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Statistical Optimization of Process Parameters for Cr
(VI) Biosorption onto Mixed Cultures of
Pseudomonas aeruginosa and Bacillus subtilis

In the present study, response surface methodology (RSM) was employed to investi-
gate the effects of different operating conditions on the removal of hexavalent chro-
mium (Cr (VI)) onto mixed cultures of Pseudomonas aeruginosa and Bacillus subtilis (MCO-
PAABS) using biosorption processes. Box-Behnken design (BBD) was used for optimiza-
tion of the biosorption process and to evaluate the effects and interactions of the
process variables, i. e., biomass concentration, pH, temperature and contact time on
the removal of Cr (VI). A synthetic aqueous solution with a Cr (VI) concentration of 10
mg/L was used in the experimental study as a fixed input variable. The optimum con-
ditions for maximum uptake (1.44 mg/g) of Cr (VI) onto the biosorbent were estab-
lished as 0.5 g/L biosorbent dosage, pH 2 for the aqueous solution, 328C temperature
and 23 min contact time.
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1 Introduction

Chromium is usually encountered in the environment as Cr (III) or
Cr (VI). These two oxidation states have different chemical, biologi-
cal and environmental properties. Cr (III) is a relatively insoluble
and an essential micronutrient for animals and humans, having an
important role in the glucose, lipid and protein metabolism [1]. On
the contrary, Cr (VI) is highly mobile and is considered acutely toxic
and mutagenic for most organisms; in humans its main effects are
on the skin, liver, kidney and respiratory organs, resulting in a vari-
ety of diseases such as dermatitis, hepatic and renal tubular
necrosis, bronchitis, perforation of the nasal septum and broncho-
genic carcinoma [2].

Several industries including paint and pigment manufacturing,
stainless steel production, corrosion control, leather tanning, chro-
mium plating, wood preservation, fertilizers, textile and photogra-
phy discharge effluent containing hexavalent chromium to surface
water [3]. While hexavalent (CrO2

4 – and Cr2O2
7 – ) and trivalent (Cr3+

and CrOH2+) species of chromium are prevalent in industrial waste
solutions, the hexavalent form is considered more hazardous to
public health due to its mutagenic and carcinogenic properties [4].

Cr (VI) concentrations in industrial wastewater range from 0.5 to
270.0 mg/L. The discharge limit for Cr (VI) into inland surface waters
is 0.1 mg/L and in potable water is 0.05 mg/L [5].

Different techniques have been employed for the purification of
these wastewaters, including physico-chemical treatment, reverse
osmosis, evaporation and ion-exchange [6]. Many conventional
methods such as chemical precipitation, membrane separation, ion
exchange and evaporation have been employed to remove Cr (VI)
from industrial wastewater but they are not effective at metal con-
centrations ranging from 1 to 100 mg/L [8]. Comprehensive studies
of Cr (VI) removal have been carried out by several investigators [8 –
10]. The high cost of the chemical reagents and the problems of sec-
ondary pollution also make the above physicochemical methods
rather limited in their application. In the last two decades, more
studies have focused on using different biosorbents to remove metal
ions [11].

Studies of the biosorption of chromium by live and dead microor-
ganisms have recently gained momentum. Several algal species
such as Spriogyra, Synechocystis, Scenedesmus obliquus, and Chlorella vul-
garis [12], bacterial species such as Bacillus [13], and the yeast Saccharo-
myces cerevisiae [14] have been studied for their Cr (VI) biosorption
capacity. Dead biomass of fungus such as Mucor hiemalis [15], Neuro-
spara crassa [16], Rhizopus arrhizus [17], Rhizopus nigricans [18] and Asper-
gillus niger fungal biomass [19] have also shown promise in accumu-
lating chromium. The sorption capacities for Cr (VI) uptake by dif-
ferent biomass are presented in Tab. 1 [20 – 47].

