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Abstract

Chitosan beads demonstrate good adsorption capacity in wastewater treatment. The ease with which the
chitosan beads separate from the efluent and the possibilities of sorbent regeneration have made chitosan
beads a more prominent form for biosorption. However, chitosan beads form gels at pHs below 5.5, which
makes them unsuitable to be employed in treatment process. Bifunctional agents are introduced to
increase the integrity of the beads by crosslinking chitosan. Crosslinked chitosan beads exhibit different
adsorption capacities for distinct types and categories of dyestuffs. In this study, the removal of Direct
Red 80 (DRS80), Reactive Yellow 25 (RY25) and Acid Blue 25 (AB25) dyes by chitosan-based beads has
been investigated. Variation in pH and temperature, effect of crosslinking and encapsulation of bacteria
Lactobacillus casei are evaluated for their influence on the adsorption behaviour. Zeta potential and
structural characterization of the synthesized chitosan beads are performed. Adsorption equilibriums
are achieved in about five hours. The chitosan beads are crosslinked with glutaraldehyde to avoid
their dissolution at pH 2 and the beads achieve complete removal of the three dyes within one hour.
Temperature increase induces a positive effect on the adsorption of DR80, but an insignificant effect
on that of RY25 and negative effect on AB25. Adsorption with the crosslinked beads at pH 5.5 and
37 °C promotes the removal of RY25 and AB25 by at least two folds more than that by non-crosslinked
chitosan beads, but is found to be less effective on DR80. Significant increase of DR80 adsorption is
achieved by adopting the crosslinked-bacteria-encapsulated chitosan beads while the effect on AB25 and
RY25 are similar when compared to blank crosslinked beads. Langmuir and Freundlich isotherms fit the
experimental data and the pseudo-second order equation agrees very well with the kinetic data.
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1 Introduction

Among the 0.7 million tons of dye produced worldwide, 5-10% comes from the textile industry and
is discharged into waste streams annually [1]. Most of these dyes are synthetic dyestuffs which are
highly visible in water even at low concentrations. This will significantly affect photosynthesis-
related activity that relies on sunlight penetration. Proper treatment of textile efHuent becomes
environmentally important. Direct Red 80 (DR80), Reactive Yellow 25 (RY25) and Acid Blue
25 (AB25) are anionic dyes commonly used in textile industry. They produce strong colour
intensities owing to their extensive chromophores, thereby influencing hydrosphere. They all
possess sulfonate groups which contribute to efficient adsorption as far as ionic interaction with
adsorbent is concerned, i.e. DR80, RY25 and AB25 have six, two and one sulfonate groups
respectively. Moreover, the molecular mass of these three dyes are significantly different, i.e.
DRS80 1373.07 g-mol~!; RY25 788.4 g-mol~!; AB25 416.38 g-mol~!. In order to investigate the
influence of functional groups and molecule size on dye adsorption, these three dyes were chosen
as the study model.

Conventional physical and chemical treatment techniques, including activated sludging, trick-
ling filtering, chemical oxidation and coagulation, have been extensively studied to remove dyestuffs
from water bodies [2]. However, the dyestuffs are usually recalcitrant molecules which are stable
towards oxidation and resistant to biodegradation. Therefore, the sorption technique has been in-
troduced and successfully employed for the removal of toxic dye molecules [3]. Although activated
carbon is an effective sorbent in treating dye laden wastewater, the high cost and regeneration dif-
ficulties of the material make it unfavourable for commercial applications. Biosorbents, which are
sorbents either as waste biomaterials or materials derived from bio-origins, have been investigated
for colour removal by biosorption owing to their tonnage quantities and low cost. Some common
biosorbents used for this purpose are peanut hulls [4, 5], fruit peels [6, 7] and rice husks [8, 9].
Moreover, different types of synthetic polymer are also evaluated as brilliant adsorbents, e.g. com-
pounded polyethylene terephthalate with Boltorn H40 [10]. In particular, chitosan presents itself
as an excellent biosorbent which can even achieve a higher dye removal capacity than activated
carbon [11] with other beneficial terms such as natural abundance, biodegradability and low cost
[12].

