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Abstract−This study aim was to optimize the manufacturing conditions polyethylenimine-coated polysulfone/bacte-
rial biomass composite fiber (PEI-PSBF) to remove anionic pollutants from aqueous solution. The contents of bio-
mass, PEI, and glutaraldehyde (GA) were selected as independent variables, and the response was defined as Reactive
Yellow 2 (RY2) uptake. The manufacturing conditions were optimized by response surface methodology (RSM) with
the full factorial central composite design (CCD). The determined coefficient of determination (R2) value of the
reduced quadratic model was 0.9551, and the optimal manufacturing conditions were predicted as 4.145 g of biomass,
1.104 g of PEI and 3.9 µL of GA, at where the predicted RY2 uptake was 543.78 mg/g. For validating the RSM-pre-
dicted results, the RY2 sorption capacity of the optimized PEI-PSBF was evaluated through isotherm experiments. The
experimentally confirmed maximal uptake was comparable to predicted one. From these studies, the manufacturing
conditions for PEI-PSBF were well optimized and its sorption capacity was 3.83 times higher than that of the PSBF.
Keywords: Optimization, Response Surface Methodology, Central Composite Design, Adsorption, Reactive Dyes

INTRODUCTION

Dyes have been used for loose fiber dyeing, plastics, paper, and
food additives. Dye-bearing wastewaters can be released into nature
and exert adverse effects on the life cycle of living things in under-
water environments [1]. Since even a low concentration of dye in
wastewater results in thick colors, it can cause disagreeableness and
negative aesthetic effects, leading to civil complaints [2]. Moreover,
the released dyes also can block the sunlight passing through a
water system; thus it can hinder the photosynthesis and growth of
aquatic plants [3]. Although most dyes are known to be non-toxic,
some can cause a carcinogenicity and mutation [4]. Therefore, it
requires the appropriate treatment of dyes prior to the discharge
into nature. The conventional methods for the removal of the syn-
thetic dyes involve chemical, physical, and biological treatments;
adsorption technology is especially known to be an economical
and simple approach compared to the others [5,6].

Currently, the most popular adsorbent for dye adsorption is acti-
vated carbons, which boast high throughput efficiency, but their
use is limited due to their expensive cost and difficult regeneration
[7]. By contrast, biomass-based sorbents are very cheap and the ex-
hausted ones can be easily regenerated. From the viewpoint of eco-
nomical effectiveness, these facts make the biosorbent more prom-

ising [8,9].
Since Escherichia coli biomass has been massively cultivated by

the fermentation industries for producing amino acids and the bac-
terial surface has many three functional groups such as carboxyl,
phosphate and amine groups, it can be used as a promising raw
material. These functional groups exhibit negative (carboxyl and
phosphate groups) or positive (amine group) charges in aqueous
solution at the different pH scales [10]. Indeed, E. coli biomass has
been proven as a potential biosorbent for removing and/or recov-
ering reactive dyes [11], ionic liquids [12], heavy metals [13], and
precious metals [14] through the electrostatic interaction between
the functional groups on the bacterial surface and target pollutants
in solvent. However, the powder form of E. coli can make drains
sluggish when it is applied to column systems in industries. Thus,
the immobilization of the biomass has been tried to avoid the above
problem.

Previously, polyvinyl alcohol immobilized recombinant E. coli
and polysulfone-E. coli biomass composite fiber (PSBF) were devel-
oped and their sorption capacities were evaluated [15,16]. The im-
mobilized biosorbents showed strong mechanical strength and acid
resistance, whereas the sorption capacity was decreased compared
to the raw biomass because the matrix of the composites reduced
the functional groups to be able to bind target pollutants. In our
previous paper [16], we introduced a new method for developing
a powerful biosorbent, fabricated by combining PSBF with branched
polyethylenimine (PEI), which contains a large amount of primary,
secondary and tertiary amines. The PEI-coated PSBF (PEI-PSBF)
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showed a significant improvement of sorption performance for
platinum, palladium and ruthenium ions, respectively [16-18]. How-
ever, in spite of its remarkable sorption abilities for platinum group
metals, the manufacturing process of the biosorbent has not been
optimized yet. Moreover, the sorption performance of the PEI-
PSBF for anionic dyes needs to be evaluated to extend the range of
its application.