No work so far has reported on heavy metal removal using mix-
ture cultures of biomass. Optimization of biosorption of heavy met-
als by the classical method involves changing one independent vari-
able (i. e., Pseudomonas aeruginosa and Bacillus subtilis (mixed culture)
dosages, pH, temperature, or time of contact) while maintaining all
others at a fixed level which is extremely time consuming and
expensive for a large number of variables. To overcome this diffi-
culty, experimental Box-Behnken design under response surface
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methodology can be employed to optimize the biosorption of heavy
metals [48].

The objective of the present study was to optimize biosorption of
Cr (VI) in aqueous solution onto mixed cultures of Pseudomonas aeru-
ginosa and Bacillus subtilis in a batch experiment. For a better under-
standing of the different stages of biosorption at a fixed Cr (VI) con-
centration (C0 = 10 mg/L), variable sorbent dosages (w), pH, tempera-
ture (T), and contact time (t) as well as response surface methodology
(RSM) was used to optimize the Cr (VI) uptake.

2 Material and Methods

2.1 Preparation of Biosorbent

Pseudomonas aeruginosa and Bacillus subtilis strains were obtained
from the National Collection of Industrial Microorganisms (NCIM),
Pune, India, as separate subcultures in different media. These cul-
tures were subcultured in differential media separately. Both cul-
tures were maintained in 250 mL Erlenmeyer flasks containing 50
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Table 1. Sorption capacities for Cr (VI) uptake using different types of biomass.

Biomass Sorption Capacity (mg/g) References

Padina sp. 54.60 [21]
Ecklonia 4.49 (mmol/g) [22]
Pilayella littoralis 4.68 [23]
Sargassum siliquosum 66.4 [24]
Turbinaria ornate 31.0 [25]
Sargassum sp. 31.72 [21]
Cystoseira indica 20.9 – 27.9 [20]
Aspergillus niger MTCC 2594 3.0 [26]
Aspergillus niger (autoclaved treated) 1.5 [19]
Aspergillus niger (acid pretreated) 2.0 [19]
Aspergillus niger (alcali pretreated) 1.9 [19]
Aspergillus niger (acetone pretreated) 1.8 [19]
Aspergillus niger (formaldehyde pretreated) 2.2 [19]
Aspergillus niger (Cetyl trimethyl ammonium bromide (CTAB) pretreated) 3.1 [19]
Aspergillus niger (polyethyleneimine (PEI) pretreated) 2.5 [19]
Aspergillus niger ((aminopropyl)triethoxysilane (APTS) pretreated) 1.8 [19]
Fusarium sp. 50.25 [27]
Spirogyra sp. 14.7 [38]
Aspergillus niger 1.72 – 2.39 [28]
Aspergillus sydoni 1.22 – 1.76 [28]
Penicillium janthinellum 1.18 – 1.77 [28]
Juglans regia 8.01 [29]
Corylus avellana 8.28 [29]
Prunus dulcis 3.40 [29]
Agaricus bisporus 8.00 [30]
Lyngbya putealis 7.72 [31]
Lentinus sajor, caju (untreated) 22.10 [32]
Olive oil factory waste 12.15 [33]
Aspergillus niger 20.9 [19]
Rhizopus arrhizus 23.92 [34]
Aspergillus sydoni 9.07 [28]
Neurospora crassa (AcOH pretreated) 15.85 [35]
Spirogyra sp. 14.7 [38]
Chlamydomonas reinhardetti (heat inactivated) 25.6 [37]
Chlamydomonas reinhardetti (acid treated) 21.2 [37]
Lyngbya putealis 113.6 [36]
Ulva lactuca (green algae) 27.6 [39]
Ulva spp. (green algae) 30.2 [39]
Fucus vesiculosus (brwn algae) 42.7 [39]
Fucus spiralis (brown algae) 5.4 [39]
Polysiphonia lanosa (red algae) 45.8 [39]
Palmaria palmate (red algae) 33.8 [39]
Oedogonium hatei (raw) 31.0 [40]
Oedogonium hatei (acid treated) 35.2 [40]
Saw dust 16.5 [41]
Maize cob 13.80 [42]
Leaf mould 43.00 [42]
Palm pressed fibres 15.00 [43]
Pinnus sylvestris bark (activated by 0.05 N NaCl) 19.50 [44]
O. anthropi 86.20 [45]
Rice straw 3.15 [46]
Soya cake 0.28 [47]
Pseudomonas aeruginosa and Bacillus subtilis (mixed cultures) 1.44 Present work
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mL of sterile medium and incubated on a rotatory shaker at 200
rpm at 328C. Bacterial cells were harvested by centrifugation at
258C and 9000 rpm for 15 min and washed twice with distilled
water to remove media particles on the microbes and were again
centrifuged to obtain the bacterial pellet. Cells were attenuated by
heat treatment in a hot air oven at 608C for 24 h. The bacterial pellet
obtained was used in further experiments for Cr (VI) removal from
aqueous solutions.

