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Abstract—Polyurethane (PU) was evaluated for its possibility as an immobilization matrix for the raw biomass of
Corynebacterium glutamicum. Initially, different blending ratios of the raw biomass to PU weight were tested, and the
ratio of 7: 3 was identified as the optimal condition. PU-immobilized biosorbent (PUIB) with a particle size ranging
from 0.425 to 0.18 mm was selected for the adsorption of Reactive Yellow 2 (RY2). The uptake of RY2 on the PUIB
was favorable at acidic pH, especially below 3. According to the Langmuir model, the maximum RY2 uptakes were
estimated to be 104.0, 93.3, and 87.3 mg/g at pH 2, 3, and 4, respectively. The pseudo-first-order and pseudo-second-
order models were applied to fit the biosorption kinetic data; the latter model fitted the data well with a high coeffi-
cient of determination (R) and low average percentage error (&) values. The RY2-sorbed PUIB was able to be regener-
ated and reused for five cycles of the adsorption and desorption processes.
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INTRODUCTION

Biosorption has been extensively proposed as a potent alterna-
tive for conventional treatment technologies to remove dyes from
wastewaters [1]. The exploitation of various biomasses has been
widely studied for the same purpose. The capabilities of numer-
ous microorganisms, mainly bacteria and fungi, for the removal of
water-soluble dyes have been studied around the world [1-3]. Among
them, bacteria have been proven to be a better candidate due to
their high sorption performance and comparatively the rapid pro-
duction of biomass [4]. Our team has previously reported on the
inactive bacterial biomasses, which were generated in large quanti-
ties as the waste from a fermentation industry, and those were
employed for the removal of anionic or cationic dyes in aqueous
solutions [5-9]. Especially, the waste biomass of Corynebacterium
glutamicum has been examined as a biosorbent [7,9]. In previous
studies for the removal of reactive or basic dyes, we evaluated the
effects of various parameters, such as pH, initial dye concentra-
tion, temperature, dye type, and biomass dosage, in batch sys-
tems. We found that the maximum uptakes of anionic reactive
dyes were exhibited at acidic conditions, whereas those of cationic
basic dyes were obtained at alkaline conditions. In the case of indus-
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trial scale applications, however, the use of freely-suspended C. glu-
tamicum biomass may lead to many problems, such as separation
of the suspended biomass from the aqueous medium, intricate
handing, and clogging of pipelines and filters.

Bacterial biomass can be immobilized by entrapment technique
in polymeric network or attachment to a matrix surface [10]. The
first case is that biomass is restrained in the interstices of fibrous or
porous materials or in immobilization matrices such as gel or
membrane types. Representatively, chitosan and alginate have
been used as matrices for the immobilization of biomass. The lat-
ter is that the attachment of biomass can occur on the surface of
the immobilization matrix by self-adhesion or chemical bonding.
Utilizing entrapment or attachment techniques for biomass immo-
bilization appears to be a most promising solution. However, the
immobilizing matrix should be mechanically strong and chemi-
cally stable against the actual process conditions [11]. Also, the
matrix-facilitating diffusion ability of sorbate is of great importance.
Natural polysaccharides such as alginate, chitosan, agarose, and
carrageenan are commonly used for biomass immobilization [12].
Alginate has received considerable attention because of simple lab-
oratory preparation and its wide use in cell immobilization in bio-
sorption studies [13,14]. However, the major problems of using
alginate include its low mechanical strength and tendency to dis-
solve in alkaline solution, which limit its application under actual
effluent treatment conditions. Polyurethane (PU) has been utilized
for the immobilization of various microorganisms due to its high
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mechanical strength and resistance to organic solvents and micro-
bial attack [15]. PU is an important and versatile class of man-
made polymers widely used in the medical, automotive and indus-
trial fields. PU is also known for its easy handling and almost nil
toxicity, which validates its potential application in different indus-
tries. Besides its xenobiotic origins, PU has been found to be sus-
ceptible to natural biodegradation [16]. Thus, the employment of
this kind of polymer has proven to be environmentally safe.

