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(PNP) were selected as the sorbates, whereas dried activated sludge and modified rice husk were selected
as the biosorbents. Equilibrium adsorption studies were conducted by varying the operational parameters
' such as initial pH, contact time and initial concentrations of 4CP, DCP and PNP. The equilibrium adsorption
data were fitted to the Langmuir, Freundlich, and Redlich-Peterson models to describe mathematically the
sorption equilibrium and to obtain the isotherm constants. Kinetic models were developed to fit the
experimental data obtained in the sorption kinetic studies involving different initial adsorbate concentrations
and at selected temperatures. The thermodynamic constants of the adsorption process, AG®, AH®, and AS°®,
were determined over the temperature range of 298-318 K.
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ABSTRACT
A kinetic model consisting of first-order desorption and biodegradation processes was developed to
describe the bioregeneration of phenol- and p-nitrophenol-loaded powdered activated carbon (PAC)
and pyrolyzed rice husk (PRH), respectively. Different dosages of PAC and PRH were loaded with phenol
or p-nitrophenol by contacting with the respective phenolic compound at various concentrations. The
kinetic model was used to fit the phenol or p-nitrophenol concentration data in the bulk solution during
the bioregeneration process to determine the rate constants of desorption, k4, and biodegradation, k. The
results showed that the kinetic model fitted relatively well (R? > 0.9) to the experimental data for the
phenol- and p-nitrophenol-loaded PAC as well as p-nitrophenol-loaded PRH. Comparison of the values
of ky and k shows that k is much greater than kg. This indicates clearly that the desorption process is
the rate-determining step in bioregeneration and kg can be used to characterize the rate of bioregenera-
tion. The trend of the variation of the k; values with the dosages of PAC or PRH used suggests that higher

rate of bioregeneration can be achieved under non-excess adsorbent dosage condition.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Bioregeneration is defined as the renewal of the adsorptive
capacity of the adsorbents through microbial action (Sublette
et al, 1982; de Jonge et al., 1996a). Desorption of the biodegradable
comipounds will lead to bioregeneration and a renewal of the
adsorption capacity of the adsorbent. In the literature, two differ-
ent mechanisms have been proposed to explain the bioregenera-
tion of the adsorbent. One of the mechanisms involves the
degradation of adsorbed substance occurring on the surface of
the adsorbent due to the microorganisms’ exoenzymatic reaction
(Perrotti and Rodman, 1974). According to this hypothesis, exoen-
zymes excreted by the microorganism diffuse into the pores of the
adsorbent and react with the sorbed substrate. The adsorption sites
are renewed when the microbial products desorb to the bulk liquid
due to wealker adsorbability. Xiaojian et al. (1991), however, con-
tended that the micropores and some of the mesopores are inac-
cessible to exoenzymes due to the sheer size of the exoenzymes.

The other mechanism suggests that the desorption of sorbed
substrate occurs as a consequence of the concentration gradient
of the substrate between the adsorbent surface and the liquid
phase (Speitel et al, 1989; de Jonge et al, 1996a; Sirotkin et al,
2001; Klimenko et al., 2004; Lee and Lim, 2005). As the dissolved
substrate concentration in the bulk liquid is reduced by biodegra-
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dation, further desorption and biodegradation are induced. In order
to promote significant bioregeneration, a large decrease in the
liquid phase concentration is required, especially for strongly
adsorbed compounds.

Although both the mechanisms of bioregeneration suggest
desorption and biodegradation processes in sequernce, several bior-
egeneration kinetic studies (Kim et al,, 1997; Ivancev-Tumbas et al.,
1998; Vinitnantharat et al., 2001; Aktas and Cegen, 2006z, 2007) as-
sumed that bioregeneration is a single-step process following the
first-order kinetics with respect to the adsorbed substrate. This is
obviously an oversimplification. The objectives of this research
are (i) to conduct kinetic studies on the bioregeneration of pow-
dered activated carbon (PAC) and pyrolyzed rice husk (PRH) loaded
with phenol and p-nitrophenol (PNP), respectively, and (ii) to devel-
op a kinetic model to describe the bioregeneration process. The
development of this model will enable the processes of desorption
and biodegradation to be discriminated quantitatively.

2. Materials and methods
2.1. Preparation of adsorbents

In this study, PAC and PRH were used as the adsorbents. The
PAC (MALBON S4), a steam-activated wood-based carbon, was pur-
chased commercially. The PRH was prepared following the proce-
dure described in Ng et al. (2009). Both adsorbents were dried at
104 °C for 2 h and cooled in the desiccator before use.
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nol, the k values increased with increasing dosages due to decreas-
ing substrate concentration in the bulk solution (Table 2), As was
described for abiotic desorption, the adsorption of phenols oc-
curred mainly at the micropores with stronger adsorption (Hsich
and Teng, 2000). Thus, PAC at excess dosages provided higher vol-
ume of micropores, which allowed the pheno! to be adsorbed
- strongly onto the active sites. The decreasing k; values resulted
in the lower amount of desorbed phenol and thus an increasing k
values. Generally, similar trend for k values was observed for the
systems involving PNP-loaded PAC and PRH (Table 3).