2.2 Preparation of Cr (VI) Solution

The stock solution of Cr (VI) (1000 mg/L) was prepared in deionized
water with potassium dichromate (K2Cr2O7). All working concentra-
tions were obtained by diluting the stock solution with deionized
water. The pH was adjusted to the desired values according to the
following experimental design with HCl and NaOH solutions.

2.3 Batch Experimental Program

For each experiment, 100 mL of Cr (VI) solution of known C0 and a
known amount of biosorbent (mixed cultures of Pseudomonas aerugi-
nosa and Bacillus subtilis (MCOPAABS)) were placed in a 100 mL air
tight stoppered conical flask. This mixture was agitated at a preset
temperature in a temperature controlled shaking water bath at a
constant shaking speed 20 rpm. The uptake (qt) of Cr (VI) was calcu-
lated as:

qt = (C0 – Ct)V/w (1)

where C0 is the initial adsorbate concentration (mg/L), Ct is the adsor-
bate concentration (mg/L) after time t, V is the volume of the solu-
tion (mL) and w is the mass of the biosorbent (g) (MCOPAABS).

2.4 Analytical Measurements

The Cr (VI) content in spent chromium liquor was estimated accord-
ing to a method by Clesceri [48]. 0.5 to 1.0 mL chromium solutions
were made up to 1.0 mL with water. 100 lL of 0.2 N H2SO4 was added
to achieve a pH of 1.0 to 0.3 followed by 2.0 mL of 0.5% (w/v) 1, 5-
diphenylcarbazide. The absorbance of the reaction mixture was
measured at 540 nm using a reagent blank [17]. The absorbance of
samples made up to 1.0 mL was also measured at 540 nm and the
difference in the readings was subsequently calculated for Cr (VI)
using a K2Cr2O7 calibration graph. The calibration curve of absorb-
ance versus Cr (VI) concentration was used for determination of the
unknown concentration of Cr (VI) from a sample.

2.5 Box-Behnken Design

Central composite [49], Box-Behnken and Doehlert designs [50] are
among the principal response surface methodologies used in exper-
imental design. Box-Behnken design requires an experiment num-
ber according to N = k2 + k + cp, where (k) is the factor number and (cp)
is the replicate number of the central point. The same number of
experiments is necessary for the Doehlert matrix. The central com-
posite design requires a greater number of experiments, which is
calculated according to N = kk + 2k + cp, where (k) is the variable num-
ber and (cp) is the number of central points [50]. These designs are
formed by combining 2k factorials with incomplete block designs.

Box-Behnken is a spherical, revolving design, viewed as a cube and
consists of a central point and the middle points of the edges. The
resulting designs are usually very efficient in terms of the number
of required runs, and they are either rotatable or nearly rotatable. It
has been applied for optimization of several chemical and physical
processes [52, 53].