This paper reports the possibility of applying PU as a polymer
matrix for the immobilization of the waste biomass of C. glutam-
icum. Also, the sorption capacity of a reactive dye, Reactive Yellow
2 (RY2) from aqueous media was evaluated.

MATERIALS AND METHODS

1. Materials

The fermentation waste of the C. glutamicum biomass was
obtained as a dried powder form from a nucleic acid fermenta-
tion industry (Daesang, Gunsan, Korea). The raw biomass (RB)
was dried using a spray-drying process for 24 h and immobilized
with PU. RY2 as a model reactive dye was purchased from Sigma-
Aldrich Korea Ltd. (Yongin, Korea). The general characteristics of
RY?2 are as follows. It has a color index number of 18972, maxi-
mum absorption wavelength (4,,,) of 404 nm, dye content of 60-
70%, the molecular formula of C,H;;Cl,NgNa;O,,S;, and the
molecular weight of 873.0 g/mol. RY2 exists as a negatively charged
ion in aqueous solution since it has three sulfonate groups (Fig. 1).
PU was purchased from a local company and nitric acid and
sodium hydroxide used in this work were of analytical grade.
2. Preparation of PU-immobilized C. glutamicum Biosorbent

Several mixtures of RB and PU were prepared at different mass
ratios of 5:5, 6:4, 6.5:3.5 and 7: 3, respectively. Each mixture of
RB and PU was extruded into distilled water and left for 24 h to
form solid-type of PU-immobilized C. glutamicum biosorbents
(PUIBs). In result, the C. glutamicum biomass was entrapped in
the PU network. The solidified PUIBs with different mass ratios
were then separated from the water, washed several times by using
distilled water, and dried in an oven at 60 °C for 24 h. The resulting
products were referred to as PUIB1 (5:5), PUIB2 (6:4), PUIB3
(6.5:3.5) and PUIB4 (7:3). The dried biosorbents were ground
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Fig. 1. The chemical structure of Reactive Yellow 2.
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and then sieved into four particle size ranges: 0.18-0.425 mm,
0.425-0.6 mm, 0.6-1.0 mm, and >1 mm. Through sorption experi-
ments, PUIB4 with the particle size of 0.18-0.425 mm was selected
for evaluating further sorption performance for RY2.
3. Biosorption Experiments

Experiments were conducted in 50-mL polypropylene conical
tubes at 25 °C as a function of the ratio of RB to PU, particle size,
biosorbent dosage, pH, RY2 concentration and contact time. For
these experiments, aliquots of 300 and 500 mg/L RY2 solutions
were added to each of four conical tubes with 0.1 g in where PU-
immobilized biosorbents have different ratios of RB to PU like
PUIBI (5:5), PUIB2 (6:4), PUIB3 (6.5:3.5) and PUIB4 (7:3).
The tubes were placed on a shaking incubator at 160 rpm for 24 h.
After reaching equilibrium, the biosorbents were separated by cen-
trifugation at 3,000 rpm for 5 min. Then the RY2 concentration in
the supernatant was determined by using a UV-Vis spectropho-
tometer (UV-2550, Shimadzu, Kyoto, Japan) at 404 nm after appro-
priate dilution. To evaluate the effects of particle size and biosorbent
dosage, the experiments were performed at 300 mg/L RY2 solution
in the same manner as the screening experiments. The particle sizes
of PUIB4 used were referred to as >1.0 mm (PUIB41), 1.0-0.6 mm
(PUIB42), 0.6-0.425 mm (PUIB43) and 0.425-0.18 mm (PUIB44).

The pH edge experiments involved 300 mg/L of initial RY2
concentration and 2.5 g/L of PUIB44. The pH was initially adjusted
and controlled using 0.1 M HNO; or 0.1 M NaOH. After 24 h of
contact time, the final pH was measured and the samples were
taken and centrifuged at 3,000 rpm for 5min. Isotherm experi-
ments were performed to measure the full saturation capacities of
PUIB44 at pH 2, 3 and 4. The concentration of RY2 was varied
between 0 and 1,500 mg/L for PUIB44. The remaining procedures
were the same as described in pH edge experiments. Kinetic exper-
iments were also conducted at pH 2 under the same experimental
conditions described above, except sampling time to determine
the attainment of biosorption equilibrium. The experiments men-
tioned above were carried out in duplicate and the average values
were used to describe experimental results.

