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a b s t r a c t

Polysulfone-immobilized Corynebacterium glutamicum was employed as a biosorbent, for the continuous
removal of Reactive black 5 (RB5) from aqueous solution, in an up-flow packed column. The biosorbent
performance was evaluated with different bed heights (8–10 cm), flow rates (0.5–1 ml/min) and initial dye
concentrations (50–100 mg/l). Favorable conditions for RB5 biosorption were observed with the highest
bed height (10 cm), lowest flow rate (0.5 ml/min) and lowest initial dye concentration (50 mg/l); at which
the RB5 uptake and % removal, 88.9 mg/g and 61.8%, respectively, were recorded. Mathematical modeling
of experimental data was performed, using a non-linear form of the Thomas, modified dose–response and
Yoon–Nelson models, to simulate the breakthrough curves. Very favorable results were obtained with the
Thomas and Yoon–Nelson models, which described the experimental data well, with very high correlation
coefficients. In an attempt to regenerate the exhausted biosorbent for possible reuse in multiple cycles,
0.1 M NaOH was employed as elutant. Due to continuous usage of polysulfone-immobilized C. glutamicum

in three sorption–desorption cycles, a decreased breakthrough time, increased exhaustion time, broad-
ened mass transfer zone, flattened breakthrough curve and decreased RB5 uptake were observed with
progressive cycles. Linear regression of the breakthrough, uptake and critical bed length revealed that the
sorption zone would reach top of the bed after 18 cycles, with the column bed completely exhausted after
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35 cycles. The elutant, 0.1
cycles.

. Introduction

Environmentally, the presence of synthetic dyes in wastewa-
ers is of particular concern due to their toxicity to some aquatic
rganisms and serious health risk to humans [1], leading to greater
ublic concern and present legislation problems. Hence, there is a
eed to develop an effective process that can efficiently treat dye-
earing wastewaters. The search for new and innovative treatment
echnologies has focused attention on the dye-binding capacities
f biological materials. Inactive/dead biomass of various bacteria
2], fungi [3], fresh water algae [4,5] and seaweeds [6], as well as
ther biosorbents [7,8] have been proposed as materials capable
f sorbing different dyes from aqueous solutions. The mechanisms

ssociated with dye biosorption by biological materials are often
omplex and involve both extracellular and intracellular dye bind-
ng. Amongst the biosorbents used in dye removal, microorganisms,
uch as bacteria and fungi, have been portrayed to possess excellent
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OH, provided uniform elution efficiencies greater than 99.2% in all three

© 2008 Elsevier B.V. All rights reserved.

ye-binding capacities [9,10]. However, these types of biosorbents
re usually soft and poses problem in solid–liquid separation after
iosorption [11]. Desirably, the biosorbent must be hard enough to
ithstand the application pressures, as well as porous and regen-

ratable. Researchers have recognized that immobilizing biomass
n a granular or polymeric matrix may improve the performance
f the biomass and facilitate its separation from solutions [10,11].
he important matrices used in biosorbent immobilization include
olysulfone [12,13], polyacrylamide [14], polyurethane [15] and
odium alginate [14]. Polysulfone is an amorphous, rigid, heat-
esistant and chemically stable thermoplastic material, which has
een identified as a good immobilizing agent [16]. The choice of

mmobilization matrix is a key factor in the environmental applica-
ion of immobilized biomass. The polymeric matrix determines the

echanical strength and chemical resistance of the final biosorbent
articles for successive biosorption cycles [14].

