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Abstract: The purpose of this present study is the optimization of process parameters in biosorption of Ni(II)
ions by Pseudomonas aeruginosa using Response Surface Methodology (RSM) in a Packed bed bioreactor.
The present paper elucidates RSM as an efficient approach for predictive model building and optimization of
Ni(II) ions using Pseudomonas aeruginosa. In packed bed biosorption studies, the breakthrough curves of
Ni(II) for Agar immobilized and PAA immobilized Pseudomonas aeruginosa were obtained and compared.
Optimization of process parameters using Response Surface Methodology for the packed bed bioreactor
studies on biosorption of N(II) from the selected bacterial species is not yet reported. Hence the present work
has been carried out using the above mentioned microorganism in a packed bed bioreactor varying parameters.
The hierarchical quadratic model was established by adding replicates at the central point and axial points to
the initial full factorial design (2 ).Optimization (using RSM) results of Ni(II) by Pseudomonas aeruginosa from4

the Design Expert software were obtained as bed height of 19.93 cm, initial metal ion concentration of 103.85
mg/L and flow rate of 310.57 mL/h. The percent biosorption of Ni(II) is 87.2%. The predicted optimized
parameters are in agreement with the experimental results. From the packed bed bioreactor studies, it was
noticed that the maximum biosorption yields were obtained in packed bed bioreactor at optimum conditions,
the packed bed bioreactor would be a good choice for the removal of Ni(II) from wastewater using
Pseudomonas aeruginosa.
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INTRODUCTION particularly when metal ion concentration is low [3, 4].

Nickel[Ni(II)] is found in plating, metal pickling and emerging as an interesting alternative. Since cells are
metal cleaning wastewater. The nickel[Ni(II)] from the metabolically inactive in non-viable biomass systems,
plating wastewater can be chelated as nickel sulfamate metal interactions occur at the superficial level [5].
from sulfamate nickel plating, or nickel lactate from Bacteria express a wide range of complex molecules on
electrolysis nickel plating. Nickel and its compounds are their cell wall, which confer anionic net charge to the cell
naturally present in the Earth's crust and release to the surface at acidic pH values. In Gram negative bacteria, the
atmosphere occur from natural discharges such as lipopolysaccharide, a highly anionic structure, has been
windblown dust and volcanic eruptions, as well as from identified as the main binding site for metals [6]. When the
anthropogenic activities. It is estimated that 8.5 million kg cell wall is in direct contact with the environment,
of nickel are emitted into the atmosphere from natural negatively charged groups are able to attract and bind
sources such as windblown dust, volcanoes and metallic cations based on electrostatic forces, without
vegetation each year [1]. Five times that quantity is cellular energy consumption, an effect that is favored by
estimated to come from anthropogenic sources [2]. the high surface to volume ratio in bacteria [7].
Conventional chemical methods for heavy metal removal Biosorption can be defined as the removal of metal or
from wastewater (precipitation, filtration, ion-exchange, metalloid species, compounds and particulates from
reduction-oxidation) are expensive and ineffective, solution by biological material [8]. Biosorption process

Thus, biotechnological methods such as biosorption is
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utilizes various natural materials of biological origin, biosorption in a packed bed bioreactor. Even in
including  bacteria,  fungi, yeast, algae, etc for the removal biosorption of heavy metals the available work reported
of heavy metal ions from wastewater. These biosorbents is mostly in a batch mode. It was observed that the less
possess metal-sequestering property and can be used to concentration on the biosorption of Ni(II) ions by
decrease the concentration of heavy metal ions in Pseudomonas aeruginosa. The reported work on
solution from ppm to ppb level. It can effectively biosorption of heavy metals from waste water in a packed
sequester dissolved metal ions out of dilute complex bed bioreactor is very little. Optimization of process
solutions with high efficiency, therefore it is an ideal parameters using Response Surface Methodology for the
process for the treatment of high volume and low packed bed bioreactor studies on biosorption of N(II)
concentration complex wastewaters [9]. The capability of from the selected bacterial species is not yet reported.
some living microorganisms to accumulate metallic Hence the present work has been carried out using the
elements has been observed at first from toxicological above mentioned microorganism in a packed bed
point of view [10]. However, further researchers have bioreactor varying several parameters.
revealed that inactive/dead microbial biomass can
passively bind metal ions via various physicochemical MATERIALS AND METHODS
mechanisms. Therefore research on biosorption has
become an active field for the removal of metal ions. The bacterial isolate was cultivated aerobically at