Chitosan, a deacetylated form of chitin, is a biopolymer of glucosamine which contains high
contents of amine and hydroxyl functional groups. In acidic conditions, the amine groups of
chitosan are protonated to electrostatically attract anionic dye molecules, thereby removing dye
from an aqueous solution. When compared with chitosan flakes, chitosan beads demonstrate
more superior adsorption capacity in wastewater treatment studies [13]. Besides that, the ease
of separation of chitosan beads from effluent and the possibility of sorbent regeneration have
made chitosan beads the more prominent form for biosorption. Nevertheless, chitosan beads form
gels at pHs below 5.5, which makes them unsuitable to be employed in the treatment process.
Bifunctional agents are introduced to increase the integrity of the beads by crosslinking the
chitosan. Crosslinked chitosan beads exhibit different adsorption capacities for distinct types and
categories of dyestuffs, and thus they are of interest for maintaining the integrity of the beads
while maximizing their adsorption capacity.

In this study, the efficacy of the adsorption DR80, RY25 and AB25, by chitosan beads under
different conditions is presented. The adsorption capacities of non-crosslinked, glutaraldehyde-
crosslinked and L. casei-encapsulated chitosan beads are investigated. Since the adsorption ca-
pacity of anionic dyes in aqueous solutions is influenced by the pH, temperature of the bulk
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solution and the nature of the employed adsorbent, adsorption of the three anionic dyes are eval-
uated as a function of these parameters. The Langmuir and Freundlich equations are employed
to fit the equilibrium isotherms at pH 5.5 with various initial dye concentrations. The adsorption
rate is quantitatively studied by the pseudo-first- and -second-order models. The experimental
data indicate satisfactory performance of the chitosan beads under different conditions and their
prominent potential to remove certain types of textile dyes.

2 Experimental

2.1 Chemicals

All chemicals were purchased from Sigma Aldrich Company Ltd.: chitosan (practical grade,
from shrimp shells, > 75% deacetylated), glutaraldehyde (50% m/v aqueous solution), methanol
(ACS grade), sodium hydroxide (NaOH), glacial acetic acid (CH3COOH), potassium bromide
(FT-IR grade), RY25, DR80, AB25, magnesium sulphate (MgSQy), calcium chloride (CaCly),
mono-potassium dihydrogen phosphate (KH2POy), dipotassium hydrogen phosphate (KoHPOy),
sodium chloride (NaCl), glucose, peptone, and yeast extract (for the bacterial culture).

2.2 Preparation of the Chitosan Beads

Chitosan (1.4% w/v) was dissolved in 1.4% acetic acid and stirred overnight. The chitosan solution
was then centrifuged at 4000 rpm for 10 min. The supernatant was used subsequently. 0.5 M
Methanolic NaOH was prepared by dissolving NaOH pellets in deionized water and mixed with
methanol in a volume ratio of 8:2. A syringe with a 25 G needle tip was used for the coacervation
process. 10 mL of chitosan solution was pumped into 50 mL of methanolic NaOH by a syringe
pump operated at 2 mL-min~!. Chitosan beads were instantaneously formed in the constantly
agitating alkaline medium. After stirring for 60 minutes, the chitosan beads were filtered and

thoroughly washed with distilled water.

Glutaraldehyde is a bifunctional crosslinking agent which is capable of modifying the chitosan
beads. The crosslinked chitosan beads were synthesized by mixing non-crosslinked chitosan beads
with a glutaraldehyde solution (0.5% w/v) at room temperature for 15 minutes to allow a complete
crosslink. The crosslinked chitosan beads were filtered out and washed with distilled water.

Besides chemical modification, biological modification of the chitosan beads with Lactobacillus
casei (L. caset) was also adopted. Various researches have been done on the study of removal of
synthetic dyes with single or mixed bacterial strain while immobilization of bacteria on biopolymer
to remove dyes is still unexplored [14-16].

The L. casei cultural medium was prepared according to the following composition (g-L71!):
MgSO, (0.2), CaCly (0.04), KHyPO, (1.0), KosHPO4 (1.0), NaCl (0.04), glucose (1.0), peptone
(1.0) and yeast extract (0.5). Freshly prepared cultural medium (100 mL) was incubated at 37 °C
on a rotatory shaker (250 rpm) for 1 hour. Freshly available Yakult (1 mL) was transferred into
the medium and incubation was continued. At the 31°° hour, the culture was withdrawn and
the cell pellet was obtained upon centrifugation at 4, 000 rpm for 20 min. The supernatant was
discarded and the tube of bacterial cells was freeze-dried overnight. The L. casei-encapsulated
chitosan beads were synthesized by similar procedures as the non-crosslinked chitosan beads.
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Dried L. casei was mixed well with chitosan solution at 11.5 mg-mL~!and then followed by the
alkaline hardening process.

All beads were stored in distilled water after filtration and washing. Before the experiment,
the surface moisture of the beads was removed by filter paper. The particle diameter of the non-
crosslinked and crosslinked chitosan beads was determined by a ruler with the aid of a magnifying
glass as 3.0 mm and 2.5 mm, respectively [17].