The dye uptake (Q) was calculated from the difference between
the concentrations of RY2 before and after biosorption by using
the following equation:

Q:M 1)

M

where C, and C;are the initial and equilibrium RY2 concentrations
in the working solution (mg/L), respectively; V, and V;are the ini-
tial and final solution volumes (L), respectively; and M is the dry
mass of biosorbent (g).
4. Modeling of Isotherms and Kinetics

We attempted to fit the isotherm data to three isotherm mod-
els, the Langmuir, Freundlich, and Redlich-Peterson models:
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where Q,,, is the maximum dye uptake (mg/g); b; is the Lang-
muir equilibrium constant (L/mg); Ky is the Freundlich constant
((mg/g) (mg/L)’” ™); ng is the Freundlich constant; Ky, is the Redlich-
Peterson isotherm constant (L/g); oy is the Redlich-Peterson iso-
therm constant (L/ mg)”ﬂ wps and S is the Redlich-Peterson model
exponent.

The experimental biosorption kinetic data were modeled by
using pseudo-first-order and pseudo-second-order kinetics, which
can be represented in their non-linear forms as:

Pseudo-first-order model q,=q,(1-exp(—Xk;t)) (5)

qikzt

Pseudo-second-order model q,=
1+q,k,t

©)

where q, is the amount of dye sorbed at equilibrium (mg/g); g is
the amount of dye sorbed at time t (mg/g); k; is the pseudo-first-
order rate constant (L/min); and k, is the pseudo-second-order
rate constant (g/mg min).

Both isotherm and kinetic data modeling were performed by
non-linear regression using Sigma Plot (version 10.0, SPSS, USA)
software. The average percentage error (&) between the experimen-
tal and predicted values was calculated using:

N
Z(Qexp, i Qcal, i/Qexp, i)

&(%)=EL N x 100 (7)

where Q.,, and Q,, represent the experimental and calculated dye
uptake values, respectively, and N is the number of measurements.
5. Repeated Adsorption and Desorption Experiments

The RY2-loaded biosorbent, which was exposed to 300 mg
RY2/L at pH 2 and 25 °C, was separated from the biosorbent-water
slurry by centrifugation at 3,000 rpm and 5min. The separated
biosorbent was then brought into contact with 40 mL of distilled
water adjusted to pH 9 for 6h in a rotary shaker at 160 rpm. The
remaining procedure was the same as that employed in the bio-
sorption equilibrium experiments. After desorption, the biosor-
bent was washed several times with deionized water, and the
regenerated biosorbent was reused for the next biosorption cycle.
These cycles of biosorption followed by elution were performed
five times to evaluate the feasibility of the biosorbent regeneration.

RESULTS AND DISCUSSION

1. Effects of the Mass Ratio of RB and PU, Particle Size and
Sorbent Dosage

The effects of the mass ratio of RB and PU, particle size and
biosorbent dosage were investigated in this study. The different
blending ratios of RB and PU, such as 5: 5 (PUIB1), 6: 4 (PUIB2),
6.5:3.5 (PUIB3), and 7:3 (PUIB4), were examined at the initial
RY2 concentrations of 300 and 500 mg/L. As shown in Fig. 2, the
uptake percentage of RY2 increased with the increase in the RB
ratio because the RB concentration increased the biosorption
capacity of RY2. On the other hand, the only PU without RB did
not sorb RY2 (data not shown). It indicates that RB is the sole rea-
son for RY2 biosorption and PU just acting as a carrier or matrix.
Compared with the other combination ratios at both RY2 concen-
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Fig. 2. Screening of four PU-immobilized biosorbents with differ-
ent ratios of RB and PU (PUIBI: 5:5; PUIB2: 6:4; PUIB3:
6.5:3.5; and PUIB4: 7: 3).
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Fig. 3. Effect of particle size on RY2 biosorption by PU-immobilized
biosorbent (PUIB41: >1.0 mm; PUIB42: 1.0-0.6 mm; PUIB43:
0.6-0.425 mm; and PUIB44: 0.425-0.18 mm).

trations of 300 and 500 mg/L, the RB: PU ratio of 7: 3 showed the
best results. However, further increasing the RB dosage and reduc-
ing the PU percentage could result in a poor mechanical stability.
Thus, PUIB4 was selected for further evaluation.