Continuous-flow columns are often used in industry for the

reatment of dye-bearing wastewaters. Packed [5,16] and fluidized
olumns [17] have also been used for continuous dye biosorption. In
rocess applications, a packed bed column is an effective arrange-
ent for cyclic sorption–desorption, as it makes the best use of the

oncentration difference, which is known to be a driving force for

http://www.sciencedirect.com/science/journal/13858947
mailto:drkvijy@chonbuk.ac.kr
mailto:ysyun@chonbuk.ac.kr
dx.doi.org/10.1016/j.cej.2008.03.001
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iosorption, resulting in a better quality of effluent [18,19]. How-
ver, only little effort has focused on employing packed columns
or dye biosorption; Fu and Viraraghavan [16] employed a glass
olumn (1.27 cm i.d. and 40 cm height) packed with polysulfone-
mmobilized Aspergillus niger biomass for the removal of Acid blue
9, Basic blue 9, Congo red and Disperse red 1 from aqueous solu-
ions. Padmesh et al. [5] used a glass column (2 cm i.d. and 35 cm
eight) packed with Azolla filiculoides for the treatment of Acid blue
5 contaminated solutions.

For a successful biosorption technology, the biosorbent must
ave a high dye-binding capacity and also be abundantly available
o as to ensure a continuous supply for the process [20]. Fermen-
ation industries usually generate huge amounts of waste biomass
f microbial origin. Corynebacterium glutamicum biomass, which
xhibited excellent dye biosorption capacity in our previous studies
2,21], is generated in huge quantities in amino acid fermentation
ndustries.

Therefore, this study aimed to investigate the removal of Reac-
ive black 5 (RB5), a model dye solute, from aqueous solution, using
olysulfone-immobilized C. glutamicum in an up-flow packed col-
mn. Experiments were conducted as a function of the bed height
8–10 cm), flow rate (0.5–1 ml/min) and inlet dye concentration
50–100 mg/l). In addition, regeneration experiments were con-
ucted to explore the possible reuse of the biosorbent.

. Experimental

.1. Solute and preparation of biosorbent

RB5 (C26H21N5Na4O19S6), with a purity and molecular weight of
5% and 991.82, respectively, was purchased from Sigma–Aldrich,
orea Ltd. (Yongin, Korea).

The fermentation wastes (C. glutamicum biomass) were
btained in a dried powder form from a lysine fermentation indus-
ry (BASF-Korea, Kunsan, Korea), and were grounded and sieved
o obtain particle sizes in the range of 0.1–0.25 mm. The biomass
10 g/l) was then protonated with 0.1 M HNO3 for 1 h at room tem-
erature (25 ◦C). The biomass, after pretreatment, was washed with
eionized water until the pH of the wash solution was approxi-
ately 7.0. The wet biomass was then dried in an oven at 60 ◦C

or 12 h. A 9% (w/v) solution of polysulfone was prepared in N,N-
imethyl formamide (DMF) solution. After stirring the mixture for
0 h, the protonated biomass (14%) was mixed with the polysul-
one slurry, with the resultant slurry dripped in deionized water,
here beads were formed by a phase inversion process. The beads
ere washed with deionized water, and then placed in a water bath

or 18 h to remove all residual DMF. The resultant beads (1–2 mm
iameter) were stored at 4 ◦C.

.2. Column arrangement and procedure

A glass column (1 cm i.d. and 12 cm height) was packed with a
nown quantity of the biosorbent to yield the desired bed height.
he column was then fed with a known concentration of RB5 solu-
ion (pH 1), in an up-flow mode, at the desired flow rate using a
eristaltic pump. Samples were collected at the exit of the column
t desired time intervals, using a sample collector arrangement, and
he dye concentration analyzed using a spectrophotometer (UV-
450, Shimadzu, Kyoto, Japan) at 597 nm. The column operation
as stopped when the effluent dye concentration exceeded 95% of
hat at the inlet.
In the regeneration experiments, the dye-loaded biosorbent

as exposed to 0.1 M NaOH, at a flow rate of 1 ml/min. After
lution, deionized water was pumped through the column to wash
he bed until the pH in the wash water stabilized near to 7.0.

•
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he regenerated bed was reused in the next cycle. These cycles
f biosorption followed by elution were repeated three times to
valuate the biosorbent capacity. To determine the weight loss
fter three cycles, the biosorbent was washed with deionized
ater and dried naturally.

