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ABSTRACT: In this study, carboxymethyl sago pulp (CMSP) derived from sago waste was successfully crosslinked with ferric ions in the
presence of chitosan forming a novel immobilization matrix for p-nitrophenol (PNP)-acclimated activated sludge. On the basis of the
shortest biodegradation time of PNP, the optimized operational conditions of immobilization were found to be: 7 w/v% CMSP, 9 g L−1

of activated sludge, 0.1 M ferric ion, and 15 min of crosslinking time. Observable inhibited PNP biodegradation was exhibited by the
suspended activated sludge at the initial PNP concentration of 400 mg L−1. In contrast, complete mineralization was achieved by the
CMSP/chitosan-immobilized activated sludge (CMSP/Ch-AS) beads. The results revealed the important role of CMSP/Ch hydrogel in
protecting activated sludge from the toxicity of PNP. The CMSP/Ch-AS beads could be reused consecutively up to three and two cycles,
respectively, for the biodegradation of PNP at 200 and 400 mg L−1, with the attainment of more than 99% of PNP removal at each
cycle. © 2019 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2019, 136, 47531.
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INTRODUCTION

Wastewater containing phenolic compounds from industrial sec-
tors such as pharmaceuticals and petrochemical industries is a
worldwide concern as these phenolic compounds pose a health
hazard to humans and the environment due to their toxicity, car-
cinogenicity, and high bioaccumulation rate.1 The phenolic com-
pounds such as p-nitrophenol (PNP) have been listed as priority
pollutants by United States environmental protection agency and
the concentration of PNP in the natural water bodies is restricted
to below 10 ng L−1.2 Thus, it is essential to treat these wastewa-
ters properly prior to discharge them into receiving water.

With regard to the removal of phenolic compounds, biological
treatment method using activated sludge is usually of preference
compared to conventional physicochemical treatment methods
due to its relatively low cost with the attainment of complete
mineralization.3,4 Nonetheless, the conventional activated sludge
process experiences several drawbacks including large reactor vol-
ume, low biomass concentration, production of excess sludge and
washout, substrate inhibition on microbial activities at high con-
centrations of toxic pollutants as well as difficulty in solid–liquid
separation.3,5,6 These problems can be minimized by using the
immobilization system in addition to achieving a more easily
controlled and efficient operation.7

Four main methods of immobilization, namely, adsorption, surface
binding, entrapment, and encapsulation have been discussed by
Dzionek et al.8 Among these methods, entrapments of microorgan-
isms using polymeric materials are widely used in the biological
treatment system. A feasible polymeric material used as entrapment
medium should be nontoxic to microorganisms, possess porous
structure to facilitate the diffusion of substrates and products but
prevents the leaking of cells and exhibits high mechanical stability.
Various natural and synthetic organic polymers such as к-carra-
geenan, alginate, chitosan, poly(vinyl alcohol), poly(ethylene glycol),
and polyacrylamide3,7,9–14 have been successfully used to immobilize
microbes. However, information on the optimization of immobiliza-
tion conditions is relatively limited.

In the present study, sago waste was used as the precursor to devel-
oping carboxymethyl sago pulp chitosan (CMSP/Ch) hydrogel beads
and used as immobilization medium to entrap PNP-acclimated acti-
vated sludge for the biodegradation of PNP. Abundant of sago waste
was produced as a by-product from sago flour production in Malay-
sia and the amount is increasing due to the high demand of sago
flour.15 The sago waste was reported to be disposed into the river,
and it would be a wastage of valuable raw material.16 Besides, the
disposal of sago waste also results in environmental issues such as
oxygen depletion caused by the degradation of sago waste. Therefore,
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utilization of the sago waste as the starting material in forming poly-
mers is of interest as they are inexpensive and biocompatible. Sago
pulp could be extracted from sago waste and be converted to anionic
CMSP through etherification of the hydroxyl group. 17 The CMSP
could be crosslinked forming polymer network that is suitable as
immobilization matrix. CMSP hydrogel beads have been exploited
extensively as carriers in different drug delivery systems.17–20 In our
previous study with regard to the application of CMSP in wastewater
treatment,15 CMSP produced from sago waste has successfully
immobilized powdered activated carbon (PAC) and the CMSP-PAC
beads formed were used to remove methylene blue from aqueous
solutions. Nonetheless, the investigation on the feasibility of using
CMSP in immobilizing viable biomass is lacking.