We therefore aimed to optimize the manufacturing conditions
of the high-performance PEI-PSBF by using response surface meth-
odology (RSM). RSM is a collection of mathematical and statistical
techniques for designing experiments, building empirical model,
and analyzing the effects of several major factors, and its objective
is to simultaneously optimize the levels of independent variables to
accomplish the best response [19,20]. In the present work, the RSM
was successfully employed using the central composite design (CCD)
to identify the various interactions of the independent variables
affecting the dye sorbent capacity of the biosorbent. The optimal
conditions for manufacturing the best PEI-PSBF were determined
and demonstrated.

MATERIALS AND METHODS

1. Materials
The fermentation waste of E. coli biomass was dried by a spray-

drying process for 24 h and supplied as a dried powder form from
the fermentation industry (Daesang, Gunsan, Korea). Polysulfone
(PS) and 99.8% of N,N-dimethylformamide (DMF) were purchased
from Sigma-Aldrich Korea Ltd. (Yongin, Korea). Industrial grade
PEI (MW: 70000, content: 50%) and 25wt% GA were obtained from
Habjung Moolsan Co., Ltd. (Seoul, Korea) and Junsei Chemical
Co., Ltd. (Tokyo, Japan), respectively. As a model anionic reactive
dye, Reactive Yellow 2 (RY2) was purchased from Sigma-Aldrich
Korea Ltd.; its general characteristics are summarized in Table 1.
All the other chemicals used in this work were of analytical grade.
2. Preparation of PEI-coated Polysulfone/Bacterial Biomass
Composite Fibers

10% (w/v) of PS solution was prepared by mixing 10 g of PS
with 100 mL of DMF solution for 10 h at 40 oC. A certain amount
of E. coli biomass (1.455-4.145 g) was added into 20 mL of PS solu-
tion and then the mixture was sufficiently stirred at room tempera-
ture for 24h. The well-mixed suspension was then extruded through
a spinneret with 0.57 mm diameter into distilled water to make
PSBF fibers. PSBF was several times washed with distilled water to
get rid of impurities and then freeze-dried by a freeze dryer (TFD

Series, Ilshinbiobase, Korea). To modify the surface of the PSBF,
0.5 g of PSBF was mixed with 20 mL of PEI solution with differ-
ent mass contents (0.391-2.409 g), which was adjusted and main-
tained at a desired pH value (pH 10.5) for 2h at 25 oC. Subsequently,
25% of GA solution (3.9-24.1µL) was added in drops to the mix-
ture of PEI and PSBF for cross-linking between the amine groups
in PEI molecules and anhydride groups in GA with stirring for
additional 2 h. After the cross-linking reaction, the produced bio-
sorbent, PEI-PSBF was washed several times with distilled water,
lyophilized for more than two days and finally stored in a desiccator.
3. Biosorption Experiments

The biosorption of RY2 was conducted to estimate the sorption
capacities of the biosorbents prepared at different manufacturing
conditions. The experiments were carried out by mixing 30 mL of
dye solution (500 mg/L) and 0.02 g of biosorbent in 50-mL poly-
propylene conical tubes. The solution was initially adjusted to pH
2 and kept during RY2 biosorption experiments using 1 M HCl or
1 M NaOH solution. The tubes were stirred at 160 rpm for 24 h at
25 oC. After the sorption equilibrium was reached, the final pH was
measured by a pH meter (Orion Star A211, Thermo Fisher Scien-
tific, USA) and centrifuged at 9,000 rpm for 5 min. The superna-
tant was taken and properly diluted with distilled water. Then, the
residual dye concentration was analyzed at the maximum wave-
length of RY2 (λmax=404 nm) using a spectrophotometer (UVmini-
1240, Shimadzu, Kyoto, Japan). The dye uptake (q (mg/g)) was finally
calculated using the following mass balance equation:

(1)

where Ci and Cf are the initial and final dye concentrations (mg/
g), respectively. Vi and Vf mean the initial and final solution vol-
umes (L), respectively; m is the mass of biosorbent (g).