. Theory

.1. Analysis of column data

To represent the dynamic dye removal of packed columns, a
athematical analysis of the system was performed, and S-shaped

xperimental curves (C/C0 vs. time) evaluated. The breakthrough
ime (tb) was represented as the time at which the outlet RB5 con-
entration reached 1 mg/l, and the exhaustion time (te) the time
t which the outlet RB5 concentration exceeded 95% of that at the
nlet.

The total quantity of dye mass biosorbed in the column (mad) is
alculated from the area above the breakthrough curve (outlet dye
oncentration vs. time) multiplied by the flow rate (F). Dividing the
ye mass (mad) by the biosorbent mass (M) leads to the uptake
apacity (Q) of the biomass.

The other column parameters were calculated as described
elow [22]:

Overall sorption zone:

�t = te − tb (1)

Length of the mass transfer zone:

Lm = L
(

1 − tb

te

)
(2)

Effluent volume:

Veff = Fte (3)

Total amount of RB5 sent to column:

mtotal = C0Fte

1000
(4)

Total RB5 removal (%):

Removal (%) = mad

mtotal
× 100 (5)

The dye mass desorbed (md) can be calculated from the area
elow the elution curve (outlet RB5 concentration vs. time) mul-
iplied by the flow rate. The elution efficiency can be calculated
rom

(%) = md

mad
× 100 (6)

.2. Modeling of column data

Breakthrough curves obtained at different bed heights (L), flow
ates (F) and initial solute concentrations (C0) were analyzed using
hree mathematical models; the Thomas, Yoon–Nelson and modi-
ed dose–response models, as represented below:

Thomas model:

C0 = 1 + exp
(

kTH (Q M − C V )
)

(7)

C F 0 0 eff

Yoon–Nelson model:

C

C0
= exp(kYNt − �kYN)

1 + exp(kYNt − �kYN)
(8)
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observed at 1 ml/min. Even though more a shortened sorption zone
and relatively steep breakthrough curves were observed at higher
flow rates, the biosorption performance was actually better at the
lowest flow rate.
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Modified dose–response model:
C

C0
= 1 − 1

1 + (C0Veff/Q0M)amdr
(9)

here kTH is the Thomas model rate constant (l/(mg h)), Q0
he maximum solid-phase concentration of the solute (mg/g),
YN the Yoon–Nelson model rate constant (1/min), � the time
equired for 50% sorbate breakthrough (min) and amdr the modified
ose–response model constant. All model parameters were evalu-
ted using a non-linear regression with the Sigma Plot (Version 4.0,
PSS, USA) software.

. Results and discussion

Preliminary column RB5 biosorption experiments were per-
ormed using free cells of C. glutamicum. However, the biomass
howed a tendency to form dense slurry that blocked the liq-
id flow; hence, a high pressure developed and the column
ecame inoperable. Therefore, a possible alternate solution, i.e.

mmobilization of C. glutamicum, was employed. The polysulfone-
mmobilization process yielded a stable and granular bead that was

heatish in color.

.1. Influence of bed height

Initial experiments were performed to study the effect of bed
eight on the biosorption of RB5. Fig. 1 represents the breakthrough
urves (C/C0 vs. time) at different bed heights. The overall perfor-
ance of a flow-through biosorption column is strongly related

o the column breakthrough, exhaustion, length and shape of the
orption zone, uptake capacity and removal efficiency; and thus,
hese parameters were evaluated and are presented in Table 1. In
eneral, flat breakthrough curves were observed at all bed heights
xamined. During biosorption using immobilized matrices, intra-
article diffusion usually plays a significant role [11], which is due
o the biomass being retained in the interior of the immobilized

atrix, so the binding sites are not freely exposed to the solute.
ence, the sorption becomes a multi-step process, with a long time
elay occurring between the column breakthrough and exhaustion,
esulting in flat breakthrough curves.

