round
with rough
surface

Gram reaction +
Motility Motile
Cell shapes Long rods

Physiology characteristics UV fluorescence −
Growth temperature 25–45 ◦C
pH 6.8–9.0
Growth on NaCl (%) −

Biochemical characteristics MacConkey agar −
Indole −
Methyl red −
Citrate utilization −
Casein hydrolysis −
02 R. Kumar et al. / Chemical Engi

ethodology (RSM) is essentially a particular set of mathemati-
al and statistical methods for experimental design and evaluating
he effects of variables and searching optimum conditions of vari-
bles to predict targeted responses [12–14]. Its greatest applications
ave been in industrial research, particularly in situations where
large number of variables influencing the system feature. The

SM has already been successfully applied in other fields, i.e. food
rocessing, biochemical engineering and adsorption processes for
ptimization [15–19]. Few researchers have been done work on
iosorption process optimization using RSM [11,20,21]. There is
o published report on optimization of biosorption process for
emoval of heavy metals i.e. Cr (VI), Ni (II) and Zn (II) with bac-
erial sp. Bacillus brevis using response surface methodology. It is
ell suited approach to the study the main and interactive effects of
istinct variable and optimization of the process. Response surface
ethodology was applied to the Box and Behnken experimental

esign [18]. The Box–Behnken model was based on statistical eval-
ation of the following tests: root-mean-square error (RMSE), bias

ndex and accuracy factor, and the lack-of-fit test. The Box–Behnken
esign minimizes the number of factor combinations and main-
ains good precision of the predicted response [22–24]. In this
tudy, Box–Behnken design matrix have been used for the opti-
ization of biosorption processes for removal of heavy metals using

mmobilized bacterial biomass sp. B. brevis. For this three most
mportant operating variables: pH, temperature and initial con-
entration of metal ions were optimized and evaluated the single
nd interactive effects of the variables in the process for removal of
eavy metals, such as Cr (VI), Ni (II) and Zn (II) ions from aqueous
olution.

. Materials and methods

.1. Collection and analysis of soil and wastewater samples

Soil and wastewater samples were collected from Luxmi Pre-
ision Screw Ltd., Rohtak district, Haryana, India in the month of
ctober 2006. Rohtak district is located in southeastern part of
aryana state. The climate of the study area is semi-arid with
xtreme temperature conditions in summer and winter. Summer
pans over April to July and October have moderate tempera-
ure conditions. Average rainfall pattern is 458.5 mm. The soil
amples were collected in plastic bags and stored at 4 ◦C. The
ndustry mainly used chromium, nickel and zinc ions for metal
lating. In the soil samples, concentration of Cr (VI), Ni (II) and
n (II) ions was observed approximately 50 mg/L, 35 mg/L and
8 mg/L respectively. The pH of the soil samples was measured
ithin 2 h of samples collection and found between 6.5 and 7.0.

hysico-chemical parameters of electroplating wastewater sam-
les were analyzed and results have already been published
6].

.2. Source/genesis of bacterial strain

The bacterial strain B. brevis was isolated from electroplating
ndustrial soil. The bacterial strain was isolated on nutrient agar

edium comprising (g/L): bacteriological peptone, 5.0; sodium
hloride, 8.0; beef extract, 3.0, agar, 2% and pH 7.0. Pure bacterial
ulture was obtained by repeat streaking on basal agar medium

sing standard isolation techniques. For isolation, inoculated plates
ere incubated at 37 ◦C for 72 h. The pure colony was obtained and

dentified from microbial type culture collection (MTCC), Institute
f Microbial Technology, Chandigarh. Morphological, physiology
nd biochemical characteristics of the bacterial sp. B. brevis were
hown in Table 1.
g Journal 146 (2009) 401–407

.3. Preparation of bacterial biosorbents

For biosorption study, bacterial strain B. brevis was cultivated
erobically in 250 mL Erlenmeyer flask containing sterile nutrient
roth on a rotary shaker 130 rpm at 37 ◦C. Cells were harvested
t the end of exponential phase. After cultivation, the cells were
entrifuged at 10,000 × g for 20 min and then washed twice with
eionized water and finally freeze-dried. The dried biomass was
owered and stored at 4 ◦C and used for the biosorption experi-
ents.