2.3 FTIR Spectroscopy

Fourier Transform Infrared (FTIR) spectra of glutaraldehyde-crosslinked and non-crosslinked
chitosan beads were obtained by a Perkin-Elmer Spectrum 100 FT-IR spectrometer. Dried-
pressed pellets were obtained by grinding different samples with FTIR grade KBr on an agate
mortar followed by drying in the oven.

2.4 Zeta Potential Measurement

Non-crosslinked and glutaraldehyde-crosslinked chitosan beads were dried (equivalent to 100 mg
dried mass), ground and mixed with 100 mL of deionized water respectively. The mixtures were
sonicated for 4 hours, and then stirred for 24 hours. The suspensions were subjected to Zeta
potential measurement with a ZetaPlus Zeta potential analyser (BrookHarven Instrument Co.).
Before the measurement, the suspensions were withdrawn into different vials and pre-assigned
pH values were adjusted by various concentrations of HNO3; and NaOH solutions respectively
without addition of background electrolytes.

2.5 Adsorption Experiments

Buffered solutions with pH values of 2, 3.4, 4.6 and 5.5 were used. The adsorption experiments
with blank chitosan beads were performed by batch procedures at temperatures of 25 °C, 37 °C
and 50 °C using 100 mg-L~! aqueous dye solution. In each adsorption experiment, 3 g blank
chitosan beads (crosslinked chitosan beads in dye solution at pH 2) were added to 50 mL of dye
solution with known concentration in a 50 mL conical tube. The tube was continuously shaken
at 200 rpm at the temperatures described above. Aliquot samples were taken at a predetermined
time interval and the dye concentration was spectrophotometrically measured at 421, 528 and
574 nm for the RY25, DR80 and AB25 dyes respectively by a Perkin-Elmer Lambda 18 UV-VIS
spectrophotometer.

The adsorption experiments with the dried L. casei encapsulated chitosan beads were carried
out at 37 °C with a pH 5.5 medium. The operating procedures were the same as those described
above.

The decolourization efficiency was calculated by the following expression:

Q:CO_CXNO% (1)
Co

where (Q is the decolourization efficiency, Cj is the initial concentration of the dye solution
(mg-L7!) and C is the concentration of dye present at a predetermined time.



C. Luk et al. / Journal of Fiber Bioengineering and Informatics 7:1 (2014) 35-52 39
2.6 Kinetics

Kinetic experiments were performed by mixing 3 g of chitosan adsorbent with 50 mL of dye
solution (100 mg-L~'). The suspension was shaken for 5 hours at pHs 3.4, 4.6 and 5.5 for all
three dyes in an incubator at 37 °C. At regular intervals, the concentration of the dye in the
solution was determined.

2.7 Equilibrium Adsorption Isotherm

The effect of the initial dye concentration was determined by mixing 3 g of chitosan adsorbent
with 50 mL of dye solution at different initial concentrations (0-200 mg L~!). The suspension
was shaken for 24 hours at pH 5.5 for all three dyes in an incubator at 37 °C.

3 Results and Discussion

3.1 FTIR Spectroscopy

Fig. 1 (a) and 1 (b) show the FTIR spectra of non-crosslinked and crosslinked chitosan beads,
respectively. In Fig. 1 (a), the absorption at 1640.9 cm™! is caused by the N-H bending of the
primary amine and 1087.9 cm™* is caused by C-N stretching. In Fig. 1 (b), the absorption band at
1663.8 cm~! is attributed to the C==N bonding formed through crosslinking with glutaraldehyde
and the absorption at 1566.4 cm™! is due to the N-H bending of the amide which is presented
as a result of incomplete deacetylation of the chitosan. Besides the corresponding characteristic
absorption peaks, other common peaks are observed from the two spectra, including the O—H
stretching near 3433 cm™!, the C—H stretching of sp? carbon near 2900 cm™!, and the C—0O—C
stretching of ether around 1377 cm™" [18, 19].
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Fig. 1: FTIR spectrum of (a) Non-crosslinked and (b) Crosslinked chitosan beads
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3.2 Zeta Potential Measurement

