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ABSTRACT
The degradation of o-cresol using immobilised acclimated biomass in PVA-alginate hydrogel and cryogel beads was
investigated. The results show that the PVA-hydrogel-immobilised biomass achieved better o-cresol removal efficiency than
the PVA-cryogel-immobilised biomass. However, the cryogel beads showed better bead stability and reusability. Based on
o-cresol removal, the optimum dry biomass density in the cryogel beads of 3–4 mm diameter was found to be 0.02 g∙cm-3.
An enhancement in the performance of PVA-cryogel-immobilised biomass for o-cresol removal was observed when 0.5%
(w/v) powdered activated carbon (PAC) was added into the polymeric matrix. In the reusability and stability test, the cryogel
beads containing biomass augmented by PAC were able to sustain 9 cycles of use with a removal efficiency of over 82% per
cycle, when treating 300 mg∙ℓ-1 of o-cresol, without much biomass leakage being detected.
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INTRODUCTION
The biological treatment of phenolic compounds has always
made use of suspended biomass systems (Murialdo et al., 2001;
Papadimitriou et al., 2009; Durruty et al., 2011; Leong et al., 2011;
Lim et al., 2013a; Lim et al., 2013b). However, the common disadvantages associated with the use of this kind of system include a
large reactor size requirement to obtain higher biomass amounts,
and the occurrence of a biomass settling problem. In order to
overcome these problems, the immobilised biomass system has
been introduced and is gaining popularity in various wastewater
treatment processes (Ratusznei et al., 2000; González et al., 2001;
Chen et al., 2002; Kariminiaae et al., 2003; Kuo and Shu, 2004).
This system can not only sustain high biomass concentrations
but is also able to reduce the bulking effect, as the biomass is
entrapped in the polymeric matrices (Petruccioli et al., 2000; Lee
et al., 2004; Chen et al., 2005). In addition, the biomass is well
insulated from the adverse effect of the presence of hazardous
materials and it is also possible to separate and recycle the immobilised biomass after wastewater treatment (Akay et al., 2002).
In general, the common techniques for immobilisation of
biomass in a polyvinyl alcohol (PVA) matrix are the boric acid
and freeze-thaw methods. The boric acid method has been
widely used and is considered to be the simplest and most
economical method (Chang and Tseng, 1998). In the conventional approach, a PVA matrix is extruded as droplets through
a needle into saturated boric acid solution and spherical PVA
beads are formed by cross-linking of the hydroxyl groups of
PVA with borate ions (de Queiroz et al., 2006; Idris et al., 2008).
Beads formed using this method are considered as hydrogels in
which water is the dispersion medium. It has been reported that
800 mg∙ℓ-1 o-cresol could be completely removed by acclimated
biomass immobilised in PVA hydrogel beads (Toh et al., 2013).
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The other immobilisation technique involves PVA cryogels
which are prepared by physical cross-linking through the freezing/thawing method (Lozinsky and Plieva, 1998). PVA cryogels
have interconnected macropores, thus allowing unhindered
diffusion and mass transport of solutes, nano- and even microparticles (Lozinsky et al., 2003). The unique structure of cryogels, in combination with their osmotic, chemical and mechanical stabilities, makes them suitable in the field of wastewater
treatment. Furukawa et al. (2009) used the PVA-freezing technique at −20oC to immobilise marine nitrifying sludge, while
Vanotti and Hunt (2000) applied the PVA-freezing technique at
−4oC to immobilise swine wastewater nitrifying sludge. Magrí
et al. (2012) immobilised anammox bacteria in PVA cryogels
and obtained 95% ammonium removal efficiency. They also
found that these cryogels were resilient to high nitrite concentrations (244–270 mg∙ℓ-1 N).
According to previous published findings, both boric acid
and freeze-thaw methods have been applied in wastewater
treatment and good results were obtained using these methods.
However, comparative studies of these two methods for treating phenolic compounds are generally lacking. Therefore, the
objectives of this study were: (i) to evaluate the performance
of PVA-cryogel-immobilised and PVA-hydrogel-immobilised
acclimated biomasses in the removal of o-cresol, and (ii)
to enhance the reusability and efficiency of PVA-cryogelimmobilised biomass by adding powdered activated carbon
(PAC). Activated carbon (AC) is generally an effective adsorbent which could adsorb numerous bio-resistant organic compounds, including o-cresol, from the aqueous system (Weber
and Morris, 1963; Faust and Aly, 1987; Cecen and Aktas, 2000).

