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Abstract

Consideration is given here to colour removal, carried out using immobilised biological cells, Shewanella
strain J18 143. In order to provide greater control of an overall colour removal process and to give a basis for
the effective recovery of the cell culture species, cell immobilisation has been established on chemically
modified cellulose. The modification was achieved by chemically inducing the graft copolymerisation of
methacrylic acid onto cotton fabric. The immobilised cells were able to decolorise the dye. The immobilisa-
tion methods, physical adsorption, “growing-in” and chemical coupling, were compared. Each of the meth-
ods was effective to some extent. However, the latter two immobilisation methods provided the greater effect
in decoloration. Each of these immobilised systems is relatively simple to achieve, whether by adsorption,
physical interlocking or covalent coupling. The graft copolymer is able to offer versatility in use. The decol-
oration was shown to be rapid under relatively simple processing conditions. Thus, compared with the estab-
lished controls, complete decoloration of solutions of Remazol Black B was observed. The potential use of

the graft copolymer substrate as support for a biochemical agent was confirmed.
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1. Introduction

Reactive dyes have great use in the textile industry, due
to their good fastness properties, their provision of a
wide range of bright colours and the significant flexibil-
ity in their application methods [1]. However, reactive
dyes have been considered to be the basis of more envi-
ronmental problematic compounds that arise from textile
dye effluents [2]. Often, only 50-90% of the dye will
react with the fabric, depending on the dye and on the
application method [1,3]. As a result, the highly con-
taminated wastewater produced is a considerable pollu-
tion concern. Various colour removal methods for textile
effluents have been extensively studied including physi-
cal, chemical, physico-chemical and biological treat-
ments [4].

Approaches that involve physical and/or chemical
processes to remove reactive azo dyes, and hydrolysed
reactive azo dyes from the aqueous wastewaters can be
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costly to operate [5]. In this regard, the anaerobic reduc-
tion of azo dyes using a microbial sludge can provide an
effective and economic treatment process for removing
colour from reactive azo-dye wastewaters [6,7]. Colour
removal from industrial wastewaters by biological cells
is the subject of interest of many researchers. Several
papers on the transformation of organic compounds by
microorganisms have been published [8,9]. A factor to be
considered is that the anaerobic degradation of reactive
azo dyes involves not only a reduction of the azo bond
but also the production of aromatic amines. The resultant
aromatic amines resist further degradation and can be
even more toxic than the dyes themselves [10,11]. Be-
cause of the toxic potential of the aromatic amines, fur-
ther degradation of the dye compound is necessary if this
toxicity potential is to be eliminated or reduced [12]. A
high percentage of the intermediates of the azo dyes have
been identified as carcinogens [10]. A proportion of
these aromatic amines can be aerobically degraded [13].
In addition, the aromatic amines can be autoxidised to
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products that are expected to be easily removed, e.g. by
attachment to flocculants that can then be easily sepa-
rated [11]. A two stage mechanism for azo-reduction has
been proposed, as shown below [14]:

2¢ +2H"+(R—-N=N-R')— (R—NH - NH -R") (1)
2¢” +2H" +(R—- NH - NH - R") = (R — NH,) + (R'- NH,) (2)

Here, it is speculated that the intermediate product of
reaction (1) would be unstable and colourless. However,
the azo bond can be reformed upon oxidation, regaining
some of the colour. Hence, step (2) is required.

The bacterial degradation of textile dyes has been in-
vestigated by a large number of researchers. Some of
these studies that have been reported in the literature
have been summarised and discussed by Willmott [15]
and by Pearce et al. [7]. Shewanella putrefaciens are non-
fermentative facultative acrobes (obligate respirers), that
are capable of the dissimilatory reduction of many dif-
ferent electron acceptors [16]. Shewanella strain J18 143
cells that were isolated from a textile wastewater have
been shown to be capable of removing selected azo-
based colorants from wastewater [15].