Adsorption of anionic dyes onto chitosan beads depends on the surface charge of the adsorbent
at different bulk pHs [3]. The three anionic dyes chosen in this study have different numbers of
—S0j3 groups. On the other hand, chitosan has numerous —NH; and —OH groups which con-
tribute different surface charges upon protonation or vice versa under acidic and alkaline mediums
respectively. Hence, anionic dyes and chitosan would have different extents of electrostatic inter-
action under different pH environments. The Zeta potentials of non-crosslinked and crosslinked
chitosan beads which were measured ranged from pH 3-12 and are shown in Fig. 2. The overall
Zeta potentials of both beads are positive in an acidic medium and negative after pH 8. An
isoelectric point was reached at around pH 8 for both beads, where the surface charge of the
beads was neutral. The Zeta potentials of non-crosslinked beads before the isoelectric point were
more positive than those of crosslinked beads. This could be attributed to the protonation of the
amine group (R—NH,) on chitosan into the corresponding ionic form (R—NHZ). Availability of
the primary amine group on chitosan was reduced which were converted to imide (R—C==N)
after crosslinking. Relatively more protonation of non-crosslinked beads hence gave more positive
Zeta potentials in the acidic medium. The positive surface charge of both beads in the acidic
medium was helpful for interpreting particular adsorption performances of anionic dyes in that
the positively charged bead surfaces could adsorb dyes by counter ionic attraction. Vice versa,
negative Zeta potentials were demonstrated beyond the isoelectric point which was possibly due
to the surface interaction with OH™ ions.
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Fig. 2: Zeta potentials of non-crosslinked and glutaraldehyde-crosslinked chitosan beads

3.3 Effect of pH

Fig. 3 shows the effect of pH on the adsorption of the three different dyes. Maximum uptake
for all three dyes is observed at pH 2 which is in accordance with the studies of Chiou and Li
[3], who investigated the adsorption of Reactive Red 189 with crosslinked chitosan beads, and
Kyzas and Lazaridis [11] who performed adsorption of Remazol Yellow Gelb 3RS onto chitosan
derivatives. The high percentage removal of the three anionic dyes could be attributed to the
electrostatic interaction between the protonated amino groups (R—NH3 ) of the chitosan beads
and the anionic groups (D—SOj ) of the dye molecules formed through dissociation under acidic
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conditions according to the following reaction [20].

D—SO3Na — D—SO; + Na* (3)
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Fig. 3: Effect of pH on the decolourization efficiency of 100 mg/L solution of DR80, RY25 and AB25 at
37°C

The adsorption proceeds through the interaction of the counter ions:
R—NHZ + “038—D — R—NH7 --- ~035—D (4)

These interactions were consistent with the measurement outcome of the Zeta potential. Reac-
tions (2) and (3) were achieved under acidic environment, where the beads had a positive surface
charge. This allowed the formation of the chitosan-dye moiety (4), thus revealing that the removal
mechanism mainly depended on the electrostatic interaction between the positively charged bead
surface and the negatively charged SO; group of the dyes.

Adsorption of the DR80 at all pH levels resulted in more than 90% dye removal. This could be
explained by the multiple functional groups on the dye molecules resulting in the facilitation of dye
adsorption onto the chitosan beads even when the number of protonated amino groups available
decreased with increasing pH. However, there was a significant decrement in the decolouration
percentage of AB25 and RY25 when the pH was increased beyond 2. This was due to the chemical
structure of the dye molecules. AB25 showed a relatively higher adsorption with the chitosan
beads as compared to that of RY25. The number of SO3 functional groups present in both
dyes was the same. RY25 has a comparatively bulkier structure than AB25. Accordingly, the
adsorption of RY25 molecules into the bulk solution might be hindered by the already-adsorbed-
RY25 molecules on the chitosan bead surface. This resulted in a lower adsorption percentage of
RY?25 following the adsorption mechanism. Although AB25 molecules have a ramified structure
which prevents them from removal by diffusion mechanisms, yet the less bulky structure of the
dye molecules could lessen the steric hindrance of subsequent dye molecule adsorption. As a
result, the AB25 dye showed a higher percentage of decolouration than RY25 at all pH levels.

Nevertheless, it is worth noting the slight increase of adsorption of RY25 and AB25 at pH 5.5.
With an increased solution pH, the surface charge became less positive. The increased adsorption
of RY25 might occur through other interactions, such as Van der Waals forces or hydrogen bonding
[21]. The hydroxyl groups of chitosan can be deprotonated under alkaline conditions as follows:
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Thus bonding was formed between the dissociated anionic-CH,O~ group and RY25 molecules
through substitution of the Cl~group in the dye [22]:

7CHQO_ + Dye —Cl — 7CH270—Dye + ClI™ (6)