The packed-bed columns consist of the container 30°C  in  Nutrient  Broth (NB) by constantly agitating at
and the bed contained within. The bed can be anything 150 rpm in conical flasks. The cells were harvested by
from glass to silicon or plastics beads. Recent application centrifugation  (9000  rpm, 10 minutes) from culture at
of the reactor is for wastewater treatment by biosorption early-stationary phase. After rinsing in distilled water the
of heavy metals using several biosorbents. The target cells were again centrifuged. Full factorial design was
molecule or ion is passed through the packed-bed and it used to identify which independent process variables
gets attached to the assigned ligand or substrate. The (factors) and their interactions have a significant effect on
final step, in most cases, is to release the target molecule Ni(II) bisorption. A 2  full factorial experimental design
through,  for  example, a salt gradient. Picanco et al., 2001 with four independent variables at two levels was carried
reported that the efficiency of removing organic matter in out initially.
fixed-bed reactors is directly related to the characteristics
of the support material used for immobilization of Cell Immobilization
anaerobes. It is widely accepted that organic support Immobilization with Agar (A): For preparation of agar gel
material has a higher affinity than inorganic material [11]. particles, the method described below was followed. Agar
Compared to conventional units, fixed film bioreactors (100 mg) was dissolved in 4.5 mL of 0.9% (w/v) NaCl by
perform efficiently at higher organic loading rates (OLR), heating  at  100°C  and  then cooling to 50°C. Cell slurry
due to more effective biomass retention in the reaction (10-30 mg dry weight per 100 mL) was suspended in 0.9%
zone resulting in higher cellular retention times. (w/v) NaCl solution. 0.5 mL of the cell slurry was added to
Immobilized biomass anaerobic reactors also show better 4.5 mL of the agar solution at 50°C and mixed. The
responses to organic shock loads and toxic inputs. In solution was poured into petridishes. The solution was
many cases, immobilized biomass reactors completely taken into a big syringe and beads were made. Then the
recover their performance after such deleterious particles of gel were washed with 0.9% NaCl solution to
occurrences [12, 13]. Design Expert is a piece of software separate it from intact cells.
designed to help with the design and interpretation of
multi factor experiments. The software offers a wide range Immobilization with Polyacrylamide (PAA): 6 mL of  the
of designs, including factorials, fractional factorials and prepared  cell  suspension  (17-100  mg   dry  cell per  mL)
composite designs. Design Expert offers computer was  rapidly  mixed  with  a solution containing 1.9 g of
generated D-optimal designs for cases where standard acrylamide monomer, 0.1 g of N,N’-methylene-
designs are not applicable, or where we wish to augment bisacrilamide, 3 mL ammonium persulfate (0.5%, w/v) and
an existing design - for example, to fit a more flexible 0.2 mL TEMED (50%, w/v) on a shallow plate [14]. The
model. solution was taken into a big syringe and beads were