.4. Immobilization of biomass

The powdered biomass sp. B. brevis was immobilized by entrap-
ent in polymer matrix of Na-alginate. 2% (w/v) slurry of sodium

lginate was prepared in distilled water. After cooling, 5% (w/v) of
iomass was added and stirred on magnetic stirrer. The alginate
iomass slurry was introduced into 0.1 M CaCl2·2H2O for polymer-

zation and bead formation using 5 mL syringe. The resultant beads
ere of ∼4-mm diameter. The biomass entrapped beads were cured

n this solution for 1 h and then washed twice with 200 mL of sterile
istilled water [17,25].

.5. Establishment of response surface methodology

The Box–Behnken design model, which is the standard RSM,
as established on the basis Design Expert software (Stat Ease,
.0 trial version) for the optimization of biosorption process. The
xperimental design, three independent variables, i.e. pH (2.0–6.0),
emperature (20–40 ◦C) and initial concentration (10–60 mg/L) of
ons were taken to obtained response biosorption of Cr (VI), Ni (II)
nd Zn (II) ions. The experimental design was applied after selec-
ion range of each variable (maximum and the minimum) as shown
n Table 2. The Box–Behnken design contained a total of 17 experi-

ents with the first 12 experiments organized in a factorial design
ith the experimental trials from 13 to 17 involving the replica-
Gelatin +
Starch +
Urea −
Nitrate Reduction +
Oxidase −
Sorbitol +
Xylose −



R. Kumar et al. / Chemical Engineering Journal 146 (2009) 401–407 403

Table 2
The experimental domain factor and level for the Box–Behnken design
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pH 2.0 4.0 6.0
Temperature (◦C) 25.0 32.5 40.0
Initial concentration (mg/L) 10.0 35.0 60.0

ELICO SL, 150) at 540 nm and Zn (II) and Ni (II) concentration
sing atomic absorption spectrophotometer (GBC-932 Plus). The
btained response and run experiments were shown in Table 3.
iosorption efficiency was calculated using following equation:

Efficiency = C0 − Ce

C0
× 100 (1)

here C0 is the initial concentration of metal ion (mg/L) and Ce is
he concentration of heavy metal ions at equilibrium (mg/L).

.6. Statistical analysis

The quadratic equation model for predicting the optimal point
as expressed according to Eq. (2). Three parameters varied, 10

oefficients has to be estimated, i.e. coefficients for the three main
ffects, three quadratic effects, three interactions and one constant
26]

i = a0 +
∑

aiXi +
∑

aiiX
2
ii +

∑
aijXiXj + e (2)

here Yi (i = 3) is the predicted response, i.e. biosorption of Cr (VI),
i (II) and Zn (II) ions with bacterial biomass, a0 is the constant
oefficient, ai is the ith linear coefficient, aii is the ith quadratic coef-
cient and aij is the different interaction coefficients of the model;
iXj are the coded independent variables related to the factors, and
is the error of model. However, in this study, the independent vari-
bles were coded as A, B and C. Thus, the second-order polynomial
quation can be presented as follows:

(% Removal of metal ions) = a0 + aiA + aiB + aiC + aiA
2 + aiB

2

+aiC
2 + aijA ∗ B + aijA ∗ C + aijB ∗ C

(3)

n this study, the removal of Cr (VI), Ni (II) and Zn (II) was pro-
essed for Eq. (3) including ANOVA to obtain interaction between
rocess variables and response. The quality-of-fit of polynomial
odel was expressed by the coefficient of determination r2 and

tatically significance was checked by F-test in the programme. The
esidual error, pure error and lack-of-fit were calculated from the
epeated measurements [17]. The desirability was selected as max-
mum removal of heavy metal ions at optimum pH, temperature
nd initial concentration of metal ions. To visualize the relation-
hip between responses and experimental levels for each of the
actors, the fitted polynomial equation was expressed as surface
lots.