To confirm the maximum sorption capacity of the optimized
biosorbent, the biosorption isotherms were additionally evaluated
at pH 2. The initial RY2 concentrations were in the range of 0-1,000
mg/L, which led to different final dye concentrations in a state of
equilibrium. The remaining procedures were the same as in the
above sorption experiments.
4. Experimental Design for the Optimization of PEI-PSBF
Manufacturing Conditions

An experimental design technique is useful for finding the opti-
mized condition of some major factors, to improve the performance,
and to minimize the error of experiments [21]. In this study, the
CCD with the two-level full factorial design for three factors was

q = 
CiVi − CfVf

m
--------------------------

Table 1. General characteristics of Reactive Yellow 2
Color index 18972

Molecular
structure

Molecular formula C25H15Cl3N9Na3O10S3

Molecular weight 872.97

Dye content (%) 60-70

λmax (nm) 404
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combined with the RSM to find the optimal manufacturing con-
ditions of PEI-PSBF. Based on the preliminary experiments, the
contents of the biomass, PEI, and GA were selected as independent
variables and coded as X1, X2, and X3, respectively. The response
(Y) was defined as the RY2 uptake and depended on the indepen-
dent variables. Each independent variable was encoded into five
different levels (−1.682, −1, 0, +1, +1.682) as given in Table 2. From
the CCD model, the number of experimental runs was calculated
using the following equation:

N=2k+2k+x0 (2)

where N is the number of experimental runs, k is the number of
factors, and x0 is the number of central points [22]. Since the num-
ber of k and x0 was both 3, the total experimental runs were calcu-
lated to be 17. A total of 17 experimental runs including eight
factorial, six star, and three central points were designed and ana-
lyzed by Design Expert 9.0.6 software (Stat-Ease Inc., Minneapo-
lis, USA).

The mathematical relationship between the response (dependent
variable) and the three independent variables can be expressed by
the second-order polynomial model as follows:

(3)

where Y is the predicted response (RY2 uptake). Xi and Xj are the
independent variables in coded levels. βi, βii, and βij are the coeffi-
cients for linear, quadratic and interaction effects, respectively. β0 is
the model coefficient, k is the number of factors (independent
variables), and ε is a random error [23]. The least square method
was used to calculate the model coefficients through Eq. (3) using
Design Expert 9.0.6 software. To evaluate the statistical signifi-
cance, analysis of variance (ANOVA), normal plots and residuals
analyses were employed. The significance of the regression coeffi-
cients was appraised by the P- and F-values at the confidence level
of 95%.

RESULTS AND DISCUSSION

1. Effect of Reaction pH
Our previous study [16] reported that PEI-PSBF can be manu-

factured by a three-step procedure: first, to prepare the PSBF, sec-
ond, to induce the electrostatic binding between the PEI (positively
charged amine groups) and E. coli biomass (negatively charged func-
tional groups), and third, to chemically bond PEI polymer using a
cross-linker to enhance durability of the sorbent. Among these
steps, the amount of PEI introduced in the PSBF can be decided

through the second step. In this step, pH scale on the reaction
plays a vital role in the binding between the PEI molecules and E.
coli biomass because it can electrostatically affect the strength or
ionization of functional groups [24]. Therefore, to maximize the
sorption capacity of RY2 onto the PEI-PSBF, we needed to identify
the optimal reaction pH in biosorbent manufacturing processes.