Colour removal from textile wastewaters using immo-
bilised cells can offer many advantages over the free
cells in industrial and analytical applications [17,18]. The
stability of immobilised cells can be improved, relative
to the stability of the non-immobilised equivalents. Bet-
ter control of reduction is achievable. The immobilised
cells can be easily removed from the reaction system and,
under appropriate conditions, can be used repeatedly and
flexibly to make the continuous processes practical. Less
equipment space is required for reaction using immobi-
lised cells and a high cell concentration can be intro-
duced in the system. Furthermore, the immobilisation
support components can provide a protective environ-
ment for the cells against denaturants, proteolysis and
can give reduced susceptibility to contamination, so that
the cells are less affected by any fluctuations in the
characteristics of their surroundings [19].

The immobilisation of the proteins, enzymes and cells
onto graft copolymeric substrates, has been undertaken
since substrates containing hydroxyl groups provide the
basis for effectiveness [20-23]. The grafting of mono-
mers or mixture of monomers can greatly increase the
number of reactive groups that can be used for such im-
mobilisation. The extent of incorporation of hydrophilic
or hydrophobic groups can be controlled, creating a mi-
croenvironment that could improve the viability and sta-
bility of the biological materials that have been immobi-
lised [18].

The present work relates to an investigation of the
colour removal from reactive azo dye solutions brought
about using biological cells that were covalently coupled
to cotton cellulose graft copolymeric support systems.
The cell system is that of Shewanella strain J18 143. In

Copyright © 2010 SciRes.

this study, a grafting reaction was carried out on cotton
fabric, using potassium persulphate as the initiator and
methacrylic acid as the monomer. Three immobilisation
methods for the cells, physical adsorption, “growing-in”
and chemical coupling, were used and compared. The
Remazol Black B reactive azo dye was chosen as a
model for this study of the effectiveness of immobilised
cells in chromophore destination.

2. Materials and Methods
2.1. Materials

The reagents that were used in this study were of ana-
lytical grade, obtained from Sigma-Aldrich Gillingham
(Dorset, UK), unless otherwise stated.

A cellulose-g.co-monomer system was chosen as the
immobilisation substrate. The cellulose used was in the
form of bleached cotton fabric, supplied by Whaleys Ltd.
(Bradford, UK). The cotton fabric was washed with de-
tergent and then thoroughly rinsed with deionised and
distilled water before being dried at 60 °C. The dried
cotton fabric was kept in a desiccator before use. Potas-
sium persulphate was chosen as the initiator. The mono-
mer grafted onto the cotton cellulose fabric was methacr-
ylic acid.

Shewanella strain J18 143 cells were grown in Tryp-
tone Soy Broth (TSB, Lab M, Bury, Lancashire, UK)
medium. To prepare a sterile culture medium, the TSB
solution was made up with distilled water and was auto-
claved for 15 minutes at 121 °C. All of the decoloration
work was carried out in a Phosphate Buffer Saline (PBS)
medium solution in 10 ¢cm® glass vials. The pH of the
buffer solution was adjusted to 7+0.2. Remazol Black B
dye (Dystar UK Ltd., Huddersfield, UK) was used as the
selected azo dye, in solution as a representative of the
real textile effluents.

2.2. Graft Copolymerisation Procedures

The initial swelling of the cotton cellulose was achieved
by stirring the cotton fabric slivers at 28 °C in distilled
water for 2 hours, followed by soaking in the system
overnight.

The swollen cotton fabrics were stirred gently for 60
minutes in an aqueous solution containing potassium
persulphate (0.075 mol dm™) at 28 °C. After one hour of
impregnation of the pre-treated fabrics, purified metha-
crylic acid (0.5 mol dm™) was added into the reaction
system, drop wise. The treatment was allowed to proceed
at 50 °C, in a water bath, for 5 hours. At the end of the
desired reaction period, the fabrics were washed repeat-
edly and thoroughly with distilled water at 60 °C in the
water bath for 60 minutes, to dissolve and then remove
any produced, extractable homopolymer. Then the
grafted fabric was re-washed with distilled water and
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dried at 35 °C in the oven until a constant weight was
achieved.

