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ABSTRACT: Application of chitosan bead as a low-cost adsorbent for removing Reactive
Brown 10 (RB 10) from aqueous solution was investigated. The presence of -NH, and -OH
functional groups on chitosan beads were evident from the Fourier transform infrared
(FTIR) spectrum. The changes on the surface morphology of the chitosan beads before and
after sorption were analysed. Dye sorption was found higher with a longer contact time,
lower dye concentration and greater adsorbent dosage. The optimum pH and adsorbent
dosage for the adsorption of RB10 were pH 4—6 and 0.04 g, respectively. Both Langmuir
and Brunauer, Emmett and Teller (BET) isotherm were determined as the appropriate
model to describe the behaviour of the adsorption process. The maximum adsorption
capacity was about 22 mg g”'. The significant variables in affecting the RB 10 uptake was
identified using the Plackett-Burman (PB) program.
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1. INTRODUCTION

The presence of dyes, even in trace quantities, is very undesirable in an aqueous
environment because its high-colouring power gives rise to aesthetic damage.
Generally, the volume of discharged wastewater from each textile operation step
is around 401 kg! to 651 kg! of the product, which is considered a high rate.! The
high stability of dyes is due to their complex aromatic structures and synthetic
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origin, which attributes to fading and biodegrading resistance. However, the
toxicity effect and environmental issues related to dyes are of great concern.>*

Azo dyes are known to be the largest constituent of a water pollutant, and it can be
potentially carcinogenic.’ The toxic amines will be released into the effluent when
the azo linkages undergo reductive cleavage. One of the most commonly used
types of dyes for dyeing cotton is the reactive dye. Due to the dye’s widespread
usage, the reactive dye removal from the environment is a noteworthy treatment
process. Besides, some of the dyes or their intermediates are known to be toxic,
mutagenic and carcinogenic.®’ Reactive Brown 10 (RB 10) is an azo dye that
contains a dichlorotriazine ring in its chemical structure. RB 10 was selected as
the adsorbate in this study because it has been widely used in protein purification
in dye-ligand affinity system.®!!

The conventional methods of colour removal from industrial effluent include
chemical, biological and physical methods. Some of the physico-chemical
water treatment methods like flocculation, precipitation, membrane filtration,
coagulation, ion-exchange and adsorption techniques are extensively used to
remove metal ions and other pollutants.'>!® Although activated carbon is a
versatile and high sorption capacity adsorbent, the high production cost inhibits its
application as an adsorbent in industrial scale.

Therefore, there is a need to search for an easily produced and efficient adsorbent
for dye removal. In our continued effort to use low-cost materials for dye removal,
chitosan was chosen as a potential adsorbent as it is an environment-friendly raw
material. The adsorption efficiency of chitosan and its derivative have attracted
much attention, and several reports also highlighted the potential usage of
chitosan in removing different types of pollutant.'*'” However, in flakes form, the
inconsistency in the particle size might affect the adsorption process efficiency.
Also, the extra energy or equipment needed for the post-filtration process will add
to the cost of wastewater treatment.

Therefore, in this study, chitosan would be modified into beads form to produce
an adsorbent more consistent in sizes and overcome problems associated with
the separation of fine particles mentioned earlier. Apart from studying the effect
from various operational parameters, the investigation was extended to include
experimental design to identify the significant variables that affect the dye uptake.
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2. EXPERIMENTAL

2.1 Adsorbent

Chitosan solution was prepared by dissolving three grams of chitosan flakes
(degree of deacetylation 67.29%, purchased from Sigma-Aldrich) into 1% acetic
acid solution. The chitosan solution was dropped into a 0.3 M NaOH solution
using a syringe with continuous stirring. All other chemicals used in this study
were of analytical reagent grade. The chitosan beads were rinsed with distilled
water until they were completely neutralised and dried in an oven at 30°C
overnight. The spherical chitosan beads produced had the diameter size within the
1-3 mm range.

2.2 Adsorbates

RB 10 was purchased from Sigma-Aldrich and used as received without any
further purification. It has a molecular formula of C,H,,CL,CrN,O.S with the
molecular weight 587.31 g mol™. A 100 mg "' dye solution was prepared as a
stock solution and diluted when necessary.

2.3 Characterisation

A Fourier transform infrared (FTIR) spectrophotometer (Perkin Elmer FTIR,
Spectrum RX1) with 400-4000 cm™' wavenumber range was used to analyse the
functional groups of chitosan. Scanning electron microscope (SEM) operated at
an emission current of 3.0 kV with a working distance of 4.6 mm (JEOL FESEM
JSM 6701F) was used to analyse the surface morphology of chitosan.