The pKa value of the amine groups on the surface of E. coli bio-
mass is in the range of 8-9 [10]. On the other hand, the pKa val-
ues of PEI are 4.5, 6.7, and 11.6 for the primary, secondary, and
tertiary amine groups, respectively [25]. To minimize the interfer-
ence between the amine groups in E. coli and PEI, the reaction pH
was selected to be 9.8-10.8. Therefore, four different PEI-PSBFs
fabricated in the selected pH range were prepared and their sorp-
tion capacities for RY2 were also evaluated to find an optimal reac-
tion pH for manufacturing a high-sorption biosorbent. Their sorption
capacities were estimated at 500 mg/L of dye concentration for
24h at 25 oC. The results are expressed in Fig. 1. The sorption capac-
ity increased from 162.9 to 180.5 mg/g as increasing the reaction
pH from 9.88 to 10.5. On the other hand, the sorption capacity of
the PEI-PSBF prepared at reaction pH 10.8 was significantly de-
creased to 114.5 mg/g. This phenomenon may be explained as the
interaction effects related to the specific functional groups between
the PEI and biomass exposed on the surface of PSBF. As a result,
the reaction pH was evaluated as an important factor in develop-
ment of powerful biosorbents and pH 10.5 was decided to be the
optimal reaction pH when the PEI molecules were coated on the
surface of PSBF.
2. Analysis of Central Composite Design

To investigate the optimal fabrication conditions of the PEI-
PSBF with high-capacity, the dosages of the biomass (X1), PEI (X2)
and GA (X3) were selected as independent variables into five lev-
els as coded values (−1.682, −1, 0, +1, +1.682). As presented in
Table 3, 17 manufacturing conditions were designed by the CCD,
and their biosorbents were then prepared in a random order to
minimize the effect of uncontrolled factors. As the responses of all
designed experiments, RY2 uptakes were achieved through batch
sorption experiments at pH 2. The experimental and predicted

Y = β0  + βiXi + βiiXi
2

 + βijXiXj + ε
j=2

k
∑

i=1

k−1
∑

i=0

k
∑

i=0

k
∑

Table 2. Levels of the independent variables in the central compos-
ite design

Independent
variable Symbol

Level
−1.682 −1 0 +1 +1.682

Biomass (g) X1 1.455 2.0 2.8 3.6 4.145
PEI (g) X2 0.391 0.8 1.4 2.0 2.409
GA (µL) X3 3.900 8.0 14 20 24.1

Fig. 1. Effect of reaction pH on the RY2 sorption capacity of PEI-
PSBF.
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values are given in Table 3. The actual values well agreed on the
predicted ones. Also, the main, interactive, and quadratic effects of
three major factors on RY2 sorption were estimated in this design.

The mathematical relationship between the coded independent
variables and response was drawn by the second-order polyno-
mial model, and the best fitted equation was obtained as follows:

Y=251.95+34.95X1+18.23X2−15.52X3−17.60X1X2 (4)
Y=−41.81X1X3+3.30X2X3+29.01X1

2
−9.13X2

2+8.76X3
2

In this equation, the plus and minus signs of the determined coef-
ficients represent the synergistic and antagonistic effects, respec-
tively [26]. ANOVA has been often used to estimate the significance
of the main, interactive, and quadratic effects of independent vari-
ables. As presented in Table 4, the ANOVA table was obtained
from Design Expert 9.0.6 software, and the statistical signification
of the model used in the present study was checked by ANOVA.
In the ANOVA table, the P-value (P<0.05) and the large F-value
mean the significance of independent variables at 95% confidence

Table 3. The 3-factor central composite design matrix and the values of the actual and predicted RY2 uptakes

Run
Independent variable Response

Coded value Real value RY2 uptake (mg/g)
X1 X2 X3 Biomass (g) PEI (g) GA (µL) qexp qpred