3.4 Effect of Temperature

Fig. 4 shows the temperature effect on the adsorption of the three dyes. At the end of 300 min,
DRSO shows the highest dye removal at any temperature when compared to AB25 and RY25. It
was assumed that all the anionic dyes would be basically adsorbed by the negatively charged SO3
groups of the dye molecules through the surface adsorption mechanism. In the case of DR80, an
increase in temperature led to an enhancement of the initial adsorption rate while the adsorption
capacity at the fifth hour was similar. As shown in Fig. 4 (a), the initial adsorption rate of DR80
at 50 °C is the highest among the three temperatures. Nevertheless, the equilibrium adsorption
amounts were about 86% for all three temperatures. A similar trend was observed in the study on
DRSO by Saleem et al. [23]. The increase in the dye adsorption rate with respect to temperature
indicates that the adsorption of the DR80 dye is a kinetic controlling and endothermic process.
Besides, with the large amount of functional groups per molecule on DR&0, it was also proposed
that some branches of the molecules might be able to bind with the protonated amino groups
in the inner surface of the chitosan beads due to the enlargement of the chitosan bead pores
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Fig. 4: Effect of temperature on the adsorption of (a) DR80, (b) AB25 and (c¢) RY25 at 25 °C, 37 °C
and 50 °C
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caused by the increased temperature [24]. According to Mazengarb and Roberts [25], direct dyes
can diffuse into chitosan films during the adsorption process due to the amorphous nature of the
chitosan film and the diffusion coefficient of the dye which decreases with temperature. It can
therefore explain the higher removal percentage of the DR80 dye with increased diffusion rate into
the enlarged chitosan pores at higher temperatures in the adsorption process and vice versa. As
for the removal of AB25 and RY25, the temperature effect was comparatively insignificant. The
adsorption kinetics of the RY25 dye at all temperatures was found to be similar to a maximum
adsorption capacity of around 20%. The maximum amount of removal of the AB25 dye is higher
than that of the RY25 dye which achieved a value of about 30%. The reason for the higher
adsorption capacity is due to the less bulky structure of AB25 which enhanced the adsorption
of dye molecules from the bulk solution. Both the initial rate and equilibrium removal amount
of AB25 dye as shown in Fig. 4 (b) were slightly decreased by increasing the temperature from
25 °C to 50 °C. This suggests that the adsorption of AB25 is relatively exothermic and involves
a physical process [26]. It can also be attributed to the ramified dye structure with only one
adsorption site per molecule. Furthermore, according to Prado et al. [27], the intramolecular
interaction between the —SOj3 and the —NH, groups of the dye molecule, which are ortho to
each other, also diminishes the effectiveness of the —SO3; —NHj interaction between the dye and
chitosan to give reduced decolourization .

3.5 Effect of Crosslinking

The removal of DR80 could be as high as 95%, i.e. 32.2 mg-g~! adsorbent, while that of RY25 was
around 20% using non-crosslinked beads. Nevertheless, with the use of the crosslinked chitosan
beads, the removal of RY25 is increased to more than 70% while that of DR80 drastically drops
down to less than 40% as shown in Fig. 5. This shows the effect of crosslinking the chitosan beads
on dye removal and the close relationship between the removal mechanisms and the structure of
the dye molecules. As mentioned in the previous section, the removal of DR80 mainly follows the
surface adsorption while some of the chain ends of the dye molecules may possibly bind with the
protonated amino groups located in the inner surface of the chitosan bead pores. The removal of
DR80 was significantly affected by the incorporation of the crosslinking agent since the average
pore size of the chitosan beads was reduced by crosslinking the amine groups of the chitosan
beads. Reduction in pore size reduces the possibility of long, branched dye molecules to have the
—503 groups bind onto the bead inner pores, therefore greatly decreasing the surface area for
the attachment of dye molecules, which resulted in over 50% reduction in the removal capacity of
the dye. Moreover, the reduced number of protonable amino groups due to crosslinking as shown
in Fig. 6 was also an additional factor which resulted in a drastic decrease in the removal of the
DR80 dye. The adsorption capacities of RY25 and AB25 were increased through the crosslinking
of the chitosan beads as they completely depend on surface adsorption for dye removal. Hence, the
crosslinking of the chitosan beads resulted in an increased surface area due to a decreased bead size
for the attachment of dye molecules. When compared with AB25, the removal of RY25 was much
more prominent when using crosslinked chitosan beads to achieve 25.5 mg-g~! adsorption. This
can be explained by the Cl~ group via a substitution removal mechanism which is only adopted
by RY25. However, adsorption of AB25 could only be carried out by electrostatic attraction with
a reduced number of protonable amino groups of the chitosan beads. In addition, this low level
of AB25 removal (10.4 mg-g~!) might also be attributed to the intramolecular structural effect
between the —SOj3 and the —NH, groups on the dye molecules. This clearly demonstrates that