EXPERIMENTAL
Chemicals
PVA (average MW of 89 000 – 98 000) with hydrolysed percentage > 99% from Sigma-Aldrich was used for the synthesis of hydrogel and cryogel beads. The PAC (MALBON S4),
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a steam-activated wood-based carbon purchased from the
Century Chemical Works, Malaysia, was dried in the oven at
103–105°C for at least 2 h and kept in the desiccator before use.
Culturing of o-cresol acclimated biomass
Culturing of mixed culture acclimated to 500 mg∙ℓ-1 of o-cresol
is described in detail for an earlier study (See et al., 2013). This
was carried out in a sequencing batch reactor (SBR) with a
working volume of 4 ℓ. As the timer used to control the SBR
phases required 24 h to complete 1 sequence, a 24-h cycle of
SBR operation was adopted following the periods of ‘fill’ 0.5 h;
‘react’ 8 h; ‘settle’ 1 h; ‘draw’ 0.5 h and ‘idle’ 14 h. The mixed
liquor from the SBR was used to blend with the polymeric
matrix forming spherical immobilised biomass beads as
described in the following section.
Preparation of immobilised biomass in hydrogel and
cryogel beads
The mixed liquor suspended solids (MLSS) concentration
in the SBR was first determined to estimate the amount of
biomass per unit volume of mixed liquor. A certain volume of
mixed liquor from the SBR was then collected and centrifuged
to recover 2 g of biomass which was then blended with the
polymeric matrix with pre-dissolved 7.5 g PVA and 2 g alginate to constitute 100 mℓ of mixture. The biomass-containing
polymeric mixture was subsequently extruded into 200 mℓ
gelating solution using a peristaltic pump through a thin
borosilicate glass dropper, yielding spherical PVA beads of
3–4 mm (average of 3.61 mm) in diameter, measured using a
light microscope image. In the preparation of hydrogel beads,
the gelating solution contained saturated boric acid and 1.0%
(w/v) of CaCl 2. The formed hydrogel beads were then gently
stirred for 2 h in the gelating solution for solidification and
subsequently washed with tap water under aerated condition, using an aeration pump, until the foaming produced by
unpolymerised PVA stopped. In the preparation of cryogel
beads, the gelating solution contained 1.0% (w/v) of CaCl 2
only. The formed beads were transferred into a pan and frozen
at −8 ± 2°C for 18 h. Subsequently, they were slowly thawed
at 2 ± 2°C for 6 h. The freezing and thawing process was
repeated twice in order to improve the mechanical strength
of the cryogel beads (Al-Zuhair and El-Naas, 2011). The
cryogel beads were ready to be used after being washed,
with tap water under aerated condition using an aeration
pump, until the foaming produced by unpolymerised PVA
stopped. Thus, the density of dry biomass in the beads was
0.02 g∙cm-3.
Performances of PVA-cryogel-immobilised and PVAhydrogel-immobilised biomasses
The performances of immobilised biomass in hydrogel and
cryogel beads were compared in terms of bioactivity and
reusability by measuring the toxicant removal efficiency and
biomass leakage, respectively. The experiment was carried out
in two 500-mℓ batch reactors containing 50 mℓ of the respective immobilised beads and 450 mℓ of feed solutions with the
concentrations of o-cresol ranging from 100 to 400 mg∙ℓ-1.
The beads in each of the batch reactors were aerated using an
aeration pump to maintain the dissolved oxygen (DO) concentration above 4.0 mg∙ℓ-1. Samples were obtained from the