2.4  Batch Study

Batch experiments were carried out at room temperature (25°C + 2°C) by agitating
0.10 g of chitosan beads with 25 ml of 25 mg I"! dye solution in a centrifuge tube
on an orbital shaker at 150 rpm for 6 h unless otherwise stated. All the experiments
were performed in duplicates, and the average results were recorded. The dye
concentrations of the supernatant and the wavelength for maximum adsorption,
Anax Were determined using UV/Visible-1700 Pharmaspec SHIMADZU double-
beam spectrometer. The A,,,, of RB 10 was found to be 526 nm.

The percentage uptake of dye was calculated based on the following equation:

Initial dye concentration — Final dye concentration
Initial dye concentration

% uptake = X 100% (1)
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The effect of initial dye concentrations and contact time was investigated with the
dye concentrations set at 25 mg I'!, 75 mg I"''and 125 mg I"!. At predetermined time
intervals, the dye solution was withdrawn and analysed for its dye concentration.
For the effect of pH, HCI and NaOH solutions in different molarities were used
to adjust the desired pH of the dye solution (pH 2—12). The percentage uptake of
RB 10 by using different amount of chitosan beads was studied by varying the
amount of chitosan beads used from 0.02—0.10 g.

2.5  Sorption Isotherm

The adsorption isotherms were studied by varying the dye concentrations from
25 mg I""to 125 mg I"'. The experiments were performed by treating each of the
25 ml of dye solution with 0.10 g of chitosan beads for 6 h.

2.6  Statistical Analysis via Plackett-Burman Design

Plackett-Burman design was used to evaluate the relative importance of various
factors that affect the adsorption of RB 10. The experimental designs were
generated by the Design Expert version 7.1.3.1.

3. RESULTS AND DISCUSSION

3.1 Characterisation of the Adsorbent

From the FTIR spectrum (Figure 1), a broad and intense O-H stretching peak
in the region of 3600-3000 cm™ indicates the presence of the hydroxyl group.
The peak observed at 3432 cm™' corresponds to the amine stretching, and this
can be used to confirm the secondary amine group in chitosan structure. A peak
appears at 2925 cm™' which might be due to stretching vibration of the C-H
bond of methylene and methine groups. The peaks around 2300 cm™ and at
1649 cm™ are due to O-H stretching of the carboxylic group and C=O0 stretching,
respectively. The peak observed at 1376 cm™ is associated with the C-N
stretching. The peaks found at 1153 cm™ and 1074 cm™' are assigned to C-O
stretching. In addition, the peak at 610 cm™ indicates the presence of C-OH twist.
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Figure 1: FTIR spectrum of chitosan beads.

The surface morphology of chitosan beads was studied using SEM. The results
showed that there was not much difference in the surface morphology of the
adsorbent before and after the adsorption process. This indicates that the adsorbent
was capable of retaining its morphology even after the dye adsorption process.
The surface of native chitosan beads was a typically wrinkled polymeric network
since chitosan is a linear homopolymer of glucose and it has a similar morphology
with cellulose.!® The chitosan beads were deduced as non-porous material based
on the SEM results.

(b)

Figure 2: SEM micrograph of chitosan beads (a) before adsorption, and (b) after adsorption.
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3.2  Adsorption

3.2.1 Effect of initial dye concentrations and contact time

The dye adsorption was a fast process at the beginning, but thereafter, it took
approximately 360 min to achieve equilibrium (Figure 3). This is most probably
due to the occurrence of two or more steps in the adsorption process, and this
adsorption trend was similar to the previously reported work."” A large amount of
vacant binding sites of chitosan beads at the initial stage of adsorption contributed
to the rapid uptake process. Once the binding sites of chitosan beads become
saturated, this turned into a limiting factor for dye uptake.

100 +
80 —+
é 60 +
=2
£
= 40 +
20 + j¢ e25mgl! %« 75mgl! 4125 mgl!
(]
0+ ; 1 % < % % % %
0 60 120 180 240 300 360 420 480

Time (min)

Figure 3: Effect of initial dye concentrations and contact time on percentage uptake of RB
10 by chitosan beads (0.10 g chitosan beads; 25 ml; pH: 4.83, 150 rpm).

The percentage uptake of RB 10 decreased with increasing initial dye concentration
from 25 mg I'! to 125 mg I'". This observation was closely related to the fixed
amount of sorbent dosage. At higher dye concentration, many dye molecules
competed strongly for the limited sorption sites, and as a consequence, a large
number of dye molecules were not being removed successfully. The adsorption
trend for this effect was similar to the findings published by other researchers.?
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3.2.2 Effect of pH

The graph of percentage uptake against pH (Figure 4) agrees well with the results
reported by other researchers.?'?* The maximum adsorption occurred at pH 4, and
the dye uptake was markedly decreased at pH greater than 7. This is related to the
isoelectric point for chitosan, which is determined as pH 6.9. There was only a
slight difference compared with the isoelectric point reported by Luk et al., which
was around pH 8.%
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Figure 4: Effect pH on percentage uptake of RB 10 by chitosan beads (0.10 g chitosan
beads; 25 ml of 25 mg I"' of RB 10; 150 rpm).