The series of PUIB4 were prepared in four different particle
sizes (PUIB41: >1.0 mm; PUIB42: 1.0-0.6 mm; PUIB43: 0.6-0.425
mmy; and PUIB44: 0.425-0.18 mm). The four particle sizes were
tested to identify the appropriate particle size for a better biosorp-
tion performance. As seen in Fig. 3, the uptake of RY2 was affected
by the particle size of the biosorbents. As the particle size of bio-
sorbent decreased, the dye uptake and the dye removal efficiency
were increased from 69.6 mg/g and 58.5% to 99.2 mg/g and 83%.
This adsorptive behavior is related to the accessibility of dye mole-
cules to binding sites on the surface of biosorbent. The breaking
down of the large particles to make smaller ones can lead to an
increase in the surface area and the number of available functional
groups of biosorbent. Therefore, the decrease in the particle size of
the biosorbent resulted in the enhancement of dye uptake and
removal efficiency. Similar observations have been reported by
Khataee et al. [17] and Chowdhury and Das [18]. Therefore, the
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Fig. 4. Effect of biosorbent dosage on RY2 biosorption by PUIB44.

PUIB44 with a particle range of 0.425-0.18 mm was selected for
further studies due to its high biosorption capacity.
2. Effect of Biosorbent Dosage

The effect of biosorbent dosage on the RY2 biosorption was
studied. As shown in Fig. 4, except for the dosage of 2.5 g/L, all
other dosages above 5g/L showed a similar performance with
approximately 100% of removal efficiencies. This result could be
attributed to the fact that almost 100% RY2 biosorption had been
achieved at 5 g/L and there was no need to increase above 5 g/L of
the biosorbent dosage. Thus, a biosorbent dosage of 5g/L was
chosen for all further studies.
3. Effect of Solution pH

The availability of dyes and the activities of the functional
groups in the biomass should be affected by the environmental
pH. The pH-dependent property of RY2 biosorption onto PUIB44
was estimated by using a pH range of 2.0-11.0 (Fig. 5). The pH
effect experiment revealed that the biosorption capacity of RY2
increased with pH decreasing; especially below pH 4, a steep in-
crease in the RY2 uptake was observed. On the other hand, increas-
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Fig. 5. Effect of pH on RY2 uptake by PUIB44. Experimental con-
ditions: sorbent amount=0.1 g, solution volume=40 mL, ini-
tial RY2 concentration=300 mg/L, 25 °C, 24 h, and 160 rpm.
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ing pH beyond 3 resulted in a rapid decrease of the RY2 uptake,
and thereafter the biosorption capacity was negligible at pH above
7. Thus, the RY2 biosorption by PUIB44 is optimized to be per-
formed at acidic conditions, whereas an effective desorption is
expected at neutral or alkaline conditions.

The effect of pH on the RY2 biosorption upon PU-immobi-
lized biosorbent was almost similar to that by freely-suspended
raw C. glutamicum biomass [19]. This result reflects that the bacte-
rial biomass in the immobilized biosorbent plays a significant role
in the binding of RY2. The cell wall of Gram-positive bacterium is
mainly comprised of a peptidoglycan layer connected by amino
acid bridges [20]. Additionally, the Gram-positive bacterial cell
wall consists of polyalcohols, called teichoic acids, which give an
overall negative charge to the bacterial cell wall due to the pres-
ence of phosphodiester bonds between the teichoic acid mono-
mers [21]. According to our previous report, the C. glutamicum
biomass is mainly comprised of carboxyl, phosphonate and amine
groups [6]. Protonation of the functional groups under acidic con-
ditions results in a net positively-charged biomass. In particular,
the negatively-charged amine groups on the surface of C. glutam-
icum were found to be the prime functional groups responsible for
the biosorption of reactive dyes [5,6]. Conversely, the reactive dyes
release negatively-charged dye ions into solution, which would
exhibit electrostatic attraction towards the positively-charged cell
surfaces. For this reason, the maximum uptake was shown at acidic
conditions. While increasing the solution pH, the carboxyl and
phosphonate groups become more negatively charged, which strongly
inhibits the binding of anionic reactive dyes to amine groups [22,23].
4. Isothermal Studies