reactors at certain intervals for the determination of o-cresol
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concentration until the o-cresol concentration was not detected
in each batch reactor. For all of the cases, the time course data
were fitted to the pseudo-first-order kinetic model with the
logarithm form shown in Eq. (1):
ln Ct/Co = - ko-cresolt										(1)
where:
Co and Ct are the o-cresol concentrations initially and at
time t, respectively
ko-cresol is the pseudo-first-order rate constant
The values of ko-cresol were calculated from the slope of the plot of
ln Ct/Co versus t. The experiment was conducted in triplicate for
the estimation of standard error.
Determination of optimum dry biomass density in
cryogel beads
Five mixed liquor samples from the SBR containing biomass
amounts of 0.5, 1.0, 1.5, 1.8 and 2.0 g were collected to prepare the cryogel beads as described above, to obtain beads of
3–4 mm (average 3.61 mm) diameter containing dry biomass
density of 0.005, 0.01, 0.015, 0.018 and 0.02 g∙cm-3, respectively.
To each of the beakers filled with 450 mℓ of feed solution
containing 200 mg∙ℓ-1 of o-cresol was added 50 mℓ of each type
of cryogel bead. The optimum dry biomass density was chosen
based on the amount of biomass in the beads which yielded the
fastest rate of o-cresol removal characterised by the value of kocalculated using Eq. (1). These experiments were conducted
cresol
in triplicate for the estimation of standard error.
Performances of suspended biomass and PVA-cryogelimmobilised biomass in o-cresol removal
The cryogel beads of dry biomass density of 0.02 g∙cm-3 were
used in this experiment. Degradation of o-cresol (initial concentration ranging from 300 to 500 mg∙ℓ-1) by immobilised
biomass in 50 mℓ of cryogel beads and 0.1 g of suspended biomass in 50 mℓ of mixed liquor, in two batch reactors containing
450 mℓ of feed solution, was investigated. The o-cresol concentrations were monitored at frequent intervals once aeration
was started. The experiment was conducted in triplicate for the
estimation of standard error.
Performance of immobilised biomass and PAC in cryogel
beads in o-cresol removal
The preparation of cryogel beads with optimum dry biomass
density and 0.5% (w/v) PAC was carried out following the
same procedure as described above (Preparation of immobilised biomass in hydrogel and cryogel beads). The synthesised
cryogel beads were used to study the degradation of o-cresol in
batch reactors containing feed solutions with concentrations
of o-cresol ranging from 300 to 500 mg∙ℓ-1. The concentrations
of o-cresol in the batch reactors were determined at frequent
intervals once aeration was started and until o-cresol was completely removed in each batch reactor. These experiments were
conducted in triplicate for the estimation of standard error.
For comparison with the removal of o-cresol solely via
biodegradation, the cryogel beads were synthesised without the
addition of PAC. The degradation of o-cresol at the concentration range of 300 to 500 mg∙ℓ-1 in the batch reactors was then
studied.
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Figure 1
The pseudo-first-order rate constants of o-cresol removal (ko-cresol)
for PVA-cryogel-immobilised and PVA-hydrogel-immobilised
biomasses at various initial o-cresol concentrations