Both the breakthrough and exhaustion times increased with
ncreasing bed height, as more binding sites became available for
orption, which also resulted in a broadened sorption zone. As
he bed height increased, the steepness of the breakthrough curve
ecreased; which can also be represented by the slope of the break-
hrough curve measured from tb to te (Table 1). The immobilized
. glutamicum was observed to possess excellent RB5 biosorption
apacity and removal efficiency; 88.9 mg/g and 61.8%, respectively,
t a bed height of 10 cm. As expected, a slightly inferior biosorp-
ion performance was observed with lower bed heights, because
iosorption performance usually depends on the amount of sorbent

vailable for sorption [22].

.2. Influence of flow rate

Flow rate is an important characteristic affecting the perfor-
ance of a biosorbent in the continuous mode. The effect of flow

F
C

able 1
olumn data and parameters obtained with different bed heights, flow rates and initial d

(cm) F (ml/min) C0 (mg/l) tb (h) te (h)

8 0.5 50 15.1 78.6
9 0.5 50 20.3 89.2

10 0.5 50 24.2 106.5
10 0.75 50 10.1 69.4
10 1 50 4.8 48.2
10 0.5 75 16.4 87.2
10 0.5 100 9.1 71.9
ig. 1. Experimental breakthrough curves of the removal of RB5 with different bed
eights (flow rate = 0.5 ml/min; initial RB5 concentration = 50 mg/l).

ate was studied by fixing the bed height and initial RB5 concentra-
ion at 10 cm and 50 mg/l, respectively. The breakthrough profiles
re illustrated in Fig. 2, and the column parameters presented in
able 1. Earlier breakthrough and exhaustion were observed at
igher flow rates, due to the insufficient solute residence time [23].
he residence time of the solute inside the column is an important
arameter in the design of a biosorption packed column procedure.
xternal mass transfer will control the process when the flow rate
s very low; conversely, higher flow rates will not be ideal for intra-
article diffusion systems. With high flow rates, not all the solute

n the solution will have sufficient time to penetrate to and react
ith the functional groups, which usually results in a shorter break-

hrough time, i.e. improper utilization of the biosorption capacity.
High flow rates also affected the biosorption potential of C. glu-

amicum, with a decrease in RB5 uptake and removal efficiency
ig. 2. The effect of flow rate on the biosorption of RB5 by polysulfone-immobilized
. glutamicum (bed height = 10 cm; initial RB5 concentration = 50 mg/l).

ye concentrations

Uptake (mg/g dry beads) dc/dt (mg/(l h)) RB5 removal (%)

82.9 0.768 60.7
83.4 0.708 61.1
88.9 0.597 61.8
84.3 0.823 58.9
73.1 1.148 55.1
94.2 1.096 52.3

103.2 1.549 52.1
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ig. 3. The effects of initial dye concentration on the biosorption of RB5 by
olysulfone-immobilized C. glutamicum (bed height = 10 cm; flow rate = 0.5 ml/min).

.3. Influence of initial dye concentration

In the subsequent experiments using a column packed with
mmobilized C. glutamicum, the initial RB5 concentration was var-
ed from 50 to 100 mg/l; while the bed height and flow rate were
ept constant, at 10 cm and 0.5 ml/min, respectively. As observed
n the breakthrough curves in Fig. 3, the breakthrough and exhaus-
ion times decreased with increasing initial dye concentration, as
high concentration leads to rapid saturation of the biomass and

arlier column stoppage. This in turn will lead to steeper break-
hrough curves, as obvious in Table 1. Maximum RB5 uptakes were
btained with the highest initial dye concentration. The driving
orce for biosorption is the concentration difference between the
ye on the biosorbent and that in the solution [24]. Thus, the high
riving force due to a high RB5 concentration resulted in better dye
ptake. However, it should be noted that the dye removal efficiency
ecreased with increasing initial dye concentration. This is because
t low solute concentrations, the functional groups in the biosor-
ent may be sufficient to accommodate all the solute molecules,

.e. fractional sorption becomes independent of the initial solute
oncentration. With increasing solute concentration, the number
f available sites for sorption become fewer compared to the moles
f dye present; hence, the percentage of RB5 removed is dependent
n the initial dye concentration [25].