This design is generally used for fitting the second order polyno-
mial model as given by following equation

q ¼ b0 þ
Xn

i¼1

bixi þ
Xn

i¼1

biixi

 !2

þ
Xn�1

i¼1

Xn

j¼iþ1

bijxixj

 !
ð2Þ

where q is the predicted response, b0 = constant coefficients, bi is the
slope or linear coefficients of the input factor xi, bii is the linear by
linear interaction coefficients or quadratic coefficients between the
input factor xi and xj, bij is the interaction coefficients of input factor
xi [54].

It is important to include the second order model to provide good
prediction throughout the region of interest. The second order
response surface design is rotatable; this means that the variance of
the predicted response is the same at all points. Rotatability is a rea-
sonable basis for the selection of response surface design. Because
the purpose of response surface methodology (RSM) is optimization
and as the location of the optimum is unknown prior to running
the experiment, it makes sense to use design that provides equal
precisions of estimation in all directions [52].

The Cubic model was found to be aliased and could not be used
for further modeling of experimental data. An aliased model is one
for which not enough experiments have been run to independently
estimate all the terms for that model. Whenever there are fewer
independent points in the design than there are terms in the model,
some parameters cannot be estimated independently. The model is
aliased means that the model is inappropriate for further investiga-
tions [55]. However, the model summary statistics of the present bio-
sorption system showed that the regression coefficient was found to
be very high (R2 = 0.999) when compared with the quadratic model
(R2 = 0.956).

2.6 Model Fitting and Statistical Analysis

The experimental data was analyzed using the statistical software,
Design Expert software version 6.0.6 (STAT-EASE Inc., Minneapolis,
US), for regression analysis to fit the equations developed and also
for the evaluation of the statistical significance of the equations.

3 Results and Discussion

The best performance of a Box-Behnken design depends on some
prior knowledge of the system being optimized. If the values of all
the system parameters to be studied are unknown, the projection of
the results with the factorial design cannot be optimized. Besides
this, the total number of experiments required will be excessively
large, making the factorial design very complex [56, 57]. In previous
studies on Cr (VI) removal it was found that the mass of Cr (VI) bio-
sorbed onto the biosorbent increased as the initial pH of the bio-
sorption medium decreased. The maximum biosorption capacities
for Cr (VI) removal were found at pH values ranging from 2.0 to 4.0
[19].

A preliminary experiment was carried out for the optimization of
the biosorption of Cr(VI) onto biosorbent (MCOPAABS) at T = 308C
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using 10 mg/L Cr (VI) solution with 1 g/L biosorbent concentration
at a solution pH of 3 and a 20 min contact time. It was observed that
for a 10 mg/L of Cr (VI) solutions, the uptake of Cr (VI) onto biosorb-
ent from aqueous solution after 20 min shaking was 0.78 mg/g.

Cr (VI) removal by MCOPAABS in a batch system usually depends
on several factors, such as biosorbent concentration (MCOPAABS) in
solution (w), pH of the Cr (VI) bearing aqueous solution, temperature
(T), contact time (t) between Cr (VI) and biosorbent, and the speed of
shaking. In the present study, the speed of shaking was kept con-
stant. Optimization of biosorption of heavy metals by the classical
method involves changing one independent variable (i. e., Pseudomo-
nas aeruginosa and Bacillus subtilis (mixed culture) dosages, pH, tem-
perature and contact time) while maintaining all others at a fixed
level. This procedure is extremely time consuming and expensive
for a large number of variables. To overcome this difficulty, the
experimental Box-Behnken design under response surface method-
ology can be employed to optimize the biosorption of heavy metals
[50].

In this work, the experiments were designed based on a three
level four factor Box-Behnken design. The most important parame-
ters which affect the uptake of Cr (VI) removal by MCOPAABS are bio-
sorbent dosage, pH, temperature and contact time between biosorb-
ent and sorbate. In order to study the combined effect of these fac-
tors, experiments were performed for different combinations of the
physical parameters using statistically designed experiments. Bio-
sorbent dosage (0.5 – 4.5 g/L), pH (2 – 4) of the aqueous solution, tem-
perature (10 – 508C) and contact time between biosorbent and sor-
bate (5 – 35 min) were kept as variable input parameters (factors)
within the ranges defined, while Cr (VI) concentration (C0 =10 mg/L)
was kept as a constant input parameter. The factors levels were
coded as – 1 (low), 0 (central point) and +1 (high) [59].