44 C. Luk et al. / Journal of Fiber Bioengineering and Informatics 7:1 (2014) 35-52

a substantial effect could be brought by the differences in the interaction mechanism between the
dye molecules and the adsorbent. Hence, it is important to lucidly understand the structure and
properties of dyes before finding suitable and efficient adsorbents for the dye adsorption process.
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3.6 Effect of Encapsulation of Dried L. Casei on Adsorption of Dyes

L. casei was encapsulated in crosslinked chitosan beads and studied for dye adsorption capacity.
Fig. 7 depicts the dye removal efficiency with the bacteria encapsulated in the chitosan beads.
Crosslinked beads without bacteria only remove about 33% of the DR80 while those that contain
the bacteria achieve 80% decolourization. The crosslinked beads have a reduced pore size which
prevents the diffusion of the dye molecules into the inner part of the beads. With the presence
of the bacteria, additional biosorption sites are provided so that the binding of the dye molecules
onto these various functional groups become possible thereby increasing the adsorption capacity.
Apart from that, the DR80 removal capacity of L. casei-encapsulated-non-crosslinked chitosan
beads could attain a rate that is higher than 80%. This reveals that crosslinking drastically
reduces the removal efficiency of the DR80 when the pore size is reduced therefore decreasing the
percentage of dye removal. However, the maximum percentage of adsorption within the incubation
time for bacteria-encapsulated chitosan beads was around 80% for both non-crosslinked- and
crosslinked-beads, which is still lower than that of the blank non-crosslinked chitosan beads i.e.
about 93%. This once again demonstrates the adoption of the diffusion mechanism in addition
to surface adsorption by DR80 which would be much refrained when the pore size is reduced
or blocked by the encapsulated bacteria. On the other hand, encapsulation of L. casei could
promote the removal efficiency of AB25 by about 10%. With the incorporation of the bacteria, an
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increased number of interactions between the adsorption sites and dye molecules counterbalance
the negative effect brought about by fewer amino sites through crosslinking. It is also possible
that the various functional groups of the bacteria could hold the dye molecules in a tighter way
which strengthened the counterbalancing effect.

Nevertheless, it was observed that the encapsulation of L. casei in crosslinked chitosan beads
decreases the percentage removal of RY25 to about 65% when compared to that of the blank
crosslinked chitosan beads which is more than 75%. This phenomenon is attributed to the binding
interaction of the bacteria with the hydroxyl group on the chitosan which leads to a reduced
number of available —CH,O™ groups for dye substitution.

3.7 Adsorption Kinetics

To determine the mechanism of adsorption, kinetic data used for the removal of the three anionic
dyes at the respective pH were correlated with the linear forms of the pseudo-first-order rate
model,

oy
log(ge — q) = log go — t
0g(ge — q) =108 ¢e — 5252 (7)

and the pseudo-second-order rate model,

t 1 1

—=—t+ — (8)

R
where ¢ is the amount of adsorbed dye on the adsorbent (g-kg™') at equilibrium, ¢ is the amount
of adsorbed dye on the adsorbent (g-kg™!) at time ¢, k; is the first-order adsorption rate constant
(min~!), and ks is the second -order adsorption rate constant (kg-g='min~!)

It has been suggested that the first order model does not fit well with the whole range of
contact time in the adsorption experiments [25]. The results obtained in the present study are
found to follow the same trend with the kinetic parameters which show a good adjustment to
the pseudo-second-order model. Straight lines were plotted by correlating the adsorption data at
all levels of pH to the pseudo-second-order model with high correlation coefficients, i.e. 0.9896
for DR80, 0.9590 for RY25, and 0.9545 for AB25 as shown in Table 1. This indicates that the
adsorption system predominantly follows the pseudo-second-order model, and the rate controlling
step of the overall process appears to be chemisorption instead of a mass transport mechanism.
On the other hand, the high degree of non-linearity suggests the inability of the pseudo-first-order
model to interpret relevant data [3, 28]. The pseudo-second-order model has been successfully
applied to fit the kinetic data of: eosin Y by the chitosan hydrobeads [2], Reactive Red189 by
the crosslinked chitosan beads [28], and Remazol Yellow Gelb 3RS and Basic Yellow 37 by the
chitosan derivatives [12].