. Results and discussion

The Box–Behnken design matrix and corresponding results of
SM experiments to determine the effect of variable: pH (2.0–6.0),

emperature (25–40 ◦C) and initial concentration of metal ions
10.0–60.0 mg/L) on response, i.e. Y1 biosorption of Cr (VI), Y2
iosorption of Ni (II) and Y3 biosorption of Zn (II) with immobilized
acterial strain B. brevis are given in Table 3. Ta
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Table 4
Analysis of variance for RSM variables fitted to quadratic model

Metal ions Source Sum of squares d.f. Mean square F-value P-value Prob > F

Cr (VI) Model 5211.477 9 579.053 25258.47 0.0001 Significant
Residual 0.160476 7 0.022925
Lack-of-fit 0.132476 3 0.044159 6.308369 0.0536 Not significant
Pure error 0.028 4 0.007
r2 0.9996
r2

adj
0.9999

Ni (II) Model 4324.402 9 480.4891 103548.9 <0.0001 Significant
Residual 0.032482 7 0.00464
Lack-of-fit 0.027002 3 0.009001 6.569708 0.0503 Not significant
Pure error 0.00548 4 0.00137
r2 0.9999
r2

adj
1.0000

Zn (II) Model 5331.368 9 592.3742 85346.41 <0.0001 Significant
Residual 0.048586 7 0.006941
Lack-of-fit 0.036586 3 0.012195 4.065083 0.1045 Not significant
Pure error 0.012 4 0.003
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r2 1.0000
r2

adj
1.0000

.f. = degree of freedom.

.1. Validation of response surface models and statistical analysis

The relationship between independent variables and response
as drawn by second-order polynomial equations. The regres-

ion equation coefficients were calculated and data was fitted to
second-order polynomial equation for removal of Cr (VI), Ni (II)

nd Zn (II) ions with immobilized bacterial strains B. brevis

Removal of Cr (VI) Y1 = +53.48 − 20.91 ∗ A + 5.07 ∗ B − 5.21 ∗ C

+1.54 ∗ A ∗ B − 0.33 ∗ A ∗ C + 0.71 ∗ B ∗ C

+4.45 ∗ A2 − 5.11 ∗ B2 − 16.05 ∗ C2 (4)

Removal of Ni (II) Y2 = +56.54 + 17.16 ∗ A + 9.12 ∗ B − 1.12 ∗ C

−3.07 ∗ A ∗ B + 5.77 ∗ A ∗ C5.28 ∗ B ∗ C

−1.89 ∗ A2 − 2.73 ∗ B2 − 14.81 ∗ C2 (5)

Removal of Zn (II) Y3 = +71.54 − 2.49 ∗ A + 4.86 ∗ B − 2.25 ∗ C

−1.02 ∗ A ∗ B + 0.54 ∗ A ∗ C − 1.59 ∗ B ∗ C

−30.40 ∗ A2 − 7.29 ∗ B2 − 11.76 ∗ C2 (6)

tatistical testing of the model was performed with F-test to obtain
he mathematical relationship between response and process vari-
bles. In order to ensure a good model, the test for significance
f regression model was performed and applying the analysis of
ariance (ANOVA) for biosorption of Cr (VI), Ni (II) and Zn (II) ions
ith immobilized bacterial biomass. Table 4 showed the results

f ANOVA for removal of Cr (VI), Ni (II) and Zn (II) ions. Values of
rob > F less than 0.0500 indicate model terms are significant for
iosorption of Cr (VI), Ni (II) and Zn (II) ions. The non-significant

ack-of-fit (more than 0.05) showed that quardratic model is valid
or present study. Non-significant lack-of-fit is good for data fitness
n the model. The predicted r2 0.9996 and adjusted r2 of 0.9999 for
r (VI), predicted r2 0.9999 and adjusted r2 1.0000 for Ni (II) and

redicted r2 1.0000 and adjusted r2 1.0000 for Zn (II) is reason-
ble agreement with the value of r2, which is closer to 1.0, indicates
he better fitness of model in the experimental data. High value of
arameter estimate for variables A, B, C, AB, AC, BC, A2, B2, C2 show-

ng a high level of significance indicates the importance of these

v
Z
s
o
b

ariables in the biosorption process. The variables A (pH) and C
initial concentration of metal ions) have negative relationship in
iosorption of Cr (VI) and Zn (II) ions, whereas, in case of Ni (II)

ons variable A (pH) shows the positive relationship and C (initial
oncentration of metal ions) shows the negative relationship. Other
ariable B (temperature) had a significant (P < 0.05) positive effect
n biosorption of Cr (VI), Ni (II) and Zn (II) ions.