01 −1 −1 −1 2 0.8 08 180.48 180.78
02 +1 −1 −1 3.6 0.8 08 374.11 369.50
03 −1 +1 −1 2 2 08 250.89 252.46
04 +1 +1 −1 3.6 2 08 352.10 370.77
05 −1 −1 +1 2 0.8 20 237.69 233.36
06 +1 −1 +1 3.6 0.8 20 242.09 254.85
07 −1 +1 +1 2 2 20 299.30 305.03
08 +1 +1 +1 3.6 2 20 255.29 256.12
09 −1.682 +0 +0 1.455 1.4 14 277.29 279.07
10 +1.682 +0 +0 4.145 1.4 14 409.31 396.59
11 +0 −1.682 +0 2.8 0.391 14 198.08 199.35
12 +0 +1.682 +0 2.8 2.409 14 272.89 260.68
13 +0 +0 −1.682 2.8 1.4 03.9 312.50 289.29
14 +0 +0 +1.682 2.8 1.4 24.1 259.69 237.04
15 +0 +0 +0 2.8 1.4 14 246.49 263.16
16 +0 +0 +0 2.8 1.4 14 259.69 263.16
17 +0 +0 +0 2.8 1.4 14 246.49 263.16

Table 4. ANOVA for quadratic model parameters

Source
Full quadratic model Reduced quadratic model

Sum of squares DF Mean square F-value Prob>F Sum of squares DF Mean square F-value Prob>F
Model 54634.67 09 06070.52 27.10 <0.0001 53679.89 07 07668.56 27.36 <0.0001
X1 16678.06 01 16678.06 74.45 <0.0001 16678.06 01 16678.06 59.50 <0.0001
X2 04540.76 01 04540.76 20.27 <0.0028 04540.76 01 04540.76 16.20 <0.0030
X3 03291.77 01 03291.77 14.69 <0.0064 03291.77 01 03291.77 11.74 <0.0075
X1X2 02479.14 01 02479.14 11.07 <0.0126 02479.14 01 02479.14 08.84 <0.0156
X1X3 13982.10 01 13982.10 62.41 <0.0001 13982.10 01 13982.10 49.88 <0.0001
X2X3 00087.19 01 00087.19 00.39 <0.5525 - - - - -
X1

2 09476.73 01 09476.73 42.30 <0.0003 08609.63 01 08609.63 30.71 <0.0004
X2

2 00938.43 01 00938.43 04.19 <0.0799 01696.20 01 01696.20 06.05 <0.0362
X3

2 00867.59 01 00867.59 03.87 <0.0898 - - - - -
Residual 01568.15 07 00224.02 02522.93 09 00280.33
Lack of fit 01451.99 05 00290.40 05.00 <0.1750 02406.77 07 00343.82 05.92 <0.1521
Pure error 00116.16 02 00058.08 00116.16 02 00058.08
Total 56202.82 16 56202.82 16

R2=0.9721 Adj R2=0.9362 C.V.%=5.44 R2=0.9551 Adj R2=0.9202 C.V.%=6.09
Pred R2=0.7931 Adeq precision=17.936 Pred R2=0.8517 Adeq precision=18.790
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level [27]. The P- and F-values of the model were estimated to be
0.0001 and 27.10, respectively. Also, the determination coefficient
(R2) value was 0.9721. It shows that the second-order polynomial
model is statistically significant and the selected independent vari-
ables have a substantial force on various responses. In conditions
of code factors, the linear (X1, X2, X3), quadratic (X1

2), and cross-
product (X1X2, X1X3) terms were statistically significant because
their P-values were lower than 0.05, while the quadratic terms of
X2

2 and X3
3 and cross-product term of X1X3 were not important

because of their large P-values (>0.05). Therefore, these insignifi-
cant model terms need to be eliminated to enhance the degree of
adequacy and tolerability of the model. For this, they were taken
out from the response surface quadratic model by using a backward
elimination method, and the new ANOVA table for the response
surface reduced quadratic model was derived and given in Table 4,
and the final model could be expressed as the following equation:

Y=263.16+34.95X1+18.23X2−15.52X3 (5)
Y=−17.60X1X2−42.81X1X3=26.42X1

2
−11.72X2

2

The model parameters of F-value, predicted R2, and adequate
precision were improved from 27.10, 0.7931 and 17.936 to 27.36,

0.8517 and 18.790, respectively. As seen in Table 4, the reduced
quadratic model was statistically acceptable due to the F-value of
27.36 and low P-value (<0.0001) of the used parameters. Again, the
F-value of the model was larger than the critical F-value (F0.05, 7, 9=
3.29), suggesting that the computed Fisher’s Variance ratio at this
level was extremely enough to confirm the adequacy of the reduced
quadratic model [28]. In addition, the R2 value of 0.9551 also implied
that the reduced quadratic model could offer a good correlation
between the independent variables and responses. The F-value of
lack of fit was 5.92, which suggested that lack of fit was not signifi-
cant regarding the pure error and insignificance of lack of fit con-
firmed good model efficiency for the prediction of the RY2 uptake
by biosorbents used in this work. The entire main (X1, X2, X3),
interactive (X1X2, X1X3), and quadratic (X1

2, X2
2) effects were found

to be statistically significant as their P-values were lower than 0.05.
The predicted R2 of 0.8517 was in reasonable agreement with the
adjusted R2 of 0.9202, since the difference between them was less
than 0.2 [29]. Adequate precision measures the signal-to-noise
ratio for the uptake of RY2, and a ratio greater than 4 is desirable
[30]. In this sense, the ratio of 18.790 indicates an adequate signal.
Finally, the relatively low coefficient of variation (C.V.) of 6.09%

Fig. 2. (a) A plot of the actual and predicted RY2 uptake values, (b) the normal probability of the residuals, (c) the scatter diagram of residu-
als and predicted, and (d) the Anderson-Darling test and normal probability plots.
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indicates the good reliability of the model. These values, discussed
above, confirm high acceptability of the reduced quadratic model
for the best predicting the RY2 uptake of the PEI-PSBF.

The comparison of experimental and predicted RY2 uptake is
depicted in Fig. 2(a). Fig. 2(a) shows a good agreement between
the predicted and experimental RY2 uptake. The obtained R2 value
of 0.9551 shows that 95.51% of the variations for the RY2 uptake
(mg/g) can be accounted for by the model, while the rest of the
variations (4.49%) are not explainable. In addition, the adequacy
of the model can be identified through the evaluation of the residu-
als calculated by determining the difference between the experimen-
tal and predicted RY2 uptake [31]. The normal probability graph
of residuals was plotted for RY2 uptake and given in Fig. 2(b). As
shown in Fig. 2(b), the data points appeared on a straight line and
the residuals were normally distributed. Furthermore, Fig. 2(c) shows
the scatter plot of the predicted versus residuals values. The residu-
als in the plot were randomly distributed around the center, meet-
ing the homoscedasticity of the errors. The Anderson-Darling test
in order to examine the normal probability plot of the residuals for
the dependent variable (RY2 uptake) is shown in Fig. 2(d). As a result,
the data almost followed a straight line and the P-value was greater
than 0.05, which means that the proposed model is adequate. There-
fore, the reduced quadratic model as Eq. (5) can be applied to pre-
dict the uptake of RY2 by the PEI-PSBF in the limited range of the
selected independent variables with reasonably good accuracy.
3. Determination of Optimal Conditions

Response surface and contour plots are generally used to deter-
mine various interactions of any two variables. These are useful in
understanding of the main effects as well as the interaction effects
between two factors. The response surface and contour plots for
the measured responses were drawn as Figs. 3 and 4 based on the
reduced quadratic model Eq. (5).