The isotherm experiments were conducted at pH 2, 3, and 4 to
assess the maximum biosorption potential of PUIB44. The iso-
therm results are presented in Fig. 6. The curves showed a sharp
increase at lower concentrations and a plateau at higher concentra-
tions, which represented a typical biosorption isotherm curve. The
biosorption was higher at lower pH as expected. The isotherms
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Fig. 6. Biosorption isotherms of PUIB44 at different pH values. Ex-
perimental conditions: sorbent amount=0.1g, solution vol-
ume=40 mL, initial RY2 concentration range=0-1,500 mg/L,
25°C, 24 h, and 160 rpm. Curves predicted by the Redlich-
Peterson model.



Polyurethane-immobilized Corynebacterium glutamicum biosorbent 949

Table 1. Biosorption isotherm constants obtained from isotherm

models
Isotherm models pH2 pH3 pH4
Q.,, (mg/g) 116.5 97.5 89.7
Langmuir Q,uax (mg/g) 104.0 93.3 87.3
b; (L/mg) 0348 0094  0.094
R? 0911 0977  0.964
£ (%) 10.0 2.02 9.41
Freundlich K: (L/g) 37.0 28.3 30.0
np 5.85 533 5.97
R? 0942 0949 0975
£(%) 12.4 10.4 6.07
Redlich-Peterson  Kpgp 77.3 12.6 472
Qlgp 1.53 0.21 1.1
Lo 0.879 0925  0.887
R? 0950 0988  0.997
& (%) 9.86 3.75 0.02

were steep, thus indicating the high affinity of the sorbate towards
the biosorbent.

The isotherm data was attempted to be modeled using a two-
parameter model such as the Langmuir and Freundlich models
and a three-parameter model, the Redlich-Peterson model, to rep-
resent the non-linear equilibrium relationships between the amount
of sorbed sorbate on the sorbent and the sorbate remaining in
solution at constant temperature. The model constants along with
the coefficient of determination (R’) and average percentage error
(&) values obtained from the three isotherm models are listed in
Table 1.

The Langmuir isotherm model has been frequently applied to
quantify and contrast the sorption performance of different sor-
bents. It assumes that the sorption occurs at specific homoge-
neous sites within the sorbent. The utilization of the Langmuir
model was extended to empirically depict equilibrium relation-
ships between the liquid and solid phases [24]. According to the
simulation of the Langmuir model, the maximum uptakes of
PUIB44 were estimated to be 104.0, 93.3, and 87.3 mg/g at pH 2,
3, and 4, respectively (Table 1). However, compared to our previ-
ous study [19], the Q,,, of PUIB44 (104.0 mg/g) at pH 2 was
lower than that of raw C. glutamicum biomass (154.3 mg/g). It
indicates that the immobilization of raw biomass with PU leads to
a decrease in dye adsorption capacity. The Langmuir constant b;
indicates the affinity between the sorbent and sorbate. The values
of b, were increased as pH decreased from 4 to 2. The high val-
ues of b, are reflected in the steep initial slope of a sorption iso-
therm, thereby indicating a desirable high affinity. In general, high
Q,..x and b; are desirable for good biosorbents.

The Freundlich isotherm was originally empirical, but it was
later interpreted as sorption to heterogeneous surfaces or surfaces
supporting sites of varied affinities. At all pH values, the isotherm
data was well fitted with high R’ values (>0.94). As given in Table
1, the Freundlich constant Ky reached its corresponding maxi-
mum value at pH 2. This result means that the binding capacity
reached the highest value compared to the other conditions inves-

tigated. The Freundlich constant ny values were in the range of 1-
10, thus indicating that the biosorption of RY2 on PUIB44 was
favorable within the performed conditions.