3.8 Equilibrium Adsorption Isotherm

The adsorption isotherms of DR80, RY25 and AB25 at pH 5.5 and 37 °C using the crosslinked
beads were compared with the Freundlich and Langmuir isotherm models. The equilibrium ad-
sorption capacity increases with an increase in dye concentration that ranged from 0-200 mg-L~*.
The two isotherm models introduced about 90 years ago still remain as the two most well known
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Table 1: Kinetic constants for the adsorption of DR80, RY25 and AB25 by the chitosan beads

DR&0 RY25 AB25
pH
ks (kg'g~tmin—t) R? ko (kg:g~tmin—t) R? ko (kg-g~tmin—1) R?
3.4 1.74x1073 0.999 0.02 0.959 4.95x1073 0.955
4.6 3.03x1073 0.998 0.01 0.964 - -
5.5 4.39x1073 0.998 0.01 0.991 0.02 0.998

and commonly employed isotherm equations [12]. The Langmuir isotherm assumes the adsorbed
layer of the adsorbent as a homogeneous mono-layer in nature. The expression of the Langmuir

isotherm is given by:
C 1 1
— =0C, + 9
de (Qmax) (Qmax)KL ( )

where Quax (mg-g™!) is the maximum amount of dye adsorbed for a formation of monomolec-
ular layer per unit weight of chitosan beads at equilibrium; C, (mg-L™1) is the equilibrium dye
concentration; g. (mg-g~!) is the amount of dye adsorbed per unit mass of chitosan adsorbent
at equilibrium; and K, (L-mg™') is the Langmuir constant related to the affinity of the binding
sites.

On the other hand, the Freundlich isotherm model interprets the adsorption that occurs on the
adsorbent surface in a heterogeneous manner with uniform energy. The Freundlich equation can
be expressed by:

1
Ing. = (lnC’e)ﬁ + InKp (10)

where ¢, (mg-g™!) is the amount of dye adsorbed per unit mass of chitosan adsorbent at equi-
librium; C, (mg-L~!) is the equilibrium dye concentration; K is the Freundlich constant, which
represents the adsorption capacity; and (1/n) is the adsorption intensity [29].

The fitting parameters of the two models are computed in Table 2. The relatively low correlation
coefficients show that the Langmuir isotherm has a poor agreement with the experimental data
which suggests that the adsorption process of the present study does not occur on a single surface.
On the contrary, the Freundlich isotherm fits the experimental data quite well with the high
correlation coefficients, thus confirming the goodness of fitting i.e. R? > 0.9888 for all three
anionic dyes. The consistency of the Freundlich isotherm with the data reveals that adsorption
might occur in the heterogeneous adsorption sites. In addition, the interaction between the dye
molecules and chitosan adsorbent could also vary according to the protonation equilibrium of
different dyes [30]. Since this isotherm does not predict any saturation on the adsorbent surface,
it thus shows the existence of physisorption and the occurrence of infinite surface coverage [12].
Although the experimental data do not fit the Langmuir isotherm well, yet the Q value that
represents the maximum dye adsorption by the monolayer reflects the ease of the removal of
DRS80 which is more than RY25 and AB25 almost twofold and more than a hundred times
the rate respectively. As a matter of fact, the protonation of the amino groups of chitosan
would not be as effective as that under a pH 5.5 environment. As previously mentioned, the
crosslinking of chitosan beads reduces the number of available protonated amino groups for surface
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adsorption. Hence, the relatively high removal of DR80 could be due to a much higher number
of —SOj functional groups possessed by each dye molecule. RY25 could be either adsorbed
through electrostatic attraction of a single —SOj3 group per dye molecule or removed through
the substitution mechanism of the —CI1~ group.

Although there is a decrease in protonated amino groups with the increased surface area of
the crosslinked chitosan beads, the adsorption of RY25 could still achieve a relatively high value
when compared with the adsorption of the ramified AB25. The reduced number of protonable
amino groups of the crosslinked chitosan beads accounts for the overall low adsorption of AB25,
and at the same time, its intermolecular structural effect also attributes to poor adsorption
capacity. Other than these factors, the Q. of Langmuir isotherm and K of Freundlich model
in mmol-g~! are also included in Table 2. This shows that the isotherm constants are of reverse
order when compared to the constants in mg-g~!, i.e. AB25 has the largest value while DR80 has
the smallest. This is attributed to the different molecular masses of these three dyes. From the
viewpoint of mole, the actual amount of each adsorbate depends on the molecular mass when the
same weight of dye is dissolved. Since the molecular masses of these three dyes are of descending
order, i.e. from DR&0 to RY25 and then to AB25, thus the number of mole in the solution
during adsorption is in reverse order. As a result, when the isotherm model is interpreted in
mmol-g—!, it gives different outcome. It is worth to consider whether molar or mass quantity is
more appropriate when studying particular adsorption. In the present study, weight quantity has
been chosen in order to have a clear picture of practical water treatment. Besides the isotherm
modelling, Table 3 lists some examples of dye adsorption with other adsorbents as a comparison
to the present work [31-40].