The graft yield was quantified as the percentage in-
crease in weight of the samples after grafting, expressed
as follows

%GraftYield — [WGra/iedCellulose - VVOriginaICellulnse J % 100

OriginalCellulose

2.3. Immobilisation of Shewanella Strain J18 143

2.3.1. Free Cell Preparation

To initiate the cell growth process, a loop of inoculum of
Shewanella strain J18 143 was put into 50 cm’® of the
prepared growth medium, in 250 cm® conical flasks. The
flasks were sealed and were left overnight in a water
shaker bath (Grant Instruments Ltd, Cambridge, UK) and
incubated at 30 °C, with shaking at 200 rpm. Then aero-
bic cultures of Shewanella strain J18 143 were grown in
100 cm’ universal bottles, containing 90 cm’ of the auto-
claved culture medium, sealed with butyl rubber stoppers
and inoculated with 9 cm® of the aerobic culture. To ob-
tain sufficient anaerobic cell growth, the bottles were
incubated for 4 hours at 35 °C, without shaking.

The cells were harvested by centrifugation at 3300
rpm for 10 minutes, using a Jouan Centrifuge C3-12
(Jouan Ltd., UK) and washed twice in PBS solution. The
cells supernatant in PBS was adjusted to a consistent
absorbance value at 600 nm, to ensure that the concen-
tration of protein in each reduction experiment was the
same (Specord S100 UV-visible spectrophotometer,
Sarstedt Ltd., Leicester, UK). This prepared cell suspen-
sion was used immediately.

2.3.2. Immobilisation of Shewanella Strain J18 143
onto the Substrate

Three immobilisation methods were used in the study
(Figure 1), a “growing-in” method, a physical adsorption
method and a chemical coupling method. The immobili-
sation method of “growing-in” was aimed at growing the
biological cells within the texture of the cotton cellulose
copolymeric substrate for immobilisation.

Inoculum Iof cell culture

T
T.S.B. solution T.S.B. solution + grafted cellulose

aerobic cell growth aerobic cell growth
14 hrs

hrs

Starter culture Immobilised cells

anaerobic growth N N
Free celll suspension
r 1
P.B.S. + grafted cellulose NaHCOj3(0.1M) + CMC + Grafted cellulose
| 18 hrs 4°C

‘ 18 hrs 4°C
Immobilised cells Immobilised cells

Figure 1. Biological cells immobilisation methods.
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The method of adsorption was aimed at allowing the
biological cells to be adsorbed onto the immobilisation
substrate physically. The biological cells were also im-
mobilised by chemical coupling [18]. The chemical cou-
pling agent that was used to couple the cells onto the
cotton cellulose copolymer substrate was CMC, 1-cyclo-
hexy 1-3-[2-morphilinyl-4-ethyl] carbodi-imidome-tho-
p-toluene sulphonate.

The immobilisation methods are summarised in Figure

2.4. Decoloration of Remazol Black B Dye
Solutions Using Immobilised Cells of
Shewanella Strain J18 143

All of the reduction investigations were carried out in 10
cm’ vials. Each vial (Vial 2, Vial 3 and Vial 4) contained
the dye solution (50 uM), sodium formate (21 mM), an-
thraquinone-2,6-disulphonic acid disodium salt (AQDS,
100 pM), the prepared immobilised cells and the re-
quired amounts of buffer solution to make up 9.5 cm® in
total volume, unless otherwise stated [22]. The vial nota-
tions (Vial 1 etc.,) are of relevance to the images pre-
sented in Figures 3 to 6.

To allow the reduction process to proceed under an-
aerobic conditions, all of the vials were degassed with
nitrogen after initial sealing. The samples were incubated
at 30 °C, unless otherwise stated, without shaking, for 7
days. Optical density readings were taken daily at A, of
the sampling dye solutions (597 nm) using a Specord
S100 UV-visible spectrophotometer. As the optical den-
sity was measured, photographic representations were
taken (Nikon COOLPIX2500).

2.5. Establishment of Standards

To achieve a better understanding of the colour removal
effect provided by the immobilised biological cells on
the targeted dye solutions, several standard controls were
established.