To improve the fitness of the experimental isotherm data, a
three-parameter model, the Redlich-Peterson isotherm, was used.
This model incorporated the features of the Langmuir and Freun-
dlich isotherms with the mechanism of biosorption being a hybrid.
Compared to the other two-parameter models, the Redlich-Peter-
son model well described RY2 biosorption data with the higher
coefficient of determination (R?) and lower percentage error (&)
values. Regression results are shown in Table 1. The exponent
(Lrp) values were in the range of 0.879-0.925 at different pHs from
2 to 4. There are two limiting behaviors: Langmuir form for fp=1
and Henry’s law form for =0 [25]. The values of S were close
to the unity; indicating that the isotherm data can be preferably fit-
ted with the Langmuir model. However, the isotherm data cannot
be assumed to be of complete Langmuir form. The K, values in-
dicated that the RY2 adsorption capacity of PUIB41 was maxi-
mized at pH 2 in pH ranges (2-4) examined in this work. This
result was consistent in those predicted by the Langmuir and Fre-
undlich models. Generally, the three-parameter models well explain
the biosorption isotherm data compared to the two-parameter
models as this present study is shown.

5. Kinetic Studies

The sorption kinetics in wastewater treatment is significant as it
provides valuable insights into the reaction pathways and into the
mechanism of sorption reactions. Also, the kinetics describes the
solute uptake, which in turn controls the residence time of the sor-
bate uptake at the solid-solution interface [26]. The kinetic experi-
ments were carried out at two different initial RY2 concentrations
of 300 and 500 mg/L, respectively. Fig. 7 depicts the effect of the
contact time on the RY2 biosorption on PUIB44. The uptake of
RY2 by PUIB44 was dependent on the initial dye concentration,
and the higher RY?2 uptake was observed at higher initial dye con-
centration. However, the removal efficiency of RY2 slightly decreased
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Fig. 7. Biosorption kinetics of PUIB44. Experimental conditions:
sorbent amount=0.1g, solution volume=40 mL, initial RY2
concentrations=300 and 500 mg/L, 25 °C, and 160 rpm. Curves
were predicted by pseudo-first-order (dash-dot line) and
pseudo-second-order (solid line) models.
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from 98.1% to 954% as the RY2 concentration increased from
300 to 500 mg/L. This result may have occurred because at lower
concentrations, the amount of the initial dye molecules available
on the biosorbent surface is less than that of the binding sites in
the immobilized biosorbent. Thus, the fractional biosorption be-
comes independent of the initial dye concentration. On the other
hand, the more dye molecules that exist, then the more intense
competition with binding sites available for RY2 at higher concen-
trations occurs. Hence, the removal percentage of RY2 is depen-
dent upon the initial dye concentration. As seen from Fig. 7, in
terms of the initial RY2 concentration of 300 mg/L, the maxi-
mum sorption capacity (approximately 95% of total amount of
RY2 removed) of RY2 was obtained within the first 40 min, and
thereafter, the biosorption rate tended to decrease and proceeded
at a slower rate. A similar trend was also observed in the kinetic
experiments with the initial RY2 concentration of 500 mg/L. The
initial rapid phase may be due to the number of vacant sites avail-
able at the initial stage. As a result, the concentration gradient
between the sorbate in the solution and the sorbate in the biosor-
bent increased [27]. Equilibrium time was attained at 60 min for
the biosorption studies with the initial concentration of 300 mg/L,
whereas it was above 120min for the initial concentration of
500 mg/L. The equilibrium time is a significant factor for the
design of pollutant treatment systems since it affects reactor size
and plant economics [28].

The experimental biosorption kinetic data were fitted using
non-linear pseudo-first-order and pseudo-second-order kinetics.
The rate constants, the predicted equilibrium uptakes, and the R®
values for the dye concentrations tested have been estimated and
summarized in Table 2. In the case of the pseudo-first-order model,
the R’ values were 0.973 and 0.919 for initial RY2 concentrations
of 300 and 500 mg/L, respectively. However, the calculated Q, was
not close to the experimental Q,, which suggests that the pseudo-
first-order model is not suitable to fit the kinetic experimental
data. The reason for these differences between the experimental and
calculated Q, values may be due to a time lag and/or a boundary
layer or an external resistance controlling at the beginning of the
sorption process [29]. As reported in most literature, the pseudo-
first-order model did not fit the kinetic data well for the whole
range of contact time and generally underestimated the Q, values
[28,30].