During our attempt to immobilize the activated sludge into CMSP
hydrogel beads, it was noted that the beads formed were not stable
enough to be employed for a complete cycle of biodegradation
process (data not shown). Therefore, in order to strengthen the
structure of the hydrogel beads, chitosan (Ch) was added during
the immobilization process. Chitosan, a cationic polysaccharide
derived from chitin, is one of the widely used polymer in the
immobilization due to its nontoxicity and biocompatibility proper-
ties.10 It was reported that the addition of chitosan resulted in the
formation of a coating at the hydrogel bead surface and thus
enhanced its mechanical strength.10,21

In view of the above observations, the objectives of this study
are to: (1) develop CMSP/chitosan-immobilized activated
sludge (CMSP/Ch-AS) beads used for PNP biodegradation,
(2) determine the optimized operational conditions for the
formation of CMSP/Ch-AS beads, and (3) access the reusabil-
ity of CMSP/Ch-AS beads in degrading PNP.

MATERIALS AND METHODS

Culturing of PNP-Acclimated Activated Sludge
PNP-acclimated activated sludge was cultured using sequencing
batch reactor (SBR) with the 24-h operation mode of FILL:
REACT:SETTLE:DRAW:IDLE (cycle time ratio of 1:12:2:0.5:8.5).
The seed of the activated sludge was collected from a local munici-
pal sewage treatment plant at Batu Ferringhi, Penang, Malaysia
and acclimated to base mix containing (in mg L−1): bacto-peptone
(188), sucrose (563), (NH4)2SO4 (212), K2HPO4 (180), KH2PO4

(32), MgSO4 (49), CaCl2 (40), FeCl3 (18.8), and NaHCO3 (354).
After the attainment of steady state, bacto-peptone and sucrose
were gradually replaced with PNP as the sole carbon source. The
final acclimation PNP concentration was 200 mg L−1. The sludge
retention time was controlled at 20 days by drawing 250 mL of
mixed liquor at the end of REACT period daily. Upon attaining a
steady state, the PNP-acclimated activated sludge was used for the
preparation of CMSP/Ch-AS beads.

Optimization of Immobilization
Preparation of CMSP. The CMSP was prepared from sago waste
following the procedure described in Thenapakiam et al.18 In this
study, the CMSP with an average degree of substitution (DS) of
0.8 was chosen due to its lower swelling capacity and thus a more
stable gelled structure could be obtained. To produce CMSP with
DS 0.8, briefly, ~20 g of sago waste was suspended in 640 mL of
hot distilled water in a 1000-mL Schott bottle. Subsequently, a

total of 4 mL of glacial acetic acid and 6 g of sodium chlorite
were added and the mixture was heated to 70 �C for 3 h. The
product was then filtered and washed with 2 L of cold distilled
water. The white residue, which was the sago pulp, was then
dried in an oven at 60 �C.

During carboxymethylation process, a total of 5 g of sago pulp was
added into 100 mL of isopropanol, followed by the gradual addi-
tion of 10 mL of 30 w/v% sodium hydroxide and the mixture was
agitated for an hour at 160 rpm. The agitation was continued at
45 �C for 3 h after the addition of 6.0 g of sodium monochloroace-
tate. The slurry was then filtered and the residue was suspended in
300 mL of methanol overnight. The next day, the slurry was neu-
tralized with glacial acetic acid, followed by filtration and washing
with 150 mL ethanol to remove undesirable residue. The final
product (CMSP) was dried at 60 �C to constant weight.

Preparation of CMSP/Chitosan-Immobilized Activated Sludge
(CMSP/Ch-AS) Beads. The PNP-acclimated activated sludge
obtained from the SBR was subjected to centrifugation at 3000 rpm
for 20 min. The supernatant was discarded and the activated sludge
was washed again with 0.9 w/v% NaCl for rehydration and subjected
to centrifugation at 3000 rpm for 20 min. Subsequently, the acti-
vated sludge was resuspended in distilled water to reach the required
concentration for immobilization.