However, as chitosan dissolved and formed hydrogel under extreme acidic
condition, the effect of pH was not studied beyond pH 4. In acidic condition,
chitosan dissolved as polycation where its amine functional group was protonated.
The protonation of the amine group was necessary for electrostatic interaction
between adsorbent and dye molecules. Decreasing the pH value would increase
the supply of hydrogen ion for protonation and enhance the attraction of negatively
charged sulfonic group of RB 10 towards the cationic amines.

The pK, of amine group was reported to be pH 6.5, so a decreasing trend of uptake
was observed from pH 7 to 10.» From the current result, there was still some
uptake of the dye in the range of pH 7 to 12. This might be due to other sorption
interactions, such as van der Waals forces and hydrogen bonding occurring at
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the same time. Similar results were reported in the adsorption of Congo Red by
chitosan hydro beads, where various interactions were proposed to be responsible
for the dye uptake.?

The hydroxyl group of chitosan possibly dissociated in alkaline condition as
follow:

~CH,OH +OH ™ — CH,0 +H,0 )

The resulting anion could substitute the chloride atom from the dye molecule, and
this is similar to the dyeing process of reactive dyes onto fabrics.?’

~CH*0 +D~Cl - CH,—O—D+C1" (3)
3.2.3 Sorption isotherm

The sorption equilibrium data were analysed using Langmuir, Freundlich and
Brunauer, Emmett and Teller (BET) models.

The linear form of Langmuir isotherm was represented as:?

c_ 1 .¢C
. oK g 4)

A linear graph of C,/q, against C, was plotted (Figure 5). The maximum adsorption
capacity (g,,) of RB 10 and Langmuir constant (K, ) were calculated as 22.52 mg g
and 1.2199 1 mg™', respectively. Apart from using naturally occurring materials or
locally available waste materials, the resin can also serve as a potential adsorbent
for RB 10 removal. By using magnetic resin, the maximum adsorption capacity
was recorded as 162.4 mg g%’ In another work, the modified resin demonstrated
a maximum adsorption capacity of 0.029 mmol g! for the same dye.*
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Figure 5: Langmuir isotherm of RB 10 by chitosan beads (0.10 g chitosan beads; 25 ml;
pH: 4.83; 150 rpm).

The dimensionless equilibrium parameter, R, which indicates the important
characteristic of Langmuir isotherm, can be calculated by using Equation 5:

_ 1
RL_ 1+KLCO (5)

where C, = initial concentration of dye (mg 1™")

The favourability of adsorption system could be predicted by the R, value
(Table 1). The decreasing R, values obtained from the concentration of 25 mg 1!
to 125 mg 1! (Table 2) indicated that the uptake behaviour of the system skewed
towards the irreversible case.
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Table 1: Types of isotherm.

R, value Type of isotherm
R, >1 Unfavourable
R,= Linear
0<R,<1 Favourable
R,=0 Irreversible

Table 2: R, values for the RB 10 dye concentration range studied.

Dye concentration (mg ') R,
25 0.0330
50 0.0166
75 0.0110
100 0.0083
125 0.0066

The Freundlich model®! does not predict surface saturation. It considers the
existence of a multilayer structure. The linearised form of Freundlich equation is
as follows:

6
logqg.= logKFﬂLilogCe (©)

The graph of log q. against log C, was shown in Figure 6. The R? Freundlich
constant (K;) and sorption intensity (n) were 0.9616, 14.69 mg g! and 8.9928,
respectively. The n value implies the favourability of the sorption system where
1 <n <10 represents good sorption characteristic.*
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Figure 6: Freundlich isotherm of RB 10 by chitosan beads (0.10 g chitosan beads; 25 ml;
pH: 4.83; 150 rpm).

The BET isotherm model is an extension of Langmuir theory, and the linear form
of the BET model is represented as:*

Ce _ 1 KB _ 1 Q
(CS—CP) q. - Kz, +( Kme )( Cs) (7)

where x,, = amount of solute in forming a complete monolayer (mg g') and Cg=
saturation concentration of solute (mg 1'').

The BET plot was depicted in Figure 7, with R? of 0.9950. The amount of solute
in forming a complete monolayer, x,, and BET dimensionless constant, K, were
determined as 22.42 mg g' and 44601, respectively.

The equilibrium data fitted well into both Langmuir and BET isotherm with high
R? values (Table 3). In a nutshell, uptake behaviour of RB 10 by chitosan beads
followed multilayer adsorption pattern with the homogenous surface energy
system. Chitosan is considered a natural material with an irregular and mixed-
surface morphology, and this explains why its sorption behaviour showed good
conformity with different isotherm models. The applicability of different isotherm
models in the adsorption process by various adsorbents has been reported
previously. 3433
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Figure 7: BET isotherm of RB 10 by chitosan beads (0.10 g chitosan beads; 25 ml; pH
4.83; 150 rpm).