Table 2 shows the input parameters and experimental design lev-
els used in the present work. The application of statistical experi-
mental design techniques in sorption processes could result in
improved product yields, reduced process variability, closer confir-
mation of the output response to nominal and targeted require-
ments, as well as reduced development time and overall costs. [60].
Response surface methodology was applied to the experimental
data using statistical software, Design-expert V6 (trial version). Stat-
istical terms and their definitions used in the Design-expert soft-
ware are well defined elsewhere [61]. Linear and second order poly-
nomials were fitted to the experimental data to obtain the regres-
sion equations. The sequential F-test, lack-of-fit test and other
adequacy measures were used for selecting the best model [62]. A
manual regression method was used to fit the second order polyno-
mial Eq. (2) to the experimental data and to identify the relevant
model terms. Considering all the linear terms, square terms and lin-
ear by linear interaction items, the quadratic response model can
be described as above. The uptake of Cr (VI) was varied from 0.016
(minimum) to 1.528 mg/g (maximum) in the present study. The
ratio of minimum to maximum uptake of chromium (Cr (VI))

removal was 95.5, which was greater than 10 suggesting that trans-
formation was required in the present system. Since Cr (VI) removal
represented the growth data; so in the present investigation, a natu-
ral log transformation was applied to the experimental data. This
can be written as follows:

q9 = ln(qt + y) (3)

where y is constant and set to zero. The results of the qt (response) of
Cr (VI) onto biosorbent were measured according to the design
matrix [60] and the measured responses are listed in Tab. 3. Analyz-
ing the measured responses by the Design-expert software, the fit
summary output indicated that the quadratic polynomial model
was significant for the present system.

To decide about the adequacy of the model for Cr (VI) removal by
the biosorbent, three different tests such as the Sequential model
Sum of Squares, Lack of Fit Tests and Model Summary Statistics
were carried out and p values for all the regressions were lower than
0.01 (see Tab. 4) and the quadratic model. This means that at least
one of the terms in the regression equation had a significant corre-
lation with the response variable. As a natural log transformation
was applied to the experimental data, the interaction of two factors
(2FI) and the linear model were suggested to be insignificant using
the response surface methodology. However, the p value for the lin-
ear and two factor interaction model was found to be less then
0.01.The model summary statistic showed the regression coefficient
is found to be highest (R2 = 0.9560) for the quadratic model with
minimum standard deviation (0.34). ANOVA analysis confirmed
that the form of the model chosen to explain the relationship
between the factors and the response is correct.

The test for significance of the regression models, the test for sig-
nificance on individual model coefficients and the lack of- fit test
were performed using the same statistical package. By selecting the
manual regression method, which eliminated the insignificant
model terms automatically, the resulting ANOVA (see Tab. 5) for the
reduced quadratic models summarizes the analysis of variance of
each response and shows the significant model terms. Table 5 shows
the ANOVA result for Cr (VI) removal onto the biosorbent, with a
model F- value of 20.18, implying that the model is significant (at
p a 0.05). In this case, w, t, T2, t2 were highly significant model terms,
w2 and wt are significant model terms, while model values greater
than 0.10 indicated that the model terms were not significant.
There could be a 0.01% possibility of deviation; which could be
largely because of noise. The value of the predicted R2 = 0.6456 for
the same biosorption system was not close to the value of the
adjusted R2 = 0.9086 as is normally expected. This indicated a large
block effect or a possible problem with the model data. The high
value of adequate precision, which measured the signal to noise
ratio greater as than 4, is desirable in supporting the fitness of the
model. For the Cr (VI) biosorbent system, adequate precision of
16.494 indicates an adequate signal. It means that the model can be
used to navigate the design space.