.2. Optimization of variables for removal of Cr (VI), Ni (II) and Zn
II) ions

On the basis of quadratic polynomial equation of response
urface methodology (Eqs. (4)–(6)), the effect of independent vari-
bles: pH, temperature and initial concentration of ions on the
iosorption of Cr (VI), Ni (II) and Zn (II) were analyzed.

First, pH was a most important factor (P > 0.0001) and had a
egative effect on biosorption of Cr (VI) and Zn (II) ions (Eqs. (4)
nd (6)) and linear positive effect on biosorption of Ni (II) ions (Eq.
5)) from aqueous solution by immobilized bacterial biomass. It

eans the biosorption of Cr (VI) and Zn ions were decreased and
i (II) ions increased when pH increased.

Second, temperature (P > 0.0001) significantly affects the
iosorption of Cr (VI), Ni (II) and Zn (II) ions. Independent variable
emperature had a positive effect on biosorption of Cr (VI), Ni (II)
nd Zn (II) ions (Eqs. (4)–(6)). The increase in biosorption of Cr (VI),
i (II) and Zn (II) ions with increase in temperature is due to either

he higher affinity of sites for metal or an increases in binding sites
n the biomass.

Third, initial concentration effect (P > 0.0001) was significant
lso play an important role in biosorption of Cr (VI), Ni (II) and
n (II) ions. However, initial metal ions concentration showed neg-
tive effect on biosorption of Cr (VI), Ni (II) and Zn (II) ions (Eqs.
4)–(6)). The percent removal was decreased as the initial concen-
ration of metal ions increased because at low initial concentration

ore binding sites are available for complexation of ions and con-
entration increased the number of ions competing for the available
inding sites [27].

The interactive effect of two independent variables with another

ariable being at fixed level on the biosorption of Cr (VI), Ni (II) and
n (II) ions with immobilized bacterial biomass were shown in 3D
urface plots (Figs. 1–3 (A–C)). Fig. 1A–C shows the interactive effect
f two variables pH (A) 2.0–6.0 and temperature (B) 25–40 ◦C on
iosorption of Cr (VI), Ni (II) and Zn (II) ions. In Fig. 1A, the removal
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ig. 1. 3D-surface plot showing the interactive of pH and temperature (◦C) on: (A) %
emoval of Cr (VI), (B) % removal of Ni (II), and (C) % removal of Zn (II) by immobilized
acterial biomass sp. Bacillus brevis.

f Cr (VI) was decreased with increase of pH from 2.0 to 6.0 and
ncreased with increase of temperature from 25 ◦C to 40 ◦C. It was
lso observed that removal of Cr (VI) ions from solution is high
t higher temperature 40 ◦C than at lower temperature 25 ◦C, so
ecreasing trend of Cr (VI) removal is slow at higher temperature
0 ◦C than at lower temperature 25 ◦C with increase in pH of the
olution. Maximum removal of Cr (VI) was observed 77.24% at pH
.0 and temperature 40 ◦C. High adsorption capacity observed at
H 2.0 may be attributed due to electrostatic interactions between
dsorbent and adsorbate. At lower pH (pH > 2.0) values, Cr3O10

2−
2−
nd Cr4O13 species are formed [28]. Thus decrease in solution

H causes the formation of more polymerized chromium oxide
pecies. As pH increased, the number of negatively charged sites
ncreased and the number of positively charged sites decreased.

negatively charged surface site on adsorbent does not favor the
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ig. 2. 3D-surface plot showing the interactive of pH and metal ions concentration
mg/L) on: (A) % removal of Cr (VI), (B) % removal of Ni (II), and (C) % removal of Zn
II) by immobilized bacterial biomass sp. B. brevis.

dsorption of anions due to electrostatic repulsion [29]. Removal of
i (II) ions was increased with increase of pH as well as tempera-

ure of the solution. Maximum removal of Ni (II) ions was observed
5.21% at pH 6.0 and temperature 40 ◦C (Fig. 1B). It is observed that
dsorption of Ni (II) is high at pH 6.0. At low pH, recoveries were
ound to be low due to the binding of H+ ions and at higher pH,
H− ions compete with Ni (II) ions for active sites on the surface of
dsorbent [30]. The medium pH affects solubility of metals and ion-
zation state of functional groups like carboxylate, phosphate and
mino groups of cell wall. The carboxylate and phosphate groups
arry negative charges that allow the components of cell wall to

e potent scavengers of cations. When pH increased, adsorbent
urface were more negatively charged with subsequent attraction
f metallic ions with positive charge and biosorption process was
avored until a maximum was reached. In Fig. 1C, removal of Zn
II) ions was also increased with increased pH 2.0–4.0 and tem-