The earlier work on heavy metals removal from made and then were rinsed with 0.9% NaCl solution to
wastewater is mainly concentrated on methods other than separate it from intact cells.
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Experimental Set up and Procedure: A packed bed Effect of Flow Rate: The metal ion solution loading rate
bioreactor with 50 mm internal diameter and 500 mm was varied from 150 to 900 mL/h. Samples were collected
length, made with heavy walled borosilicate glass was from the effluent to measure the residual metal

concentrations. The biosorption yields (Yi) of both Agar
solutions Ni(II) with initial concentrations of 50, 100 and immobilized and PAA immobilized bacterial strains of the
150 mg/L were continuously pumped downward into the respective heavy metals were determined at different flow
column. The metal ion solution loading rate was varied rates.
from 150 to 900 mL/h. Samples were collected from the
effluent to measure residual metal ion concentrations Effect of Initial Concentration of Metal Ion: At constant
using atomic absorption spectrophotometer. The flow rate and bed height the initial metal ion concentration
breakthrough curves for the biosorption of Ni(II) were was changed from 50 to 150 mg/L. The biosorption
measured as a function of bed height, initial metal ion capacity of the biomass and saturation values were
concentration and flow rate. The results were given in measured with change of initial metal ion concentration.
terms of the maximum (equilibrium) capacity of the The biosorption yields (Yi) of both Agar immobilized and
column, C (mg), the amount of metal loading on the PAA immobilized bacterial strains of the respective heavyi,max

bacterium surface, q (mg/g) and the adsorption yield metals were determined at different initial metal ioni,eq

(adsorbed metal percentage), %Y . The maximum concentrations.i

(equilibrium) capacity of the column for a given feed
concentration is equal to the area under the plot of the Optimization of Parameters in Packed Bed Bioreactor
adsorbed metal ion concentration C (mg/L) vs. time Using Response Surface Methodology: The relationshipi,ads

(minutes) or the area behind the breakthrough curve. The between the experimental variables and responses were
amount of metal ion that remains in the effluent C , is the evaluated by generating 3D response surface and contouri,eq

area under the breakthrough curve [15]. The amount of plots. The experimental design employed in the screening
metal loading on the bacterium surface is calculated from of each variable consists of two levels and three
the weight of metal adsorbed per unit dry weight of independent variables. Three parameters such as flow
bacterium in the column, that is, the ratio of the maximum rate, initial metal ion concentration and bed height were
capacity of the column to the amount of biosorbent in the optimized using RSM in the packed bed bioreactor. At
column, X (mg) and given by Eq. (1). optimum conditions results were reproduced. The

(1) replicates at the central point and axial points to the initial

The adsorption yield is the ratio of the maximum
capacity of the column to the amount of metal loading into RESULTS AND DISCUSSION
the column, W  (mg) and given by Eqs. (2) and (3).i

(2) Behavior:  Fixed-bed  column  with the bed height of 10,

(3) in the range from 50 to 150 mg/L. Increasing the bed

Effect of Different Parameters on Metal Biosorption time. The adsorption yields (Yi) of both Agar (A)
Effect of Bed Height: Packed bed bioreactor with the bed immobilized Pseudomonas aeruginosa and
length of 10, 15, 20 and 25 cm was operated at a constant Polyacrylamide (PAA) immobilized Pseudomonas
flow rate of 300 mL/h and inlet-metal-ion concentration of aeruginosa were high for the bed height of 20 cm,
approximately 100 mg/L. The effect of bed height change whereas the 10 cm had lower Y  value especially PAA
on equilibrium time was measured. The biosorption yields immobilized Pseudomonas aeruginosa, which may be due
(Yi) of both Agar immobilized and PAA immobilized to a relatively small amount of adsorbents in a shorter
bacterial strains for the respective heavy metals were bed. It was observed that Y values obtained were quite
determined at different bed heights. high for both Agar immobilized Pseudomonas aeruginosa

used for continuous biosorption studies. The metal ion

hierarchical quadratic model was established by adding

full factorial design (2 ).4

Effect of Column Operating Conditions on Adsorption

15, 20 and 25 cm were operated at a flow rate in the range
from  150 to 900 mL/h and initial metal ion concentration