The adequacy measures in total were in reasonable agreement
and indicated adequate models. The adequate precision compared
the range of the predicted value at the design points to the average
prediction error. The value of adequate precision was significantly
greater than four. An adequate precision ratio above 4 indicates
adequate model efficacy [51]. Other values that support the efficacy
of the model and the relevant significant terms are given in the
same table.
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Table 2. Levels of variables chosen.

Variables Levels

Coded level – 1 0 +1
w: Biosorbent dosage (g) 0.50 2.50 4.50
pH 2 3 4
T: temp. (8C) 10 30 50
t: time (min) 5 20 35
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Table 3. Experimental values of qt for Cr (VI) uptake onto the biosorbent used in the present work.

std order Run order T w pH t qt, exp ln(qt, exp) qt, pre ln(qt, pre)

2 1 50 0.5 3 20 0.90 – 0.10 0.76 – 0.27
3 2 10 4.5 3 20 0.08 – 2.54 0.09 – 2.39
7 3 30 2.5 2 35 0.33 – 1.11 0.26 – 1.34
9 4 30 2.5 3 20 0.32 – 1.15 0.33 – 1.10
4 5 50 4.5 3 20 0.11 – 2.18 0.10 – 2.28
1 6 10 0.5 3 20 0.42 – 0.88 0.45 – 0.79
8 7 30 2.5 4 35 0.25 – 1.37 0.24 – 1.43
5 8 30 2.5 2 5 0.05 – 3.07 0.05 – 3.03

10 9 30 2.5 3 20 0.32 – 1.13 0.33 – 1.10
6 10 30 2.5 4 5 0.03 – 3.39 0.04 – 3.18

18 11 30 4.5 4 20 0.14 – 1.94 0.18 – 1.73
16 12 30 4.5 2 20 0.18 – 1.74 0.21 – 1.54
19 13 30 2.5 3 20 0.32 – 1.13 0.34 – 1.09
14 14 50 2.5 3 35 0.19 – 1.68 0.15 – 1.90
20 15 30 2.5 3 20 0.31 – 1.16 0.34 – 1.09
11 16 10 2.5 3 5 0.02 – 4.14 0.02 – 3.94
17 17 30 0.5 4 20 1.45 0.37 1.16 0.15
12 18 50 2.5 3 5 0.02 – 3.87 0.03 – 3.62
15 19 30 0.5 2 20 1.53 0.42 1.21 0.19
13 20 10 2.5 3 35 0.15 – 1.92 0.11 – 2.21
25 21 30 0.5 3 5 0.25 – 1.39 0.22 – 1.50
26 22 30 4.5 3 5 0.03 – 3.46 0.02 – 4.06
28 23 30 4.5 3 35 0.18 – 1.72 0.21 – 1.58
29 24 30 2.5 3 20 0.32 – 1.13 0.30 – 1.22
27 25 30 0.5 3 35 0.30 – 1.19 0.58 – 0.54
24 26 50 2.5 4 20 0.16 – 1.83 0.17 – 1.80
30 27 30 2.5 3 20 0.32 – 1.13 0.30 – 1.22
23 28 10 2.5 4 20 0.12 – 2.14 0.10 – 2.31
21 29 10 2.5 2 20 0.13 – 2.00 0.14 – 1.99
22 30 50 2.5 2 20 0.12 – 2.09 0.15 – 1.88

qt is the response for ((Cr (VI) uptake (mg/g))

Table 4. Selection of a satisfactory model for Cr (VI) removal.