Fig. 3(a) and (b) show the 3D response surface and contour
plots as a function of the dosages of biomass (X1) and GA (X3) at
the center level of the PEI (X2). As the content of the E. coli bio-
mass contained in the PSBF was increased, the RY2 uptake rap-
idly increased (Fig. 3(a)). Also, a desirable biomass dosage for

maximizing the RY2 sorption capacity was around 4.145 g in the
studied range, while the GA dosage should be decreased when the
biomass dosage is increased. In the case of GA dosage, increasing
the content of GA resulted in the increase of the RY2 uptake at
−α level (1.455 g) of the biomass. As seen in Fig. 3(b), the uptake
of RY2 reached above 500 mg/g at the conditions of 3.9µL of GA
and 4.145 g of biomass. These phenomena could be explained
based on the roles of the biomass and GA in the PEI-PSBF. In
detail, the biomass exposed on the surface of the PSBF provides spe-
cific binding sites, such as negatively charged carboxyl groups, to
combine the positively charged amine groups in PEI molecules [32].
Thus, an increase of biomass content leads to increase the quan-
tity of PEI on the PSBF surface. On the contrary, the main role of
GA is to reinforce mechanical strength of the biosorbent by cross-
linking the amine groups in PEI molecules with its anhydride groups.
However, an increase of its amount can reduce the amine groups
in PEI for RY2 biosorption [19,33]. Thus, the dosage of GA needs
to be minimized to maximize the dye sorption capacity of sorbent.

Fig. 4(a) and (b) present the 3D response surface and contour
plots between the biomass (X1) and PEI (X2) dosages on the RY2
uptake at the −α level of GA (X3). It was clearly shown that the
RY2 uptake was depending on the variables, i.e., quantities of bio-
mass and PEI. The RY2 uptake of the PEI-PSBF remarkably in-
creased as the biomass dosage was increased from 1.455 to 4.145
g, and also the increase of PEI dosage from 0.391 to 2.409 g led to
a slight enhancement of RY2 sorption capacity, as shown in Fig.
4(a). In the case of the contour plot (Fig. 4(b)), the PEI-PSBF
showed the 543 mg/g of RY2 uptake at 4.145 g of biomass and
1.1 g of PEI. More addition of PEI up to 1.4 g resulted in a slight
increase of RY2 uptake. However, further addition of PEI over
1.4 g rather tended to decrease the RY2 uptake of the PEI-PSBF.
From these findings, it can be concluded that greater amount of
biomass provides more functional groups so that PEI molecules
can be much bound on the surface of the biosorbent, and excess
PEI amount does not help to enhance the sorption capacity for RY2.

The numerical optimization for the PEI-PSBF manufacturing
conditions using Design Expert 9.0.6 software was estimated. Here,

Fig. 3. (a) 3D response surface plot and (b) corresponding contour plot of the RY2 uptake as the function of GA and biomass dosages.



Polyethylenimine-coated polysulfone/bacterial biomass composite fiber as a biosorbent for the removal of anionic dyes 2525

Korean J. Chem. Eng.(Vol. 34, No. 9)

the desirability function was maximized at the biomass dosage in
range of 1.455-4.145 g, PEI dosage in the range of 0.391-2.409 g, GA
volume in the range of 3.9-24.1µL, and maximum level for RY2
uptake. As a result, the local maximum was found at 4.145 g of
biomass, 1.104 g of PEI, and 3.9µL of GA as given in Table 5. In
these conditions, the RY2 uptake was predicted to be 543.72 mg/g
at pH 2 and the initial RY2 concentration of 500 mg/L.
4. Confirmation of the RSM Validity through Biosorption Iso-
therms

To confirm the RSM validity, the PEI-PSBF was prepared at the
optimal manufacturing conditions of 4.145 g of biomass, 1.104 g of
PEI and 3.9µL of GA. The RY2 sorption capacity of the optimized
PEI-PSBF was evaluated to be 540.52 mg/g at pH 2 and 500 mg/L
of the initial dye concentration, which was comparable to the pre-
dicted q value (543.78 mg/g) by RSM. It indicates that the theoreti-
cal optimization for PEI-PSBF manufacturing conditions has been
successfully performed.