406 R. Kumar et al. / Chemical Engineerin

F
c
r

p
w
a
c
i
c
a
p
s
z
e
c
b
i
m
r
o
d
i
C

n
b
a
p
(
o
m

t
s
o
c
i
r
(
i
f
t
(
v
b
o
s
i
r
t
(
i
w
C
t
a
s
i
b
m
i
b
T
p
b
d
i
f
v
b
i

i
i
fi
a
(
i
f
i
C
m
a
i

◦

ig. 3. 3D-surface plot showing the interactive of temperature and metal ions con-
entration (mg/L) on: (A) % removal of Cr (VI), (B) % removal of Ni (II), and (C) %
emoval of Zn (II) by immobilized bacterial biomass sp. B. brevis.

erature 25–32.5 ◦C and after that removal of Zn (II) ions decreased
ith increased pH and temperature. In this study, these zinc cations

t pH 4.0 was found to be interact more strongly with negatively
harged binding sites of adsorbent due to ionic attraction. Decrease
n biosorption at higher pH is due to formation of soluble hydroxyl
omplexes of the metal would also compete with the active sites,
nd as a consequence, the retention would decrease again [31]. At
H less than 6.0, metals are in their free ionic form and as such
harp increase in metal uptake. The effect of pH on adsorption of
inc has been investigated by various investigators using a vari-
ty of different adsorbent types [32–34], and optimum adsorption
apacity of zinc has been reported at below 6.0. The increase in
iosorption of Cr (VI) and Ni (II) ions with increases temperature

ndicates an endothermic process. Whereas, in case of Zn (II) ions,
aximum removal was observed at temperature 32.5 ◦C, after that
emoval of Zn (II) ions decreased. The initial increase in biosorption
f Zn (II) ions indicates an endothermic process and after that when
ecreased in biosorption of Zn (II) ions with increased temperature

ndicates due to exothermic process occurred. The biosorption of
r (VI) and NI (II) ions increased with increased temperature, but
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ot for Zn (II) ions, this may also be due to interaction between
iosorbent and Cr (VI) or Ni (II) is different from that biosorbent
nd Zn (II) ions. Maximum removal of Zn (II) was observed 71.6% at
H 4.0 and temperature 32.5 ◦C. A decrease in the biosorption of Zn
II) ions with the rise in temperature may be due to either damage
f active binding sites in biomass or increasing tendency to desorb
etal ions from interface to the solution [35].
Fig. 2A–C showed interactive effect of pH and initial concen-

ration on biosorption of Cr (VI), Ni (II) and Zn (II) ions. Fig. 2A
howed that removal of Cr (VI) ions was decreased with increases
f pH from 2.0 to 6.0 and increased with initial increases of con-
entration of Cr (VI) ions up to 35 mg/L, after that removal of Cr (VI)
ons decreased with increases metal ions concentration. Maximum
emoval was observed at 77.24% at pH 2.0 and concentration of Cr
VI) ions at 35.0 mg/L. Fig. 2B showed the removal of Ni (II) ions was
ncreased with increases of pH from 2.0 to 6.0 and concentration
rom 10 mg/L to 60 mg/L of Ni (II) ions, after reached the equilibrium
he removal of Ni (II) ions, no much decrease with increases of Ni
II) ions concentration. It was observed that these two independent
ariables pH and concentration with another variable temperature
eing at fixed level shows positive interactive effect in biosorption
f Ni (II) ions with increases pH and Ni (II) ions concentration of the
olution. Fig. 2C shows removal of Zn (II) ions was increased with
ncreases of pH, maximum removal was at pH 4.0 and after that
emoval of Zn (II) ions decreased. The second variables concentra-
ion of Ni (II) ions was increased from 10 to 60 mg/L, removal of Zn
II) ions increased initially with increases concentration of Zn (II)
ons. After reached equilibrium, removal of Zn (II) ions decreased