Table 2: Adsorption isotherm parameters of DR80, RY25 and AB25 by the crosslinked chitosan beads

DRSO RY25 AB25
Qumax (mg-g™1) 610.5 368.3 443.3
. Qumax (mmol-g~1) 0.4446 0.4671 1.065
Langmuir
Ky, (L-mg™1) 0.0049 0.0079 0.0827
R? 0.9105 0.8973 0.9233
Kr(mg-g™1) 0.3856 0.5563 0.3656
K lg=! .0002 . 1 :
Freundlich r (mmol-g™!) 0.00028 0.0007 0.00088
n 1.050 1.374 1.035
R? 0.9998 0.9987 0.9888

4 Conclusions

This study has investigated the dynamic adsorption of three types of anionic dyes, namely, DRS0,
RY25, AB25, on chitosan beads. The size of the non-crosslinked chitosan beads is about 3.0
mm in diameter while that of the crosslinked chitosan beads with 0.5 wt% glutaraldehyde is
characterized to be about 2.5 mm. The crosslinked chitosan beads exhibit an extremely high
adsorption capacity of 98% for removing all three anionic dyes at pH 2 and 37 °C. Adsorption
using non-crosslinked chitosan beads reveals the ease of removal of the distinct dye at pH 3.4,
4.6 and 5.5 with DR80 being the easiest to remove, followed by AB25 and RY25 which are less
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Table 3: Examples of dye adsorption on different adsorbents

Adsorption capacity

Adsorbents Target dyes
(Langmuir isotherm, mg-g—?1)

Direct red 80 41.2
Direct Red 31 115

Primary-secondary amino silica nanoparticle [31] treck e
Direct Black 22 37.5
Acid Blue 92 114
Direct red 23 189

Modified Multi-walled carbon nanotubes [32] wrect e
Direct red 80 121
Direct Red 80 4.50

Polyurethane foam [33] ek e
Recactive Blue 21 8.31
Direct red 80 52.4

Mentha pulegium [34] treet re
Acid Black 26 46.3
: . 184
Potamogeton pusillus Ceratophylum demersum [35] Acid Blue 25 130
Direct red 31 186
Amine-functionalized magnetic ferrite nanoparticle [36] Acid Blue 25 161
Acid red 14 147
Acid Blue 74 134
Carya illinoinensis [37) Acid Blue 25 4.85
Reactive Blue 4 7.91
Acid blue 25 53.8

Natural sepiolite [38] e e
Methylene Blue 78.4
Acid Blue 25 40.0
Stoechospermum marginatum [39] Acid Orange 7 67.1
Acid Black 1 274
Base treated Shorea dasyphylla (sawdust) [40] Acid Blue 25 244

easier to do so. The removal of the dye does not decrease with increasing pH which candidly
illustrates that the mechanism of dye adsorption is closely related to the dye structure. Hence,
the kinds of removal mechanisms adopted might sometimes outbalance the predicted mechanism
i.e. electrostatic attraction between protonated amino groups of chitosan beads and anionic
dye molecules. The present study has successfully revealed the behaviour of different types of
anionic dyes and their dependence on the respective adsorption mechanism that corresponds to
their chemical structure. The pseudo-second-order kinetic model successfully fits the adsorption
behaviour of the three anionic dyes at different pH values, which indicates that the overall dye
removal processes are chemisorption-controlled. The temperature effect on RY25 and AB25 is not
significant. However, the adsorption of DR80 shows a higher rate with an increase in temperature
which is probably due to the diffusion capability of the long-chain branched structure of the dye
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molecules. The incorporation of a hardening agent, i.e. 0.5 wt% glutaraldehyde, affects the
adsorption capacity of DR80 in a drastic manner. On the contrary, maximum enhancement in
the adsorption capacities of RY80 and AB25 is due to an increase in the total surface area for
dye adsorption. Encapsulation of L. casei into the chitosan beads encourages the adsorption of
DRS80 and AB25 while depressing the removal of RY25. The entrapment of bacteria strain into
crosslinked chitosan beads showed different degree of affinity towards different dye classes. The
Freundlich isotherm model agrees very well with the equilibrium adsorption data at different
initial concentrations of the three anionic dyes.
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