The biosorption isotherms of the PSBF and PEI-PSBF were car-
ried out at pH 2 by varying the initial RY2 concentration within
the range of 0-1,000 mg/L, with a constant biosorbent dosage of
0.02 g. As shown in Fig. 5, the RY2 uptakes of the PSBF and PEI-
PSBF were sharply increased at lower dye concentrations, while
the isotherm shapes were concave curves with a strict plateau. Mod-
eling of the RY2 isotherm data was attempted using the non-lin-
ear form of the Langmuir model as the following equation:

(6)

where Cf is the final dye concentration (mg/L), qmax is the maxi-
mum dye uptake (mg/g), and b is the Langmuir equilibrium con-

stant (L/mg) related to the affinity between the sorbate and sorbent.
The Langmuir parameters and coefficients of determination are
summarized in Table 6. The Langmuir model incorporates two
easily interpretable constants: qmax, which is often used to compare
the performance of biosorbents; and b, which relates to the affin-
ity between the sorbate and sorbent. Hence, for a good biosor-
bent, a high qmax and a high b (i.e., steep initial isotherm slope) are
desirable [34]. For both isotherm curves by Langmuir model were
fitted within the R2 value of 0.982. According to the Langmuir

q = 
qmaxbCf

1+ bCf
------------------

Fig. 4. (a) 3D response surface plot and (b) corresponding contour plot of the RY2 uptake as the function of PEI and biomass dosages.

Table 5. Optimum values of the variables and response
Variable Symbol Optimum value Response Symbol Optimum value
Biomass (g) X1 4.145

RY2 uptake
(mg/g) Y 543.78PEI (g) X2 1.104

GA (µL) X3 3.900

Fig. 5. Biosorption isotherms for the RY2 sorption capacities of the
PSBF and optimized PEI-PSBF. Isotherm experiments were
carried out at pH 2 and the isotherm experimental data were
fitted by the Langmuir model (solid lines).
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model, the maximum sorption capacities were found to be 153.24
and 586.76 mg/g for the PSBF and PEI-PSBF, respectively. This
suggests that the PEI-PSBF was successfully fabricated at the opti-
mal manufacturing conditions and a large amount of amine groups
were included in the PEI-PSBF, which resulted in the 3.83 times
enhancement of sorption capacity compared to that of the PSBF.
Moreover, the values of affinity (b) showed 0.0234 and 0.0415 L/
mg for the PSBF and PEI-PSBF, respectively. The higher b value
for the PEI-PSBF may be attributed to the fact that the binding
sites for RY2 sorption mainly exist on the surface of the PEI-PSBF.

CONCLUSIONS

The aim was to optimize the manufacturing processes for a
high-capacity PEI-PSBF, which has the maximum RY2 uptake,
using the CCD and RSM. Before the optimization, pH 10.5 was
selected as the optimum reaction pH based on our preliminary
experiment. The optimal manufacturing conditions of PEI-PSBF
were 4.145 g of E. coli biomass, 1.104 g of PEI, and 3.9µL of GA at
pH 10.5. The RY2 uptake of the optimized PEI-PSBF was estimated
to be 540.52 mg/g, almost the same as RSM predicted (543.78 mg/
g). From the isotherm studies, the maximum sorption capacity of
PEI-PSBF produced under the optimized manufacturing condi-
tions was 3.83-fold higher than that of PSBF for RY2 biosorption.
In conclusion, RSM can be effectively used to find the manufac-
turing conditions and the PEI-PSBF produced at the optimized
conditions may be expected to be used for the removal of anionic
dyes from aqueous solutions if its application studies are further
investigated.
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Table 6. Langmuir parameters for RY 2 biosorption by the PSBF and
optimized PEI-PSBF at pH 2

Biosorbent
Langmuir modela

qmax (mg/g) b (L/mg) R2

PSBF 153.24 (4.70)0 0.0234 (0.0031) 0.9847
PEI-PSBF 586.76 (26.24) 0.0415 (0.0085) 0.9822

aStandard errors are in parentheses
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