ith increases of concentration of Zn (II) ions. The biosorption of
r (VI), Ni (II) and Zn (II) metal ions increased first with increases of
he initial metal ions concentration and reached a saturated value
s shown in Fig. 2A–C. This may be due to saturation of sorption
ites and increase in number of ions competing for available bind-
ng sites in biomass for comlexation of metal ions. Difference in
iosorptions of Cr (VI), Ni (II) and Zn (II) ions with bacterial biomass
ay be due to the properties of metal sorbets (e.g. atomic weight,

onic size or reduction potential of metal) and the properties of
iosorbent (e.g. structure, functional groups and polysaccharides).
hese functional groups such as amino, carboxylic, sulphydryl and
hosphate groups differ in their affinity and specificity for metal
inding [36]. The observed enhancement of metal uptake could be
ue to an increase in electrostatic interactions (relative to covalent

nteractions), which involved sites of progressively lower affinity
or metal ions [37]. It was observed that these two independent
ariables pH and concentration with another variable temperature
eing at fixed level also shows positive interactive effect (Eq. (6))

n biosorption of Cr (VI), Ni (II) and Zn (II) ions.
Fig. 3A–C showed interactive effect between temperature and

nitial concentration on biosorption of Cr (VI), Ni (II) and Zn (II)
ons. The biosorption of Cr (VI), Ni (II) and Zn (II) ions increased
rst with increases of initial metal ions concentration and reached
saturated value and after that removal of Cr (VI), Ni (II) and Zn

II) ions were decreased with increases of concentration as shown
n Fig. 3A–C respectively. However, with increases of temperature
rom 25 ◦C to 40 ◦C, removal of Cr (VI) and Ni (II) ions increased with
ncreases of concentration up to 35 mg/L and after that removal of
r (VI) and Ni (II) ions decreased with increases of concentration of
etal ions. The increase in biosorption with increases of temper-

ture is due to either higher affinity of sites for metal or increases
n binding sites on biomass. It was observed that at higher tem-

erature 40 C, rate of metal Cr (VI) and Ni (II) ions removal is high
han low temperature. Whereas, in case of Zn (II) ions biosorption
ncreased with increases of temperature from 25 ◦C to 32.5 ◦C up
o concentration of metal ions 35 mg/L and after that removal was
ecreased with increases temperature and concentration of ions in



neerin

s
a
w
b
i

4

r
v
c
s
f
m
a
t
(
r
a
7
7
3
e
m
p

A

D

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

R. Kumar et al. / Chemical Engi

olution. Maximum removal of Zn (II) was observed 71.6% at 32.5 ◦C
t concentration 35 mg/L. A decrease in biosorption of Zn (II) ions
ith the rise in temperature may be due to either damage of active

inding sites in biomass or increasing tendency to desorb metal
ons from the interface to the solution [35].

. Conclusions

For the biosorption of heavy metals Cr (VI), Ni (II) and Zn (II) ions
esponse surface methodology was used to optimize the process
ariables, such as pH 2.0–6.0, temperature 25–40 ◦C and initial con-
entration of ions 10–60 mg/L using immobilized bacterial biomass
p. B. brevis. On the basis of RSM using the Box–Behnken design,
ound that combination of pH, temperature and concentration of

etal ions have significant effect on biosorption of Cr (VI), Ni (II)
nd Zn (II) ions. Values of “Prob > F” less than 0.0500 indicate model
erms have significant effect on biosorption of Cr (VI), Ni (II) and Zn
II) ion using immobilized bacterial biomass sp. B. brevis. Maximum
emoval of Cr (VI) was observed 77.24% at pH 2.0, temperature 40 ◦C
nd concentration 35 mg/L. Whereas, removal of Ni (II) ions was
5.21% at pH 6.0, temperature 40 ◦C and concentration 35 mg/L and
1.6% of Zn (II) ions at pH 4.0, temperature 32.5 ◦C and concentration
5 mg/L respectively. From the significant model and mathematical
valuation, RSM approach proved to be a very useful and accurate
ethodology to optimize biosorption process and need to apply at

ilot scale for industrial wastewater treatment.
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