height from 10 to 25 cm led to prolongation of equilibrium

i

i
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Table 1: Experimental data of the effect of process parameters on the percent biosorption of Ni(II) by Pseudomonas aeruginosa. 
Std Run Bed Height (cm) Flow Rate (mL/h) IMC (mg/L) % Ni(II)
1 19 17.5 525 100 82.00
2 10 25.0 525 100 86.00
3 18 17.5 525 100 82.00
4 15 17.5 525 100 81.00
5 2 25.0 150 50 85.00
6 17 17.5 525 100 83.00
7 20 17.5 525 100 81.00
8 1 10.0 150 50 68.00
9 14 17.5 525 150 75.00
10 6 25.0 150 150 87.00
11 7 10.0 900 150 69.00
12 8 25.0 900 150 56.00
13 16 17.5 525 100 81.00
14 3 10.0 900 50 62.00
15 12 17.5 900 100 68.00
16 4 25.0 900 50 57.00
17 5 10.0 150 150 75.00
18 13 17.5 525 50 74.00
19 9 10.0 525 100 80.00
20 11 17.5 150 100 84.00

Fig. 1: Comparison of the breakthrough curves of Ni(II) for Agar immobilized Pseudomonas aeruginosa and PAA
immobilized Pseudomonas aeruginosa (determined optimum conditions; flow rate: 300 mL/h, initial metal ion
concentration: 100 mg/L, W : 12 g of 20 cm bed height)biosorbent

and PAA immobilized  Pseudomonas  aeruginosa in bed 12 g.  On  comparison  of the breakthrough curves in
height of 20 cm. The maximum value of C was obtained Figure 1 of Ni(II) for Agar immobilized and PAAi,max

at a bed height of 20 cm and and slightly decreased at 25 immobilized bacterial strains at optimum conditions of
cm. Maximum adsorption yields (Y ) of Ni(II) were 93.0% flow  rate  of 300 mL/h, initial metal ion concentration ofi

and 87.2% respectively for the Agar immobilized 100 mg/L and bed height of 20 cm with weight of
Pseudomonas aeruginosa and PAA immobilized biosorbent of 12 g, it was found that the Agar immobilized
Pseudomonas aeruginosa. Pseudomonas aeruginosa showed maximum percent

Breakthrough Curves of Ni(II) Biosorption for
Immobilized Pseudomonas aeruginosa: Breakthrough Optimization of Parameters in a Packed Bed Bioreactor
curves of Ni(II) for Agar immobilized Pseudomonas
aeruginosa and PAA immobilized Pseudomonas
aeruginosa were obtained at a flow rate of 300 mL/h,
initial  metal  ion  concentration  of 100 mg/L, W  ofbiosorbent

biosorption and bed saturation occurred at 20 minutes.

Using Response Surface Methodology: From the
experimental work, it is seen that the optimum parameters
for  packed  bed  biosorption  studies  are  bed  height of
20  cm, initial metal ion concentration of 100 mg/L and flow
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Table 2: Experimental design and results of percent biosorption of Ni(II) by
Pseudomonas aeruginosa using Response Surface Methodology

% Biosorption of Ni(II)
-----------------------------------------------

S.No. Run Order Actual Value Predicted Value
1 8 68 67.41
2 5 85 85.81
3 14 62 62.51
4 16 57 57.41
5 17 75 74.61
6 10 87 86.51
7 11 69 68.21
8 12 56 56.61
9 19 80 81.23
10 2 86 84.63
11 20 84 84.63
12 15 68 67.23
13 18 74 72.83
14 9 75 76.03
15 4 81 81.70
16 13 81 81.70
17 6 83 81.70
18 3 82 81.70
19 1 82 81.70
20 7 81 81.70

rate of 300 mL/h. Optimization results of Ni(II) by
Pseudomonas aeruginosa from the Design Expert
software were obtained as bed height of 19.93 cm, initial
metal ion concentration of 103.85 mg/L and flow rate of
310.57 mL/h. The percent biosorption of Ni(II) is 87.2%.
The predicted optimized parameters are in agreement with
the experimental results.

Optimization of Operating Conditions for the Biosorption
of Ni(II) by Pseudomonas aeruginosa: The experimental
results of the biosorption percentage of Ni(II) at different
operating conditions shown in Table 1, were used to get
the predicted optimized percentage biosorption of Ni(II)
as shown in Table 2.