An immobilised cells standard (Vial 5) was used to
establish the effect, if any, of the immobilised cells and
that of the existing of the cotton cellulose copolymer
immobilisation substrate on colour removal. The ab-
sorbance of the prepared systems, without the addition of
dye solution, was measured as one of the colour removal
controls. The bacterial cells were immobilised by the
three different methods. The aim of operating this control
was to investigate the effect of the immobilised cells on the
measurement of the adsorption of the analysed solution.

A dye solution standard, (Vial 4), for Remazol Black
B, without any addition of biological cells, was prepared
as the second control.

The cell growth medium used was tryptone soy broth.
A cell growth medium solution standard, (Vial 6), was
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established using the “treated” graft cellulosic copolymer,
(the graft cellulosic copolymer underwent the procedure
of immobilisation by the method of “growing-in” with
the absence of bacterial cells) instead of the immobilised
cells, as the third control.

A control of grafted cotton cellulose copolymer stan-
dard, (Vial 7), was prepared. This fourth control used the
grafted cotton cellulose substrate in the decoloration
system.

The effect of the planktonic Shewanella strain J18 143
cells on the colour removal of Remazol Black B dye so-
lutions has been well investigated [24]. A free cell stan-
dard using the prepared cell suspension (0.5 cm®) instead
of the immobilised cells was established to make the fifth
control.

2.6. Protein Analysis

The grafted cotton cellulose was cut into pieces of 1 cmx
2 cm. These pieces then underwent the particular immo-
bilisation procedures. The grafted cellulose pieces with
their immobilised cells were used for protein assay pur-
poses.

The protein assay was performed using 96-well micro-
titre plates and an Anthos 2001 plate reader, equipped
with kinetic software (Jencons Scientific Ltd., Leighton
Buzzard, UK). The samples were prepared in the 96-well
microtitre plate, as indicated in Table 1. In Table 1, the
notation Al to A10 refers to containers of the standard
protein solution (S1 to S5 in duplicate). This approach
was used to produce the calibration curve for the stan-
dard protein solution. B1 to B6 contained the cellulosic
substrates on which the cells were immobilised by the
method of physical adsorption (GC Ad). C1 to C6 con-
tained the cotton cellulose copolymer substrates on
which the cells were immobilised by the method of che-
mical coupling (GC CC). D1 to D6 contained the cellu-
losic substrates with immobilised cells that the cells were
immobilised by the method of “growing-in” (GC GI).
The immobilised cells (B1 to D6) were immersed in 50 p
dm™ of PBS solution (10 mM, pH 7). 1.0 cm™ of the
mixture (bicinchoninic acid-copper sulphate solution)
was added to each of the well. The 96-well plate was
then left in an incubator, at 30°C for 30 minutes. The
values of the optical density of the standard protein solu-

Table 1. Preparation of protein assay samples in 96-well
plate.

1 2 3 4 5 6 7 8 9 10
S1 S1 S2 S22 S3 S3 S4 S4 S5 S5
GC GC GC GC GC GC
Ad Ad Ad Ad Ad Ad

GC GC GC GC GC GC
cC CcC c¢cCc cc cc cc

GC GC GC GC GC GC
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tion and of the substrates with immobilised cells, after 30
minutes of incubation at 30°C, were obtained by the plate
reader (at 570 nm).

The standard solutions identified in Table 1, contain-
ing Bovine Serum Albumin (BSA) and PBS, were pre-
pared in disposable cuvettes. 1 cm’ of bicinchoninic
acid-copper sulphate solution (50:1) was added. The cu-
vettes were left to stand at room temperature for 30 min-
utes. After this time, the absorbance at 562 nm, of each of
the solutions, with PBS as the reference, was measured.
A calibration curve of absorbance versus protein concen-
tration was produced from the absorbance of these stan-
dard solutions containing known concentrations of BSA.

3. Results and Discussion

The emphasis of the current paper lies in the use of graft
copolymers as supports for immobilised cells that can be
then be to used decolorise colored, waterborne effluents.

Three general issues are raised. These concern the na-
ture of the prepared graft copolymer system, the use of
these copolymers in the immobilisation of whole cells
and the application of these cells in colorant destruction.
The chosen grafting route is one that produces grafts, of
varying chain length, randomly on the substrate back-
bone, [25]. Where controlled grafting is required, alter-
native methods must be used as described by Carlmark
and Malmstrom [26], by Roy ef al., [27] and by Sahnoun
et al. [28].