The optimization of immobilization process was carried out
using one-factor experiment. The lower and upper limits of
each factor were determined based on preliminary studies
(data not shown), in which (1) the final solution produced is
not too viscous to be extruded out from the needle attached to
a syringe, and (2) the hydrogel formed is not of tear-shape.
On this basis, the conditions decided for the immobilization
of PNP-acclimated activated sludge were: CMSP concentration
(6–10 wt %), Fe3+ concentration (0.05–0.4 M), crosslinking time
(15–60 min), activated sludge concentration (5–10 g L−1), and
bead size (3–5 mm). Figure 1 shows the schematic diagram of the
experimental setup for the immobilization process of activated
sludge into CMSP/Ch hydrogel beads. The CMSP was dissolved
in deionized water and its pH was adjusted to pH 7.4 � 0.2,
followed by the addition of predetermined concentration of

Figure 1. The schematic diagram of the experimental set-up for the formation
of CMSP/Ch-AS beads. [Color figure can be viewed at wileyonlinelibrary.com]
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activated sludge. Subsequently, the 50-mL CMSP-AS mixture
was mixed with 3 mL of 3% glutaraldehyde and then added
dropwise using a needle attached to a 3-mL syringe into a solution
containing 50 mL Fe3+ and 50 mL of 0.4 w/v% chitosan (with
molecular weight of 600 kDa). The mixture was stirred for a pre-
determined time for crosslinking. The bead size was governed by
the needle size. After CMSP/Ch-AS beads formation was com-
pleted, the mixture was filtered and the collected beads were
washed using 0.01 M phosphate buffer once and followed by dis-
tilled water for several times. The beads were temporarily stored at
4 �C in distilled water for not more than 1 day.

The optimized variables were determined based on the short-
est duration in achieving complete biodegradation of PNP.
The CMSP/Ch-AS beads prepared under different conditions
were introduced into reaction flasks containing 25 mg L−1

PNP and nutrients. The time course of residual concentration

of PNP in the bulk solution was monitored until PNP was
completely degraded.

Characterization
The beads sizes were measured using image analyzer software
(SigmaScan Pro 5, SPSS Inc.). The diameters of 30 beads were
determined and expressed in terms of mean.

The functional groups of CMSP, chitosan, and CMSP/Ch hydrogel
bead were characterized with a Fourier transform infrared (FTIR)
spectrophotometer (Varian 640-IR, Joannesburg, South Africa) in
the range of 4000–500 cm−1. The samples were oven-dried over-
night to remove excess moisture before being ground using a mortar
and pestle.

The morphology of activated sludge was analyzed using a scan-
ning electron microscope (S3400N, Hitachi, Tokyo, Japan).
About 1 mL of activated sludge was air dried. The sample was

Figure 2. The FTIR spectra of (a) CMSP, (b) chitosan, and (c) CMSP/Ch hydrogel bead. [Color figure can be viewed at wileyonlinelibrary.com]
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then fixed with 3% glutaraldehyde for 30 min and rinsed with a
phosphate buffer solution. The fixed sample was frozen using
liquid nitrogen and subjected to 16-h freeze drying. Finally, the
sample was sputter-coated with platinum prior to SEM
observation.

The surface and cross section of the empty CMSP/Ch hydrogel
bead and CMSP/Ch-AS bead were examined using a field emis-
sion scanning electron microscope (SU-8010, Hitachi, Tokyo,
Japan) equipped with an energy-dispersive X-ray (Oxford-Horiba
Inca XMax50, High Wycombe, England) at the acceleration volt-
age of 20 kV. The beads were sectioned to produce 1.0 mm thick

pieces. Both intact and cross-sectioned beads were frozen at
−80 �C for 1 h and freeze-dried subsequently for 6 h.

Comparative Biodegradation of PNP by Suspended and
Immobilized Activated Sludge
The study of biodegradation of PNP at different initial concentra-
tion was carried out in batch mode. A total of 250 mL mixture
containing PNP (200 or 400 mg L−1) and nutrients (composition
as described in the previous section of Culturing of PNP-
Acclimated Activated Sludge) was prepared and CMSP/Ch-AS
beads (consisted of 400 mg of dried weight of PNP-acclimated