The adjusted, predicted R  values of Ni(II)2

biosorption were found to be 0.9856 and 0.9437
respectively as shown in Table 3. Regression analysis
was performed to fit the response functions, i.e.
percentage biosorption of Ni(II) using Response Surface
Methodology.

The regression models developed represent
responses as functions of bed height(A), flow rate(B) and
initial metal ion concentration(C). An empirical
relationship between the response and three input
variables expressed by the following response surface
reduced quadratic model equation (Equation 4) in coded
terms for the percent biosorption of each heavy metal ion:

%Ni(II) = 81.71 + 01.7A - 8.7B + 1.6C - 5.875AB - 1.625AC -
0.375BC + 1.227A  - 5.773B  - 7.273C . (4)2 2 2

Figure 2 shows the response surface 3D plot for the
effect of interaction between bed height and flow rate on
Ni(II) removal by Pseudomonas aeruginosa while the
initial metal ion concentration term was at the middle point
of the designed range (100 mg/L). It is noticed in these
figures that the removal efficiencies increased with
increase in bed height. The removal increased up to the

Fig. 2: Response surface 3D plot indicating the effect of interaction between bed height and flow rate on Ni(II) removal
while holding initial metal ion concentration at its design center point 100 mg/L by Pseudomonas aeruginosa
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Table 3: Analysis of variance for the quadratic model for biosorption of Ni(II)) by Pseudomonas aeruginosa
Source Sum of Squares df Mean Square F Value p-value Prob > F
Model 1704.23 9 189.3588 145.9924 < 0.0001 Significant
A-Bed Height 28.9 1 28.9 22.28141 0.0008
B-Flow Rate 756.9 1 756.9 583.557 < 0.0001
C-Initial metal ion Con 25.6 1 25.6 19.73716 0.0012
AB 276.125 1 276.125 212.8877 < 0.0001
AC 21.125 1 21.125 16.2870 0.0024
BC 1.125 1 1.125 0.8673 0.3736
A^2 4.14204 1 4.1420 3.1934 0.1042
B^2 91.6420 1 91.6420 70.6544 < 0.0001
C^2 145.4545 1 145.4545 112.143 < 0.0001
Residual 12.9704 10 1.2970
Lack of Fit 9.6371 5 1.9274 2.8911 0.1344 Not significant
Std. Dev. 1.1388 R 0.99242

Mean 75.8 Adj R 0.98562

C.V. % 1.5024 Pred R 0.94372

PRESS 96.53 Adeq Precision 37.1286

Fig. 3: Response surface 3D plot indicating the effect of interaction between bed height and initial metal ion
concentration on Ni(II) removal while holding flow rate at its design center point 525 mL/h by Pseudomonas
aeruginosa

bed height of 20 cm and then decreased slightly. The flow predicted and after this point the removal decreased with
rate  would  significantly  affect the Ni(II) removal up to increase in bed height.
300 mL/h which is optimum predicted and after this point Figure 4 shows the response surface 3D plot for the
the removal decreased with increase in bed height. effect of interaction between flow rate and initial metal ion

Figure 3 shows the response surface 3D plot for the concentration on Ni(II) removal Pseudomonas aeruginosa
effect of interaction between bed height and initial metal while the bed height term was at the middle point of the
ion concentration on Ni(II) removal Pseudomonas designed range (20 cm). It is noticed in these figures that
aeruginosa while the flow rate term was at the middle the removal efficiencies increased with increase in flow
point of the designed range (525 mL/h). It is noticed in rate up to 300 mL/h then decreased drastically.
these figures that the removal efficiencies increased with Experiments were carried out at established optimum
increase in bed height. The removal increased up to the conditions of bed height of 20.77 cm, flow rate of 309.09
bed height of 20 cm and then decreased slightly. The mL/h and initial metal ion concentration of 109.23 mg/L as
initial metal ion concentration would significantly affect shown in Table 4 and results were reproduced and they
the Ni(II) removal up to 100 mg/L which is optimum were in agreement with the predicted results. 
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Fig. 4: Response surface 3D plot indicating the effect of interaction between flow rate and initial metal ion concentration
on Ni(II) removal while holding bed height at its design center point 17.5 cm by Pseudomonas aeruginosa