For the current study, the random grafting approach
was chosen so that a variety of access options could be
available for the coupling and the binding of the cells of
the Shewanella strain J18 143. Thus, the immobilised
cells option, involving the use of a suitable graft co-
polymeric substrate, based on cotton, was chosen to give
flexibility in action and in processing. Other possibilities
were considered. These include the approach taken by
Mahmoodi et al. [29], dealing with decoloration by
UV-radiation induced oxidation, in the presence of a
redox catalyst system, that taken by Long et al. [30],
concerned with general approaches to the anaerobic and
the aerobic treatment of organic compounds and that of
Xu et al. [31], who decolorised dyes using Shewanella
decolorationis S12.

The results considered below can be judged alongside
those presented in these earlier reports. In general, the
procedures used as described in this report offer the sig-
nificant advantages in effectiveness that are described
below.

3.1. Colour Reduction of Remazol Black B
Solutions Using the Shewanella Strain J18
143

To evaluate the dye reduction rate, calibration curves
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(absorbance values at A, against known dye concentra-
tions) for Remazol Black B solutions were established,
as shown in Figure 2.

Analysis of the decoloration process, using visible
spectrophotometry, supported by photographic evidence,
was used to monitor the colour changes taking place
during the reduction treatment.

The samples used during the investigation of the de-
coloration of Remazol Black B and the relative estab-
lished standards were photographed, Figure 3.

In the system identified as “Vial 1” contained the stan-
dard dye solution together with the immobilised cells.
These cells were immobilised through the “growing-in”
method within the matrix of the cotton cellulose graft
copolymer in the growth medium, i.e. if the cells had
become attached, they would have been fixed/immobi-
lised by the method of adsorption/entrapment. The sys-
tem identified as “Vial 2” contained the dye solution and
the graft copolymer support, linked via chemical cou-
pling of the immobilised bacterial cells. The system,
“Vial 3” contained the dye solution and the grafted cot-
ton cellulose with the physically adsorbed cells. The
system “Vial 4” represented the control of the standard
dye solution. The system “Vial 5” was made up as the
standard of the immobilised cells (see Experimental).

It can be seen from the images (Figure 3) that the stan-
dard of the immobilised cells (Vial 5) was yellow. The
yellow coloration in the solution was due to the presence
of cytochromes in the solution. The cytochromes are
more likely released by a certain amount of cell lysis that
occurred during the treatment [24] that was used in pre-
paring the compositions. Moreover, the yellow colour of
the samples disappeared when these samples were ex-
posed to air, i.e. the solutions were “colourless” in the
presence of air.

Figure 3 shows that all of the samples that were
treated with immobilised cells were decolorised to some
degree. Comparing the decoloration results of “Vial 17,
“Vial 2” and “Vial 3” visually, the cells immobilised
onto the grafted cotton cellulose by the method of
“growing-in” provided a fast and efficient method of
colour removal. The colour of the sample that was placed
with the cells that were immobilised on to the grafted
cotton cellulose by adsorption (Vial 3) was not com-
pletely removed. The process of decoloration by the cells
that were immobilised by chemical coupling (Vial 2) was
slower than that obtained with the cells that were located
by “growing-in” adsorption/entrapment (Vial 1). One
issue that needs to be recognised is that, although these
three immobilisation processes were undertaken with the
same concentration of the cell suspension and the same
amounts of grafted cellulose were used, the biomasses of
the immobilised cells would be unlikely to have been
identical, despite the precautions that were taken. This
could explain the differences described above. It should
be noted that, despite these differences, effective colour

Copyright © 2010 SciRes.
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Figure 2. Calibration curve of solutions of the dye Remazol
Black B

Figure 3. Results from the decoloration of solutions of Re-
mazol Black B. The images represent the evaluated decol-
oration systems of “Vial 1”7, “Vial 2” and “Vial 3”, and the
standards of “Vial 4” and “Vial 5”, taken over different
periods of treating time: (a) 20 minutes; (b) 24 hours; (c) 96
hours; (d) 168 hours, respectively.

removal was observed.