Figure 3. FESEM images of (a) surface of CMSP/Ch hydrogel bead and (b) cross section of CMSP/Ch hydrogel bead; (c) nitrogen element mapping for
crosslinked CMSP/Ch hydrogel bead; SEM images of (d) and (e) suspended PNP-acclimated activated sludge; (f) image of the 3.94 � 0.04 mm-CMSP/Ch-
AS beads; FESEM images of (g) and (h) CMSP/Ch-AS bead after PNP biodegradation. [Color figure can be viewed at wileyonlinelibrary.com]
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activated sludge) were introduced into the reaction flask. The
sampling was conducted at appropriate time intervals for
the determination of residual PNP in the bulk solution until the
attainment of complete biodegradation. The PNP concentration
was determined spectrophotometrically using UV–Vis spectro-
photometer (Shimadzu UV-1800, Kyoto, Japan) at λmax of
400 nm.22 At the end of biodegradation, chemical oxygen
demand (COD) was determined using a COD Vario Photometer
(Tintometer, GmbH, Germany) to ascertain the attainment of
mineralization. For comparison, the experiment was repeated
using suspended activated sludge at the same dried weight.
From the preliminary experiments (results not shown), the PNP
removal via vitalization and adsorption was negligible. All the
experiments were carried out three times and the mean values
were reported.

Reusability of CMSP/Ch-Immobilized Activated Sludge Beads
The investigation on the reusability of the CMSP/Ch-AS beads
was conducted using different initial concentration of PNP at
200 and 400 mg L−1, respectively. The biodegradation of PNP
was repeated using the same batch of CMSP/Ch-AS beads until
noticeable disintegration of beads or leaching of activated sludge
from the beads was observed. At the end of each biodegradation
cycle, the CMSP/Ch-AS beads were obtained by filtration and
washed with distilled water before they were used for the next
cycle of biodegradation.

Statistical Analyses
Statistical analyses were performed using SPSS version 21. All
results are expressed in mean values. Parameters were compared
using one-way analysis of variance (ANOVA) with subgroup
analyses using pairwise multiple comparison procedures (Tukey
test) for multiple testing. The p-value of <0.05 was considered as
statistically significant. All assays were conducted in at least trip-
licate and repeated in three separate experiments.

RESULTS AND DISCUSSION

Characterization
FTIR Analyses. Figure 2 shows the FTIR spectra for CMSP, chito-
san, and CMSP/Ch hydrogel beads crosslinked with ferric ion. The
characteristic peaks (in cm−1) obtained for raw CMSP are: 3428
(stretching vibrations of OH groups), 2928 (stretching vibration
of C H), 1587 (stretching vibration of COO−), and 1326 (bending
vibration of OH).23 Whereas for chitosan, the peaks obtained
are: 3551 (stretching vibrations of the OH and NH groups),
2878 (C H stretching), 1647 (amide II band N H bending and
C O carbonyl stretching of acetyl group), 1567 (stretching vibra-
tion of amine group), 1381 (C N stretching or O H bonding),
and 1072 (alcoholic C O and C N stretching).24

After crosslinking with ferric ion, the carbonyl group was found
to shift to a higher wavenumber, from about 1647 (spectrum 2
(b)) to 1700 cm−1 (spectrum 2(c)). Comparing spectra 2(a) and
(c), the intensity reductions observed for peaks at 3428 and
1587 cm−1, implied that the hydroxyl and carboxyl groups were
involved in the binding of ferric through coordination and elec-
trostatic interactions.25 The existence of 1567 cm−1 peak signi-
fied the formation of polyelectrolyte complex due to the

electrostatic interaction between the carboxyl of CMSP and
amine of chitosan.26

Morphology and Elemental Studies
Figure 3(a) shows the porous and smooth surface of a Fe-
crosslinked empty CMSP/Ch hydrogel bead. The cross section of a
CMSP/Ch hydrogel bead is shown in Figure 3(b), and random-
sized and irregular shapes of pores can be seen. Based on the pre-
liminary study (data not shown), the formation of stable hydrogel
beads by crosslinking CMSP of DS 0.8 with ferric ions was unsuc-
cessful in the absence of chitosan. The stabilization of the architec-
ture of the beads was achieved with the addition of chitosan
during the gelation process. Figure 3(c) shows the FESEM-EDX
nitrogen element mapping in a CMSP/Ch hydrogel bead that
reveals the distribution of nitrogen (which was originated from
chitosan) in the bead. Owing to the high molecular weight of the
chitosan used, it was observed that the chitosan mainly reacted
with the CMSP at the outer most of the bead, forming a layer of
coating on the bead surface. The role of chitosan in improving the
stability was also reported by Lee et al.,21 in which high-molecular-
weight chitosan formed a coating on the alginate microparticles.