Table 2. Biosorption kinetic constants obtained from pseudo-first-
order and pseudo-second-order models

300mg/L 500 mg/L

Kinetic models

Qep (Mg/g) 57.6 92.6
Pseudo-first-order q. (mg/g) 55.8 83.7
k, (L/min) 0.112 0.072
S 0.973 0.919
£(%) 0.086 0.354
Pseudo-second-order g, (mg/g) 62.4 95.1
k, (g/mg min) 0.003 0.001
R’ 0.995 0.970
£(%) 0.038 0.002

March, 2016

The pseudo-second-order model is based on the sorption capac-
ity on the solid phase. Compared to the pseudo-first-order model,
it predicted the sorption behavior over the whole range of studies
and was in agreement with a chemisorption mechanism being the
rate-controlling step [29]. As shown in Table 2, the results gener-
ated from the pseudo-second-order model corresponded with the
experimental data with the high R* values. The R’ values obtained
by the pseudo-second-order model were greater, and the average
percentage error (&) values were lower than those values for the
pseudo-first-order model. Therefore, the pseudo-second-order model
can be used to describe the kinetic data of the PU-immobilized
biosorbent.

6. Repeated Adsorption and Desorption

If the biosorption process could be employed as an alternative
technique in the wastewater treatment scheme, then regeneration
of the biosorbent is crucial for keeping the process costs down and
opening the possibility of recovering dye molecules extracted from
the liquid phase [31]. For this purpose, it is desirable to desorb the
sorbed dye and to regenerate the exhausted biosorbent for applica-
tion of another cycle. According to the results of pH edge experi-
ments, RY2 could not adsorbed onto the biosorbent at above pH
7. Thus, desorption was attempted at pH 9, and the PU-immobi-
lized biosorbent after desorption was tried for the next biosorp-
tion cycle at pH 2. We repeated five cycles of adsorption/desorption
processes to identify the possibility of the regeneration of the PU-
immobilized biosorbent. As seen in Fig. 8, repeating the five cycles
of adsorption/desorption processes revealed that there was not any
significant difference in either the biosorption efficiency or the
desorption efficiency during five cycles. The biosorption efficiency
decreased less than 5% until the fifth cycle, which validated the
regeneration ability of PUIB in future industrial applications.

CONCLUSIONS

Considering the practical difficulties in handling RB powder in
real treatment processes, the immobilization of RB with a proper
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Fig. 8. Regeneration and reuse of PUIB44 in five cycles of sorption/
desorption processes. Sorption was performed at pH 2 while
desorption was carried out at pH 9.
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matrix material like PU was developed. The 7:3 mass ratio of
RB:PU was found to be optimal, and the PU-immobilized bio-
mass with the range of particle size 0.425-0.18 mm showed the
best RY2 biosorption performance. The biosorbent dosage of 5 g/
L was also found to be the optimal condition. The solution pH
values largely influenced the sorption capacity of PUIB44, and the
biosorbent performed well for the RY2 biosorption at pH 2. The
maximum uptake at pH 2 was estimated to be 104.0 mg/g using
the Langmuir model. The study on the biosorption kinetics using
pseudo-first-order and pseudo-second-order models demonstrated
that the pseudo-second-order model fitted the kinetic data well
with high R* and low & values. The regeneration experimental results
at pH 9 revealed that the PUIB44 exhibited invariable RY2 bio-
sorption capacity with a very high mechanical stability even at the
end of fifth cydle, thus confirming the technical feasibility of using
a PU-immobilized biosorbent in industrial applications. There-
fore, PU showed desirable properties for bacterial biomass immo-
bilization and may have potential use in process applications due
to its relatively high biomass loading, good chemical and physical
stabilities.
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