3.1.1. Control of the Cell Growth Medium Solution
The immobilisation of bacterial cells by the “growing-in”
method was carried out by immersing the grafted cellu-
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Figure 4. Established standard of the cellulose copolymeric
substrate-contains solutions of Tryptone Soy Broth (the
images of the standards that were taken in periods of time:
a. 5 minutes; b. 24 hours; c. 96 hours; d. 168 hours after

assembly).
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Figure 5. Established standard of the cellulose copolymeric
substrate (the images of the standards were taken over pe-
riods of time: a. 5 minutes; b. 24 hours; c. 96 hours; d. 168
hours respectively).

(@ (b) (c)

Figure 6. Decoloration flow profile for the decoloration with
free Shewanella cells (the images of the standards were
taken after periods of incubation: a. 10 seconds after injec-
tion of bacterial cells; b. 5 minutes later; c. 10 minutes
later).

— ——

Sminutes later 10minutes later

—————

lose samples, together with the cell culture, into a cell
growth medium. There could have been a small amount
of residual TSB solution in the sample, after washing.
Thus, the influence, if any, of the TSB on the decolora-
tion of the dye solutions of Remazol Black B needed to
be considered (Figure 4). “Vial 6” related to the standard
control of TSB solution in which the composition corre-
sponds to the parallel control, “Vial 17,

Figure 4 shows that the TSB solution has no effect on
colour removal from the solutions of Remazol Black B.
Since the TSB solution is a very rich medium that can be
used for growing a wide range of bacteria, strict aseptic
environments for the experiments were always used,

Copyright © 2010 SciRes.

with careful handling during the processes.

3.1.2. Standard of Graft Cellulosic Copolymer
A point needs to be considered as to whether or not the
cotton cellulose-g.co-methacrylic acid immobilisation
substrate had an effect on the decoloration of the Rema-
zol Black B dye solution. This point was investigated by
establishing the grafted cotton cellulose copolymer stan-
dard, “Vial 7”.

Figure 5 shows that the immobilisation substrate, cot-
ton cellulose-g.co-methacylic acid, had no influence on
colour removal from the solution of Remazol Black B.

3.1.3. Free Cells Standard

Shewanella strain J18 143 has the ability to remove col-
our by degrading the chromophore of the reactive azo
dyes [15,19,24]. In qualifying the use of immobilised
biological cells, in the decoloration of reactive dye solu-
tions, free cells standards were established, (Figure 6). It
should be noted from “Vial 8”, that the reduction of the
black dye solution was rapidly achieved by the free bio-
logical cells. Actually, the colour removal process began
before the nitrogen degassing was complete, as indicated
in Figure 6.

The decoloration of the dye solution with free cells
was much faster than that which was achieved with any
of the grafted cellulose immobilised cells systems.
However, the colour of the Remazol Black B dye solu-
tion was removed completely by the immobilised bio-
logical cells of Shewanella strain J18 143, within 24
hours of incubation. This result showed that there is a
potential in using chemically modified cotton cellulose
as an immobilisation substrate in decoloration systems,
with the option of recycling and reuse.

3.2. The Decoloration of Remazol Black B
Solutions Using Immobilised Cells

UV-visible spectophotometry was used as the main
analysis support to evaluate the nature and the extent of
the decoloration of the dye solutions. Figure 7 shows the
absorbance versus time behaviour for the respective sys-
tems.