Figure 3(d) shows the surface morphology of suspended PNP-
acclimated activated sludge. The aggregation of sludge cells and
extracellular polymeric substances was observed to form clump
of rough surface. The average size of the activated sludge was
found to be 979.35 � 105.18 nm [Figure 3(e)]. Figure 3(f ) shows
the image of 4-mm-CMSP/Ch-AS beads. The cross section of
CMSP/Ch-AS bead after one cycle of PNP biodegradation pro-
cess is presented in Figure 3(g,h). An observable gradient of pore
size was detected with larger pore size exhibited at the center of
the beads compared to the outer section [Figure 3(g)]. The smal-
ler pores at the outer section could be plausibly explained by the
presence of immobilized activated sludge which had covered
most of the pores. Also, the entrapped activated sludge can be
observed from the denser or darker surface compared to the cen-
ter of beads where activated sludge was relatively lesser. The
clumps of sludge which can be seen in Figure 3(h) (see arrow)
were found absent in empty CMSP/Ch hydrogel bead [Figure 3
(b)], indicating that the activated sludge was successfully immobi-
lized forming CMSP/Ch-AS beads.

The FESEM-EDX analyses (Table I) revealed that the inner and
outer of the empty beads contain iron. The inner section of the
beads has a higher amount of iron compared to the outer layer.

Table I. The Percentages of Elements in Empty CMSP/Ch Hydrogel Beads
under the EDX Analyses

Surface Element Weight %

Inner C 39.68

O 15.07

Fe 45.25

Outer C 46.54

O 35.63

Si 4.76

Fe 13.07
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This shows that the iron has been successfully crosslinked into
the matrices of CMSP/Ch hydrogel beads.

Optimization of Immobilization of PNP-Acclimated Activated
Sludge
The effects of concentrations of CMSP, PNP-acclimated acti-
vated sludge, crosslinker as well as crosslinking time and bead
size on the biodegradation time of PNP are presented in
Figure 4. For the variable of CMSP concentration, the shortest
duration to achieve complete biodegradation was observed for
6 and 7 w/v% CMSP. At higher concentration of CMSP, the for-
mation of extensive bonding was promoted resulting in the
more compact matrix structure of beads. Consequently, diffu-
sion of PNP and oxygen into the beads was limited5 and thus a
longer time was required for complete PNP biodegradation. In
this study, aggregation was observed when 6 w/v% CMSP was
used. Considering the statistically insignificant difference of per-
formance for CMSP at 6 and 7 w/v%, 7 w/v% CMSP was cho-
sen as the optimum CMSP concentration and used for the
subsequent studies.

For the factor of concentration of activated sludge, the optimum
concentration was found to be 9 g L−1 with complete PNP degra-
dation achieved within 15.3 h. It was perceived that the effect of
the concentration of activated sludge on the biodegradation time
in the immobilized system was relatively less notable in compari-
son to that of the suspended system. There was no significant
decrease in the biodegradation time when the immobilized acti-
vated sludge concentration was increased from 6 to 10 g L−1. In
contrast, in the study of Sam and Ng1 on the phenol degradation
using suspended phenol-acclimated activated sludge, the com-
plete degradation was reported to reduce from 9 to 1 h when the
concentration activated sludge was increased by only 300 mg L−1,
from 100 to 400 mg L−1. This phenomenon could be explained
by the additional step of diffusion of substrates into the hydrogel
beads and thus the limitation of the accessible substrates to the
immobilized activated sludge.

Figure 4(c,d) shows the increasing biodegradation time with
increasing concentration of ferric ion and crosslinking time,
respectively. Similar to the effect of CMSP concentration, a
higher concentration of crosslinker and longer period of the
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crosslinking process resulted in excessive crosslinking in the
CMSP/Ch-AS beads and consequently less efficient diffusion of
PNP and oxygen into the beads. CMSP/Ch-AS beads were
found to be relatively more fragile when 0.05 M of ferric ion
was used, thus the optimum concentration was determined to
be 0.1 M ferric ion.