Analytical methods
The o-cresol concentration was determined at a λ max of
500 nm using a UV-Vis spectrophotometer (Thermo
Spectronic Heλ10Sα) based on the 4-aminoantipyrine method
as described in Standard Methods (APHA, 1998). The MLSS
concentration was determined by drying the residue obtained
from filtering the mixed liquor to a constant weight at 103–
105°C (APHA, 1998). The DO concentration was measured
using a DO meter (YSI 550A). The diameter of the spherical
PVA bead was determined from the image captured by light
microscopy. The analySIS Image Processing (cell^A) program
was used to interpret the image and the diameter was calculated after considering the power of magnification. The average diameter of spherical PVA was later determined from at
least three readings obtained from the program.

RESULTS AND DISCUSSION
Comparison of the performances of PVA-cryogelimmobilised and PVA-hydrogel-immobilised biomasses
Both types of immobilised beads were used in kinetic studies on
the removal of o-cresol to generate the time course of o-cresol
concentration. For all of the cases, the time course data gave a
good fit to the pseudo-first-order kinetic model. The calculated
ko-cresol using the PVA-cryogel-immobilised and PVA-hydrogelimmobilised biomasses at various initial o-cresol concentrations
are shown in Fig. 1. It was observed that the rate constants of
o-cresol removal using the PVA-hydrogel-immobilised biomass
were consistently greater than those using the PVA-cryogelimmobilised biomass, for all of the studied concentrations, thus
reflecting the relative bioactivity of the biomass encapsulated
under the two methods. In the case of cryogel beads, the activity
of biomass encapsulated was affected by the process of multiple
freeze-thawing, resulting in the lower bioactivity of immobilised
biomass as compared with that of the biomass in hydrogel beads.
On the other hand, with respect to reusability, cryogel
beads were found to be superior to hydrogel beads in terms
of biomass leakage, as shown in Fig. 2. Figure 2a shows that,
at the initial concentration of 100 mg∙ℓ-1 o-cresol, the cryogel
beads were able to withstand up to 15 cycles (180 h) of use with
aeration, accompanied by only relatively small increases in biomass leakage (from 12 to 15 mg∙ℓ-1). This good performance was
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Figure 2
Reusability of (a) cryogel beads and (b) hydrogel beads at
initial o-cresol concentrations of 100 and 200 mg.ℓ-1

sustained when the initial o-cresol concentration was increased
to 200 mg∙ℓ-1 (Fig. 2a). This was due to the fact that the freezing
and thawing process forms a system of interconnected pores in
the polymeric material, which is a non-brittle gel material and
exhibits little abrasive erosion under intense stirring conditions
(Zain et al., 2011). In contrast, at the initial o-cresol concentration of 100 mg∙ℓ-1, 129 mg∙ℓ-1 of biomass was detected after only
8 h of aeration for hydrogel beads and the biomass leakage
was even higher when the initial o-cresol concentration was
increased to 200 mg∙ℓ-1. The greater amount of biomass leakage could be explained by the labile polar covalent interactions
formed between the borate ions and the alcohol groups of PVA
by cross-linking. These interactions are constantly and rapidly
breaking and reforming, resulting in the unusual intermediate
solid and liquid properties which cause the beads to be easily
dissolved in water (Zain et al., 2011).
Determination of optimum dry biomass density in cryogel
beads
The optimum dry biomass density for the preparation of the
cryogel beads was determined based on the amount of biomass
in the beads which completely removed o-cresol within the
shortest period. The results of the batch o-cresol degradation
experiments using cryogel beads with different dry biomass densities showed that the synthesised cryogel beads with dry biomass
density of 0.02 g∙cm-3 required the shortest time (480 min) for the
complete removal of 200 mg∙ℓ-1 o-cresol, as compared with the
others. Figure 3 shows the calculated rate constant values based
on the pseudo-first-order kinetic model for cryogel beads of
dry biomass density varying from 0.005 to 0.02 g∙cm-3. It was
observed that the fastest rate of toxicant removal was achieved
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Figure 3
The pseudo-first-order rate constants (ko-cresol) of o-cresol removal at
different dry biomass density in cryogel beads

Figure 5
The pseudo-first-order rate constants of o-cresol removal (ko-cresol)
using immobilised PAC and biomass (PACB) and immobilised
biomass alone (B) in cryogel beads

beads of 0.02 g∙cm-3 dry biomass density and 0.1 g of suspended
biomass, are shown in Figs 4a and b, respectively. It was observed
that both the immobilised and suspended biomasses achieved
almost the same removal efficiency at the initial o-cresol concentration of 300 mg∙ℓ-1. However, the ability of suspended biomass
to remove o-cresol decreased drastically as compared with the
immobilised biomass when the initial o-cresol concentration was
increased to 400 mg∙ℓ-1. At this concentration, the immobilised
biomass was still able to achieve 100% removal of o-cresol after a
reaction time of about 720 min, whereas the suspended biomass
could only remove up to 45% of the toxicant within the same
period. This observation indicates that the immobilised biomass
was better protected from the inhibitory effect exerted by higher
concentration of o-cresol than the suspended biomass, due to the
dilution of o-cresol while penetrating the polymer gel without
direct contact with the biomass (Zhou and Fang, 1997).
Enhancement of o-cresol removal and reusability using
immobilised biomass supplemented by PAC in cryogel
beads