.4. Mathematical modeling of breakthrough curves

The breakthrough curves obtained with different bed heights,
ow rates and initial dye concentrations were described using
he Thomas, Yoon–Nelson and modified dose–response models.

he Thomas model is one of most general and widely used sorp-
ion models for describing column breakthrough data. This model
ssumes Langmuir kinetics of sorption–desorption and no axial dis-
ersion, and is derived with the assumption that the sorption is the
ate driving force and obeys second-order reversible reaction kinet-

a
A
a
d
t

able 2
homas, Yoon–Nelson and modified dose–response model parameters with different bed

(cm) F (ml/min) C0 (mg/l) Thomas model Yoo

kTH Q0 R2 kYN

8 0.5 50 0.0018 81.5 0.963 0.08
9 0.5 50 0.0016 84.4 0.988 0.07

10 0.5 50 0.0015 87.9 0.989 0.07
10 0.75 50 0.0019 83.1 0.979 0.09
10 1 50 0.0026 74.9 0.921 0.13
10 0.5 75 0.0013 90.1 0.992 0.09
10 0.5 100 0.0010 101.7 0.981 0.10
ig. 4. Application of the Thomas, modified dose–response and Yoon–Nelson
odels to the experimental data with a bed height, flow rate and initial RB5 con-

entration of 10 cm, 0.5 ml/min and 50 mg/l, respectively.

cs [18]. The Thomas model constants (Q0 and kTH), determined
nder different conditions, along with the correlation coefficients,
re presented in Table 2. The rate constant (kTH), which character-
zes the rate of solute transfer from the liquid to the solid phase,
ncreased with decreasing bed height, increasing flow rate and
ecreasing initial dye concentration. Conversely, the maximum
olid-phase of the solute (Q0) exhibited a reverse trend (Table 2).
his result was as expected for immobilization systems, since high
ate constants will usually under utilize the biosorption potential
f the biomass due to the possible involvement of intraparticle
esistance. Similar results were obtained during the biosorption of
henol by immobilized activated sludge [18]. From Tables 1 and 2, it
hould also be noted that the Thomas model reasonably predicted
he RB5 uptake values and fitted the experimental data well, with
igh correlation coefficients.

Although very high correlation coefficients were obtained using
he Thomas model, it has a fixed value when the experimental
ime or bed volume is zero (Eq. (7)); which is contrary to real
onditions. Yan et al. [26] proposed a modified dose–response
odel, which minimizes the error that results from use of the

homas model, especially with lower and higher breakthrough
urve times. The model constant (amdr) increases with increasing
ed height, decreasing flow rate and decreasing initial dye con-
entration (Table 2). Even though the maximum solid-phase of the
olute (Q0) predicted by the modified dose–response model exhib-
ted the same trend predicted by the Thomas model, the predicted
alues do not coincide exactly with the experimental uptake values.

The Yoon–Nelson model is based on the assumption that the
ate of decrease in the probability of adsorption for each sorbate
olecule is proportional to the probability of sorbate sorption
nd the probability of sorbate breakthrough on the sorbent [18].
s shown in Table 2, the 50% breakthrough time (�) increased
nd the rate constant (kYN) decreased with increasing bed height,
ecreasing flow rate and decreasing initial dye concentration. The
ime required for 50% sorbate breakthrough with the Yoon–Nelson

heights, flow rates and initial dye concentrations

n–Nelson model Modified dose–response model

� R2 amdr Q0 R2

8 44.1 0.964 3.58 69.1 0.929
9 55.1 0.985 4.05 78.6 0.934
3 61.0 0.981 4.07 79.8 0.989
5 37.9 0.979 3.29 72.0 0.892
0 27.2 0.923 2.97 67.4 0.781
8 43.6 0.991 3.99 85.3 0.978
1 33.2 0.978 3.05 87.2 0.931
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Table 3
Sorption and elution process parameters for three sorption–desorption cycles