For the bead size, its influence could be associated with the sur-
face area. The biodegradation time was observed to be shorter
when smaller bead size was used. A similar trend was noted by
Lee et al.6 treating phenol using immobilized activated sludge.
Smaller bead size exhibited higher surface area and thus allowing
more diffusion of PNP and oxygen into the beads. The incidence
of diffusion restrictions when the bigger diameter of beads was
used has also been reported by See et al.3 For the bead size range
investigated in this study, beads with 3.0 mm in diameter were
determined to be the optimum condition.

Biodegradation of PNP by Suspended and Immobilized
Activated Sludge
The studies of biodegradation of PNP at different initial concen-
tration of 200 and 400 mg L−1 were carried out using suspended
and immobilized activated sludge (CMSP/Ch-AS beads), respec-
tively, and the respective time courses of residual PNP in the bulk
solution are exhibited in Figure 5. In this study, the activated sludge
was acclimated to 200 mg L−1 of PNP. When the same PNP con-
centration was used in the biodegradation study, both immobilized
and suspended activated sludge were able to completely degrade
PNP, in which mineralization was ascertained by the low COD
concentration of <50 mg L−1. Longer biodegradation time for
CMSP/Ch-AS beads was attributed to the additional diffusion
process prior to biodegradation.

Nonetheless, when the PNP concentration was doubled to
400 mg L−1, the toxicity effect of PNP on the biodegradation
ability of suspended activated sludge was revealed by the
nearly plateau PNP concentration within the experimental
period (Figure 5). In contrast, CMSP/Ch-AS beads showed the
capability of performing complete biodegradation of PNP
within 66 h. In comparison to the direct contact of suspended
activated sludge to the high PNP concentration, the immobi-
lized activated sludge was protected from the PNP toxicity due

to the diffusion gradient of toxic PNP into the beads. Banerjee
and Ghoshal12 reported a similar protection and therefore the
improved phenol tolerance and more efficient phenol biodeg-
radation by alginate-immobilized pure strains.

Reusability of CMSP/Ch-AS Beads
For reusability study, at the initial PNP concentration of 200 mg
L−1, it was found that the CMSP/Ch-AS beads could be reused
for three consecutive cycles of biodegradation without signifi-
cant deterioration in the biodegradation ability. PNP removal
efficiency of more than 99% was achieved at each cycle. How-
ever, at the fourth cycle, CMSP/Ch-AS beads breakage was
noticed. When the initial PNP concentration was increased to
400 mg L−1, the breakage was observed earlier, at the third cycle.
The disintegration of beads was caused by the excessive growth of
activated sludge within the beads under high supply of PNP. The
effect of initial substrate concentration on the reusability of immo-
bilized activated sludge beads was also reported by Toh et al.13 In
their study, the reusability of poly(vinyl alcohol) (PVA) hydrogel-
biomass treating o-cresol was found to reduce from three to two
cycles when the initial concentration of o-cresol was increased
from 100 to 400 mg L−1. From the reusability test, it can be con-
cluded that the CMSP/Ch hydrogel beads were feasible to be uti-
lized as the immobilization medium for activated sludge and the
biodegradation performance was comparable to that of conven-
tional widely used polymeric material such as PVA.

CONCLUSIONS

In the study, CMSP extracted from sago waste was successfully
used to immobilize PNP-acclimated activated sludge in the
presence of chitosan forming CMSP/Ch-AS beads. The chito-
san coating on the surface of the beads resulted in the
enhanced stability of the beads. In comparison to suspended
activated sludge, the CMSP/Ch-immobilized activated sludge
was protected by the polymeric matrix and the CMSP/Ch-AS
beads were able to mineralize PNP at the initial concentration
of 400 mg L−1, a concentration that was double of the acclima-
tion concentration. The optimized conditions in preparing
CMSP/Ch-AS beads for biodegradation of 25 mg L−1 PNP
were found to be 7 w/v% CMSP, 9 g L−1 of activated sludge,
and 0.1 M ferric ion with 15 min of crosslinking time. The
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Figure 5. Time courses of residual concentration during biodegradation of PNP by CMSP/Ch-AS beads and suspended activated sludge at initial concentra-
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reusability of CMSP/Ch-AS beads was observed to depend on the
initial concentration of PNP, reaching three and two cycles of
usage, respectively, in biodegrading 200 and 400 mg L−1 PNP.
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