Sequential Model Sum of Squares
Source Sum of Squares d.f Mean Square F p Remark

Mean 89.38 1 89.38 – – –
Linear 18.96 4 4.74 6.97 0.0008 –
2FI 0.68 6 0.11 0.13 0.9911 –
Quadratic 13.45 4 3.36 28.71 a 0.0001 suggested
Cubic 1.49 8 0.19 29.09 0.0009 aliased
Residual 0.032 5 6.407 N 10 – 3 – – –
Total 124.09 30 4.14 – – –

Lack of Fit Tests
Source Sum of Squares d.f Mean Square F p Remark

Linear 15.65 20 0.78 3226.8 a 0.0001 –
2FI 14.97 14 1.07 4410.8 a 0.0001 –
Quadratic 1.52 10 0.15 627.7 a 0.0001 suggested
Cubic 0.031 2 0.016 64.55 0.0034 aliased
Pure error 7.274 N 10 – 4 3 2.425 N 10 – 3 – – –

Model Summary Statistics
Source Std. Dev. R2 Adj. R2 Pre. R2 PRESS Remark

Linear 0.82 0.5479 0.4692 0.1975 27.78 –
2FI 0.94 0.5674 0.3129 – 0.6658 57.66 –
Quadratic 0.34 0.9560 0.9086 0.6456 12.27 suggested
Cubic 0.08 0.9991 0.9950 0.3475 22.58 aliased
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The ANOVA for Cr (VI) removal indicated that for the Cr (VI) con-
centration input model, the main effect of dose (w), time (t) and the
second order effect of dose (w2), temperature (T2), time (t2) and wt
were significant model terms associated with concentration input.
The final mathematical model in terms of actual factors as deter-
mined by Design-expert software is shown below:

lnðqtÞ ¼ �3:79þ 0:12T � 1:07wþ 0:09pHþ 0:22t� 1:83E

�003T2 þ 0:1w2 � 0:05pH2 � 4:88E� 003t2 � 2:57E

�003Twþ 4:96� 003TpH� 1:56� 005Tt� 0:02wpH

þ0:02wtþ 1:12pHt ð4Þ
Eliminating the insignificant interaction terms and refining the

model, the above empirical model equation may be simplified in
terms of actual factors to:

lnðqtÞ ¼ �1:07wþ 0:22t� 1:83E� 003T2 þ 0:1w2

�4:88E� 003t2 þ 0:02wt ð5Þ
A normal probability plot and a dot diagram of these residuals

are shown in Fig. 1. The data points on this plot lie reasonably close
to a straight line, lending support to the conclusion that w, t, T2, t2

were highly significant effects, w2 and wt were significant effects
and that the underlying assumptions of the analysis were satisfied.
Figure 2 shows the relationship between the actual and predicted
values of ln (qt) for Cr (VI) removal onto biosorbent. It can be seen in
Fig. 2 that the developed models were adequate because the resid-
uals for the prediction of each response are minimum, since the
residuals tend to be close to the diagonal line.

The 3D response surface plots of the effect of w, T, pH and t for Cr
(VI) uptake using the prepared biosorbent are visualized in Figs. 3 –
5. To verify the adequacy of the developed models, confirmation
experiments for Cr (VI) removal onto MCOPAABS were carried out
using new test conditions, which were within the experimental
ranges defined earlier. Using the point prediction option in the soft-
ware, the response of the validation experiments were predicted
using the previously developed models.

The ln (qt) was directly related to w, t, w2, T2, t2 and wt for chro-
mium removal, as given in empirical Eq. (4). It was clear from Eq. (4)
that the removal of Cr (VI) was linear with respect to w and t, and

quadratic with respect to dose, time and temperature. This indi-
cated that there was a dose-to-dose, temperature-to- temperature,
time-to-time and dose-to-time interaction for Cr (VI) removal in the
present system. The higher percentage removal of Cr (VI) was
obtained with the square of the dose and time for the present sys-
tem. Further, from the 3D graph obtained from Design-expert soft-
ware, it is clear that the removal of Cr (VI) decreased at low and high
temperatures as shown in Fig. 3. This indicated that the biosorption
process for Cr (VI) uptake with MCOPAABS was exothermic in nature
at high temperature and endothermic at low temperature. Hence,
the temperature for Cr (VI) removal was kept at around 308C. The
uptake of Cr (VI) increased with decreasing biosorbent dosage and
increasing time. Furthermore, the model obtained, in terms of sig-
nificant variables (Eq. (4)) from the design expert software, that the
most important process variable, pH, was not coming into the equa-
tion, indicating a large block effect or possible problem with the
model and/or data. The literature revealed that at low pH (in the
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Table 5. ANOVA for Cr (VI) biosorption.