Cycle no. Uptake (mg/g
dry beads)

tb (h) te (h) dc/dt (mg/(l h)) L (cm) Lm (cm) Veff (l) RB5 removal (%) Time for
elution (h)

Elution
efficiency (%)

Concentration
factor

1
2
3
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88.9 24.2 106.5 0.597 10 7.73
86.1 22.8 109.3 0.569 10 7.91
83.8 21.4 111.4 0.565 9.9 8.00

odel agreed very well with the experimental data. Also, the model
redicted the breakthrough curves very well, with high correlation
oefficients. Typical examples of the breakthrough curves predicted
or the three models examined are shown in Fig. 4.

.5. Regeneration of biosorbent

The regeneration and subsequent reuse of a biosorbent is crucial
or industrial applications for the reduction of the process costs, the
ontinuous dependency of the process on biosorbent and for the
ossible recovery of dye molecules. For this purpose, it is desirable
o desorb the sorbed dye and regenerate the biosorbent material
or another cycle. The column was initially packed with 4.8 g (wet
eight)/1.1 g (dry weight) of immobilized beads, yielding an ini-

ial bed height and volume of 10 cm and 7.85 ml, respectively. The
ow rate and initial dye concentration were fixed at 0.5 ml/min and
0 mg/l, respectively. Table 3 summarizes the breakthrough time,
xhaustion time and RB5 uptake for all three cycles examined.

The important function of immobilization in a biosorption pro-
ess is to allow the liquid to flow through the bed, with minimum
esistance, and enough rigidity to withstand the extreme condi-
ions during regeneration process [11]. Polysulfone, known for its
tability under extreme acidic and alkaline conditions, performed
ell in aiding C. glutamicum to biosorb RB5 in repeated cycles. With
rogressive, the sorption zone broadened and breakthrough curve
attened (Fig. 5) as a result of the decreased breakthrough and

ncreased exhaustion times. This behavior may primarily have been
ue to the gradual deterioration of the biosorbent due to repeated
sage [27]. The actual height of the bed remained almost constant
uring the three cycles, with a weight loss of less than 5.6% by the
nd of the third cycle. The overall performance of the biosorbent in
ll three cycles was very satisfactory as both very high dye uptake
nd removal efficiency were observed. The column bed exhibited
apacities of over 83.8 mg/g dry beads and removal efficiencies over

4.8%, in all three cycles. When comparing the important column
arameters (tb, L, uptake and removal efficiency), their decreases
ere all less than 11.5% by the end of the third cycle, indicating the

onsistently good performance of the polysulfone-immobilized C.
lutamicum bed.

ig. 5. Experimental sorption breakthrough curves during three regeneration cycles
bed height = 10 cm; flow rate = 0.5 ml/min; initial RB5 concentration = 50 mg/l).

p
o
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t
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3.2 60.7 5.3 99.6 10.1
3.3 57.3 5.5 99.2 9.9
3.3 54.8 5.0 99.5 11.1

The minimum bed length (Lm) required to obtain the break-
hrough at t = 0 (also called critical bed length) uniformly increased
ith progressive cycles, indicating the broadened mass trans-

er zone. Since a uniform decrease in sorption performance was
bserved with progressive cycles, the life of the biosorbent can be
redicted based on the important column parameters. For this pur-
ose, three parameters were taken into consideration, including
he breakthrough time, column uptake and critical bed length. The
ollowing forms of linear regression can be used:

b = tb,i + kbn (10)

= Qi + kQn (11)

m = Lm,i + kLn (12)

here tb,i, Qi and Lm,i are the initial breakthrough time, column
ptake and critical bed length, respectively; kb, kQ and kL represent

ife factors corresponding to the breakthrough time, uptake and
ritical bed length, respectively; and n represents the cycle number.