Figure 7 shows that the colour of the dye solution is
removed completely within 24 hours by the system based
on the “growing-in” of the immobilised cells (Vial 1).
The removal of the colour was also completed by the
system based on the chemical coupling of the immobi-
lised cells (Vial 2). However, the decoloration that oc-
curred was slower than that of the “growing-in” immobi-
lised cells. The complete decoloration took about 48
hours of incubation. There was almost no change in col-
our within the first few hours in the system based on
physically adsorbed cells (Vial 3). The colour was re-
duced at a much slower rate. Complete decoloration was
not achieved. Compared with the standard of the dye

JWARP



T. L1 ET AL 83

Absorbance at 597 nm
s

0.7
y =0.063x - 0.0438

06 1 )
R’ =0.9924

0.5

0.4 /
0.3

02 /

w7

—

—&—Vial |
—&— Vial 2
—4— Vial 3
—>—Vial 4
—&—Vial 5
—e—Vial 6
—+—Vial 7

Optical Density at 562 nm

0 T T T T T )

0 20 40

60 80 100 120 140 160 180 0 2 4 6 8 10 12

Concentration (mg cm_3)

Time (hour)

Figure 7. Results from the decoloration of Remazol Black

Figure 8. Calibration plot of standard protein solution assay.

B dye solutions using the immobilised biological cells.

Table 2. Results from protein analysis of immobilised bacterial cells.

1 2 3 4 5 6 7 8 9 10
A S1 S1 S2 S2 S3 S3 S4 S4 S5 S5
0.056 0.081 0.237 0.233 0.319 0.319 0.414 0.467 0.587 0.582
GC-Ad GC-Ad GC-Ad GC-Ad GC-Ad GC-Ad
B 0.099 0.184 0.158 0.159 0.139 0.149 / / / /
2.275 3.648 3.228 3.244 2.291 3.083
GC-CC GC-CC GC-CC GC-CC GC-CC GC-CC
C 0.273 0.215 0.238 0.251 0.218 0.218 / / / /
5.087 4.149 4.521 4.731 4.198 4.198
GC-GI GC-GI GC-GI GC-GI GC-GI GC-GI
D 0.468 0.488 0.504 0.530 0.408 0.430 / / / /
8.238 8.562 8.820 9.240 7.269 7.624

solution (Vial 4), the cellulosic graft copolymer (Vial 7)
and the growth medium of the bacteria (Vial 6) had no
influence on the decoloration of the Remazol Black B
dye solution.

3.3. Comparison of Decoloration Effect of the
Immobilised Cells between the Three
Immobilisation Methods

The results of this study have shown that using cotton
cellulose-g.co-methacrylic acid as a support for biologi-
cal cells immobilisation is practicable and effective in
the current context. Comparisons of the decoloration
efficiency between “Vial 17, “Vial 2” and “Vial 3” were
carried out via the method of protein assay. The protein
assay was designed on the basis of methods that are used
for the protein determination of free biological cells
[22,32]. The calibration curve of the standard protein
solution is shown in Figure 8. The corresponding protein
assay results, by the means of measured optical density
values, of Table 1 are listed in Table 2. For the data pre-
sented in Table 2, the dye decoloration rate was calcu-
lated from the measuring results in the first 24 hours of
incubation, based on the results from the protein assay of
immobilised cells. The bacteria concentration used under

Copyright © 2010 SciRes.

each immobilisation method was an averaged value. It
can be seen from Table 2 that the cells immobilised by
the method of “growing-in” provided the most effective
decoloration, as evaluated from both the dye reduction
rate in the protein assay and the dye reduction measured
by volumetric means. The cells immobilised by the
method of adsorption, in the first 24 hours of incubation,
show a greater reduction rate than that of the coupling
immobilised cells. However, after 48 hours of incubation,
the Remazol Black B was almost completely removed
from the system by the cells that were immobilised by
coupling but not by the cells that were immobilised by
adsorption. One can conclude that all of the three differ-
ent methods involving immobilised cells gave colour
removal of the Remazol Black B from the investigated
dye solution systems.

4. Conclusions

The described decoloration systems were successful with
respect to the objective of colour removal from solutions
of a reactive azo dye (Remazol Black B) using immobi-
lised cells. The cotton cellulose fibre-g.co-methacrylic
acid copolymer system can be used as immobilisation
substrate for the biological cells of Shewanella strain J18
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In this case, “growing-in” and chemical coupling

were better options for the immobilisation methods.

The cellulose-MAA copolymer shows potential in use
as immobilisation substrate for the bacterial cells of She-
wanella strain J18 143. Optimisation of the immobilisa-
tion system needs to be considered.
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