Source Sum of Squares d.f. Mean Squarea) F-value p

Model 33.09 14 2.36 20.18 a 0.0001b)

w 9.74 1 9.74 83.17 a 0.0001b)

T 113.03 1 113.03 5.64 0.0493c)

t 8.89 1 8.89 75.85 a 0.0001b)

w2 1.09 1 1.09 9.26 0.0094c)

T2 3.65 1 3.65 31.12 a 0.0001b)

t2 8.28 1 8.28 70.65 a 0.0001b)

wt 0.59 1 0.59 5.01 0.0434c)

Residual 1.52 13 0.12 – –
Lack of Fit 1.52 10 0.15 627.76 a 0.0001b)

Pure Error 7.274 N 10 – 4 3 2.425 N 10 – 4 – –
Cor. Total 34.71 29 – – –

a) R2 = 0.9560, predicted R2 = 0.6456; adjusted R2 = 0.9086, adequate precision = 16.494.
b) Highly significant.
c) Significant.

Figure 1. Normal% probability versus studentized residuals.
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ranges of 2 – 5), the biosorbent surface becomes negatively charged
and electrostatic interactions between cationic species and the sur-
face can be responsible for metal biosorption [63]. The optimum val-
ues for biosorbent dosage, temperature, time and pH were esti-
mated to be 0.5 g/L, 328C, 23 min and 2, respectively. The results for
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Figure 2. Scatter diagram of predicted response versus actual response
for Cr (VI) removal by mixed cultures of Pseudomonas aeruginosa and
Bacillus subtilis.

Figure 3. 3D response surface graph of biosorbent versus temperature at
pH = 2 and t = 30 min for maximum Cr (VI) removal by mixed cultures of
Pseudomonas aeruginosa and Bacillus subtilis.

Figure 4. 3D response surface graph of biosorbent versus pH at T = 30
and t = 25 min for maximum Cr (VI) removal by mixed cultures of Pseudo-
monas aeruginosa and Bacillus subtilis.

Figure 5. 3D response surface graph of biosorbent dosage versus time at
T = 35 and pH = 2 for maximum Cr (VI) removal by mixed cultures of
Pseudomonas aeruginosa and Bacillus subtilis.

Table 6. Optimum and confirmative values of the process parameters for
maximum efficiency.

Processes parameters Optimized
parameter
(predicted value)

Confirmation
experiment
(Actual value)

q9: Cr (VI) uptake (mg/g) 1.22 1.44
w: Dose (g/L) 0.50 0.50
pH 2 2
T: temperature (8C) 32 32
t: time (min) 23 23
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optimized parameters and validation experiments obtained for the
processes are given in Tab. 6.

4 Conclusions

The present study has demonstrated the use of Box-Behnken design
by determining the conditions for high Cr (VI) uptake efficiency.
The results obtained for the removal of Cr (VI) concentration from
an aqueous solution using MCOPAABS showed a decrease in biosorp-
tion efficiency at high values of initial pH. An optimum condition
for Cr (VI) uptake of 1.44 mg/g biomass was achieved with RSM using
Design-Expert software at initial Cr (VI) concentrations of 10 mg/L
using 0.5 g/L biosorbent dosage, pH 2 for the aqueous solution, 328C
temperature and 23 min of contact time between biosorbent and
sorbate (see Tab. 6). The fit of the model was checked by the determi-
nation (R2). In this case, the value of multiple correlation coeffi-
cients (R2 = 0.9560) indicated that only 4.4% of the variation was not
explained by the model.

The authors have declared no conflict of interest.
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