Figure 4
Time courses of o-cresol removal at different initial o-cresol
concentrations in 500 mℓ of solution using (a) 50 mℓ of cryogel beads
of 0.02 g∙cm-3 dry biomass density and (b) 0.1 g of suspended biomass

when the dry biomass density was 0.02 g∙cm-3. However, when
the dry biomass density exceeded 0.02 g∙cm-3, it was found
that beads of larger size (4–5 mm diameter) were formed. As
beads with larger diameter would encounter more diffusion
restrictions due to lower surface area/volume ratios (Nunes et
al., 2010), 0.02 g∙cm-3 was selected as the optimum dry biomass
density for the preparation of cryogel beads.
Comparison between the performances of suspended
and PVA-cryogel-immobilised biomasses for o-cresol
removal
The time courses of o-cresol concentration at different initial
o-cresol concentrations, in the presence of 50 mℓ of cryogel
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The removal of o-cresol was investigated using both types of
cryogel beads (containing dry biomass density of 0.02 g∙cm-3),
one with immobilised biomass only and the other with immobilised biomass supplemented by PAC for the initial concentrations of o-cresol from 300 to 500 mg∙ℓ-1. The time course
data for o-cresol removal were fitted to the pseudo-first-order
kinetic model; the pseudo-first-order rate constants for o-cresol
removal (ko-cresol), obtained from both batch reactors at different initial o-cresol concentrations, are shown in Fig. 5. It was
observed that although the rate constant values of o-cresol
removal in both systems decreased rapidly with the increase
in initial o-cresol concentration from 300 to 500 mg∙ℓ-1, faster
removal of o-cresol was achieved by the system using immobilised biomass supplemented by PAC for all of the different initial concentrations of o-cresol studied. This could be explained
by the initial adsorption of o-cresol by PAC, which lowered
the o-cresol concentration, thus reducing the inhibitory effect
exerted by the toxicant.
The reusabilities of cryogel beads with immobilised biomass only, and with immobilised biomass supplemented by
PAC, in terms of percentage o-cresol removal with number
of cycles of use, for initial o-cresol concentrations of 300 and
400 mg∙ℓ-1, are shown in Fig. 6. It was observed that, at initial o-cresol concentration of 300 mg∙ℓ-1, the cryogel beads
with immobilised biomass supplemented by PAC were able
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Figure 6
The reusability of cryogel beads containing PAC and biomass
(♦ and ▄) and biomass only (◊ and □)

to achieve almost 100% o-cresol removal for up to 5 cycles of
use, and still maintained 82% removal efficiency after 9 cycles
of use. In addition, negligible biomass leakage was observed
after the experiment (data not shown). In contrast, the o-cresol
removal efficiency deteriorated rapidly after only 3 cycles of use
when cryogel beads with biomass only were used. This indicates
that the presence of PAC had strengthened the stability of the
beads resulting in minimal biomass leakage. However, at an
initial o-cresol concentration of 400 mg∙ℓ-1, the o-cresol removal
efficiency decreased rapidly after only one cycle of use for both
systems, though the rate of decrease was much faster for the
system using cryogel beads with biomass only. The progressive
decrease in o-cresol removal efficiency with increasing number
of cycles of use could be explained by the increase in bead size
due to the growth of biomass during the recycling process. The
increase in initial o-cresol concentration would lead to more biomass growth, resulting in earlier bead size increase and eventual
disintegration of the beads. These results thus clearly illustrate
the role of PAC in maintaining the integrity of the beads.

CONCLUSIONS
The PVA-hydrogel-immobilised biomass showed better
o-cresol removal efficiency as compared to the PVA-cryogelimmobilised biomass, but the cryogel beads were preferred
in terms of bead stability and reusability. The optimum dry
biomass density in the beads was found to be 0.02 g∙cm-3. The
immobilised biomass in cryogel beads yielded higher o-cresol
removal efficiency than the suspended biomass at higher initial
o-cresol concentration, due to the mitigation effect by the PVAalginate matrix. The immobilised biomass augmented by PAC
in cryogel beads was found to improve the o-cresol removal
efficiency as well as the stability and reusability of the beads.
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