Table 3: Langmuir, Freundlich and BET isotherm parameters.

Langmuir K, (Img™) 1.2199
dw (Mg g™) 22.52

R? 0.9948

Freundlich Ki(mgg™") 14.69
n 8.9928

R? 0.9616

BET Ks 44601
X, (mg g) 22.42

R? 0.9950

3.2.4 Effect of adsorbent dosage

With the increasing adsorbent dosage from 0.02 g to 0.1 g, the number of
vacant active sites of chitosan beads provided for adsorption also increased,
leading to a higher percentage uptake. Similar phenomena have been reported
in removing Methylene Blue by activated carbon derived from rubber seed shell
and the decolourisation of palm oil mill effluent (POME) by treated coal bottom
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ash.*®37 Saturation occurred at 0.04 g dosage with an initial dye concentration of
25 mg 1!, and this is the point where further increase in dosage had minimal effect

on the decolourisation process.
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Figure 8: Effect of adsorbent dosage on the percentage uptake of RB 10 by chitosan beads
(25 ml of 25 mg I'! of RB 10; pH 4.83; 150 rpm).

3.3  Statistical Analysis — Plackett-Burman

The experimental conditions generated by Plackett-Burman program, which
included parameters of pH, adsorbent dosage and initial dye concentrations, were
tabulated and shown in Table 4. The minimum and maximum values were based
on the experimental condition adopted under batch study. The experimental uptake
apparently did not deviate much from the predicted uptake, and the differences
were within a narrow range of 0.46%—8.5%, which is most likely due to the non-
negligible effect of insignificant variables in the design.”'>*® It thus appeared that
this program can be used in studying different influential variables in affecting
the dye uptake adsorption process. Some of the previously reported works have
also demonstrated the usefulness of using this program in identifying significant
factors for dye uptake.”3%3
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Table 4: Plackett-Burman generated experimental conditions and the comparison uptake

of RB 10.
Expeirrr:ental (llkodssaorbent pH coltlllci:t;?liriilieon Experimeﬂntal Pf;iiﬁ(t:d Diﬁ"enrences

ge (g (mg ') uptake (%) %) (%0)
1 0.10 12 25 9.07 17.55 8.49
2 0.02 12 125 0.63 0.00079 0.63
3 0.02 12 25 0.55 0.09 0.46
4 0.02 4 25 67.15 65.54 1.62
5 0.10 4 125 77.13 73.01 4.12
6 0.10 12 125 3.01 7.56 4.55

3.4  ANOVA Analysis

From the result shown in Table 5, the model was identified as a significant model
with the Prob > F value of < 0.0001. The model was termed as significant if
the value of Prob > F was less than 0.05. From the result, it can be seen that
both pH and adsorbent dosage appeared to be the significant factors during the
decolourisation process by chitosan beads. This finding agreed well with most of
the reported works in conventional batch studies.**!

The ability of chitosan beads to adsorb an adsorbate was usually attributed by
the surface charge of the adsorbent and also the degree of dissociation of the
adsorbate. It is well known that both properties are greatly affected by pH. The
effect of chitosan bead dosage in dye uptake was caused by the availability of
active sites of chitosan in aqueous solution. The uptake of dye increase as the
amount of chitosan beads increase because more active sites of chitosan beads
were available for taking up the dye molecules.

Table 5: ANOVA analysis for the remediation of RB 10 from aqueous solution.

Source Degree of Sum Mean F-value  Prob>F Description
freedom  of squares squares

Model 3 14063.72 4687.91 30.87 <0.0001 Significant

pH 1 12849.14 12849.14 84.60 <0.0001 Significant

Adsorbent 1 915.08 915.08 6.02 0.0397 Significant

dosage

Initial 1 299.50 299.50 1.97 0.1979 Not significant

concentration
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4. CONCLUSION

This study demonstrated the potential of chitosan beads as a promising low-cost
adsorbent for the remediation of RB 10 from aqueous solution. Further study
can include the investigation under continuous flow condition which would be
applicable to commercial systems. The findings revealed that the uptake efficiency
was highly pH-dependent, and the optimum pH was reported in the range of pH
4—6. The optimum dosage needed for RB 10 removal was found to be 0.04 g. The
important functional groups that are responsible in RB 10 uptake were NH, and
-OH. SEM micrographs revealed that the investigated adsorbent is a non-porous
type material. The equilibrium data obtained conformed well to Langmuir and
BET isotherm with high R2. From the Plackett-Burman design, pH and adsorbent
dosage were identified as non-negligible factors in determining the percentage
uptake of RB 10.
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