From the plot of tb versus n (Fig. 6), tb,i and kb were found to be
5.6 h and 1.4 h/cycle, respectively. Thus, the biosorbent bed can be
redicted to have sufficient capacity to avoid the breakthrough at
ime t = 0 for up to 18 cycles. From the plot of Q versus n, the expres-
ion Q = 91.38 − 2.564n was also formulated. From this expression,
t can be estimated that the bed would be completely exhausted
zero uptake) after 35 cycles. A value of 7.6 cm was determined for
m,i, giving kL = 0.135 cm/cycle; implying that breakthrough would
ppear at time t = 0 after 18 cycles, which coincides with the result
f Eq. (10). The correlation coefficients for all plots were greater
han 0.96. Thus, it can be generalized that the sorption zone would
each the top of the bed after 18 cycles and column bed would be
ompletely exhausted after 35 cycles.

The elution curves obtained during three regeneration cycles are
resented in Fig. 7. Since biosorption occurred under acidic con-
itions, it is logical to use an alkaline elutant for the desorption

rocess. Hence, 0.1 M NaOH was employed as the agent for elution
f RB5 from the dye-loaded polysulfone beads. The flow rate was
aintained at 1 ml/min to avoid over contact of the elutant with

he biosorbent. The elution curves observed in all the cycles exhib-
ted a similar trend; a sharp increase at the beginning, followed

ig. 6. Linear plots of breakthrough time and RB5 uptake and critical bed length
ith respect to the number of cycles.
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y a gradual decrease. The elutant performed very well, exhibit-
ng elution efficiencies greater than 99.2% (Table 3). The elution
rocess was carried out for an average of 5.3 h, compared to 109 h
or the sorption process, which resulted in highly concentrated dye
olutions in only a small volume of elutant. For instance, in cycle
at t = 15 min, the effluent RB5 concentration was 2734 mg/l. The

oncentration factor [28], which can be used to assess the overall
uccess of the biosorption process, can be defined as the ratio of the
olume of effluent treated (in sorption process) to that of elutant
sed (in desorption process). The overall concentration factor for
ll three cycles was 10.4.

. Conclusions

This study investigated the potential use of C. glutamicum for the
emoval of RB5 from aqueous solution in an up-flow packed col-
mn. As such, the free cells of C. glutamicum cannot be employed

n packed column due to the increased pressure difference and
ifficulty in solid–liquid separation. Realizing this, a possible alter-
ate solution, i.e. immobilization, was employed in the present
tudy. The free cells of C. glutamicum were immobilized in a poly-
ulfone matrix, which was subsequently used in a column for
he continuous biosorption of RB5 from aqueous solution. The
rucial column parameters affecting the dye biosorption, such
s the bed height, flow rate and initial dye concentration were
tudied. The results suggest the highest bed height (10 cm), low-
st flow rate (0.5 ml/min) and lowest initial dye concentration
50 mg/l) provide in the most favorable outcome. The breakthrough
urves obtained under different conditions were described using
he Thomas, modified dose–response and Yoon–Nelson models.
egeneration experiments revealed the potential for reuse of the
iosorbent using 0.1 M NaOH as the eluting agent. Even though a
light decrease in biosorption performance was observed in sub-
equent cycles, the polysulfone beads performed excellently in
iosorption, maintaining consistently high RB5 uptakes; greater
han 83.8 mg/g. Thus, polysulfone-immobilized C. glutamicum can
e concluded to be an excellent and practical biosorbent for RB5.
he application of the findings of this study could be useful in the
emediation of reactive dye-bearing industrial effluents.
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