Table 4: Optimized values established by Design Expert for the biosorption of Ni(II) by Pseudomonas aeruginosa.
S.No. Bed Height (cm) Flow Rate (mL/h) Initial metal ion Con (mg/L) % Ni(II) Desirability
1 20.77 309.01 109.23 87.20 1 Selected
2 20.56 172.72 104.82 87.99 1
3 21.35 190.17 98.21 88.71 1
4 23.1 250.14 88.78 89.63 1
5 23.18 306.23 114.04 88.99 1
6 22.26 303.12 115.07 88.19 1
7 22.83 208.7 94.28 90.11 1
8 23.35 252.38 75.12 88.28 1
9 23.66 150.87 105.83 91.65 1
10 22.8 340.85 100.23 88.44 1
11 20.29 245.84 100.99 87.44 1
12 22.97 229.66 75.55 88.15 1
13 20.24 203.59 98.2 87.49 1
14 20.39 190.94 100.95 87.75 1
15 22.98 181.95 88.51 90.09 1
16 20.31 238.26 104.54 87.53 1
17 24.88 252.42 100.16 92.04 1
18 24.28 153.67 134.25 89.39 1
19 20.62 154.55 107.69 88.02 1
20 23.18 255.45 95.33 90.04 1

CONCLUSIONS percent biosorption and bed saturation occurred at 20

In packed bed biosorption studies, comparison of the Pseudomonas aeruginosa from the Design Expert
breakthrough curves of Ni(II) for Agar immobilized and software were obtained as bed height of 19.93 cm, initial
PAA immobilized Pseudomonas aeruginosa at optimum metal ion concentration of 103.85 mg/L and flow rate of
conditions of flow rate of 300 mL/h, initial metal ion 310.57 mL/h. The percent biosorption of Ni(II) is 87.2%.
concentration of 100 mg/L and bed height of 20 cm with The predicted optimized parameters are in agreement with
weight of biosorbent of 12 g, it was found that the Agar the experimental results. Experiments were carried out at
immobilized Pseudomonas aeruginosa showed maximum established optimum conditions of bed height of 19.93 cm,

minutes. Optimization (using RSM) results of Ni(II) by
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flow rate of 316.57 mL/h and initial metal ion concentration 8. Wang, J. and C. Chen, 2006. Biosorption of heavy
of 103.85 mg/L and results of biosorption of Ni(II) were metals by Saccharomyces cerevisiae: A review.
reproduced and they were in agreement with the predicted Biotechnology Advances, 24(5): 427-451.
results. The R value of Ni(II) is 0.9924. The adjusted R 9. Volesky, B., 1990. Removal and recovery of heavy2 2

value of Ni(II) is 0.9856. The predicted R value of Ni(II) is metals  by  biosorption. CRC Press, Boca Raton, FL,2

0.9437. The predicted R is in reasonable agreement with 7: 93-137.2

the adjusted R . Regression analysis was performed to fit 10. Picanco, A.P., M.V. Vallero, E.P. Gianotti, M. Zaiat2

the response functions, i.e. percentage biosorption of and C.E. Blundi, 2001. Influence of porosity and
Ni(II). From the packed bed bioreactor studies, it was composition of supports on the methanogenic biofilm
noticed that the maximum biosorption yields were characteristics developed in a fixed bed anaerobic
obtained in packed bed bioreactor at optimum conditions, reactor. Water science and technology: a journal of
the packed bed bioreactor would be a good choice for the the International Association on Water Pollution
removal of Ni(II) from wastewater using Pseudomonas Research, 44(4): 197-204.
aeruginosa. 11. Caine,  M.E.,  G.K.  Anderson and T. Donnelly, 1991.
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