4.2.2. Rate constants of desorption (k;)

For phenol- or PNP-loaded PAC prepared by contacting with the
same concentration of substrate, the k, value was observed to de-
crease with increasing PAC dosages (Table 2). At the non-excess
PAC dosages, the PAC was saturated with phenol or PNP which
was adsorbed preferably at the micropores with strong adsorption
and slower diffusion rate. When the dosages of PAC or PRH in-
creased, it is anticipated that the adsorption of phenols would be
biased toward the micropores. Under the excess adsorbent condi-
tion, phenols would be predominantly adsorbed at the micropores.
Therefore, under both conditions, the desorption rate constant was
found ta decrease with increasing dosages.

Similar trend of kg values was observed for PNP-loaded PRH un-
der non-excess PRH dosages (Table 3). However, under excess PRH
dosages, i.e. 20-32 and 8-16 g L~ for PNP-loaded PRH prepared by
contacting with 400 and 200 mg L~! PNP, respectively, the k4 val-
ues were found to be fairly constant. This can be explained by

“the higher percentage of micropores in the PRH, i.e. approximately
65% compared to 38% for PAC (see Ng et al., 2003). At excess dos-
ages of PRH, the adsorption of PNP mainly occurred at micropores
irrespective of the dosages of PRH used. Thus, the rate constant of
desorption would be expected to be independent of the dosages of
PRH used.

For phenol-loaded PRH, it was found that the model (Eq. (9)) did
not fit well to the experimental data (Fig. 3a and b). The model
could not account for the convex shape (the ‘hump’) of the ob-
served phenol concentration which appeared at the later stage of
the bioregeneration process. The convex shape of the time course
of phenol concentration could be explained by postulating that
there was in fact two rates of desorption with the fast desorption
of phenol from large pores and external surface of PRH and the
slower desorption from micropores at a slower rate but in larger
amount. Consequently, the amount of desorbed phenol was readily
degraded at the initial stage of the time courses of phenol concen-
trations in the bulk solutions as shown in Fig. 3b and of the time
course of phenol concentration at 5.0 g L™} of phenol-loaded PRH
as shown in Fig, 3a. However, much larger amount of phenol des-
orbed from the micropores at the later stage might have exerted an
inhibitory effect on the biodegradation rate resulting in a build-up
of phenol concentration thus the appearance of the ‘hump’.

In more quantitative terms, the relationship between the rate
constants of desorption from the micropores (kq;) and non-
micropores (kg) with the generated rate constant of desorption
(kg4) could be expressed as follows:

k= ka1d; +kaa0, (10)
q; +4;

where g, and g, are the amount of adsorbed phenol (mg g™') at the
micropores and non-micropores, respectively, whereas kg.q; and
ks,q, are the rates of desorption from the micropores and non-
micropores, respectively. For phenol-loaded PAC and PNP-loaded
PAC/PRH, the relatively good fit of the proposed model (Eq. (9)) to
the experimental data of residual substrate concentrations could
be explained by the premise that the values of kq; and ky, were

comparable in those cases and thus a single-value of ky could be
generated at each adsorbent dosage. In the case of phenol-loaded
PRH, the assumption of a single-value ky is not valid as the values
ka1 and kg> would be different.

By comparing the values of the rate constant of desorption ob-
tained under the abiotic (Table 1) and biotic conditions for PNP-
loaded PAC (Table 2) and PNP-loaded PRH (Table 3) prepared by
contacting with 400 mg L~! PNP, the rate constants were found
to be larger under biotic condition. In the presence of PNP-adapted
biomass, the concentration of desorbed PNP in the bulk soluiion
was reduced by biodegradation. Thus, higher concentration gradi-
ent between the substrate on the adsorbent and in the bulk solu-
tion induced further desorption. The percentage of increase in
the values of the rate constant was found to be greater under ex-
cess dosages of PNP-loaded PAC and PRH. This can be explained
by the increasingly higher values of the rate constant of biodegra-
dation, k, when excess dosages of PAC or PRH were used.

4.2.3. Rate of bioregeneration

Comparison of the values of k; and k shows very clearly that k is
much greater than k, indicating that desorption is the rate-deter-
mining step for bioregeneration, This was also observed by Aktas
and Cegen (2006a). Thus, ks can be used to characterize the rate
of bioregeneration. In addition, it was observed that the value of
ks was dependent on the dosage of the adsorbent used and was
greater under non-excess adsorbent dosage condition.

5. Conclusions

The proposed kinetic model for bioregeneration which consists
of first-order desorption and biodegradation processes fitted rela-
tively well (R?>0.9) to the experimental data on the change of
the residual phenol or PNP concentration with time in the bulk
solution for phenol- and PNP-loaded PAC as well as PNP-loaded
PRH. The results showed that the biodegradation rate constant, k,
was much greater than the desorption rate constant, kg, indicating
that desorption is the rate-determining step of the bioregeneration
process. The trend of the dependence of the k, values on the dos-
ages of PAC or PRH used suggests that higher rate of bioregenera-
tion can be achieved under non-excess adsorbent dosage
condition.
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The objective of this research was to evaluate the treatment of p-nitrophenol (PNP) as a sole organic carbon source
using a sequencing batch reactor (SBR) with the addition of adsorbent. Two types of adsorbents, namely powdered
activated carbon (PAC) and pyrolysed rice husk (PRH) were used in this study. Two identical SBRs, cach with a
working volume of 10 L, were operated with f1], react, settle, draw and idle periods in the ratio of 2:8:1:0.75:0.25 for
a cycle time of 12 h. The results showed that, without the addition of adsorbent, increasing the influent PNP
concenfration to 200 mg/L resulted in the deterioration of chemical oxygen demand (COD) removal efficiency and
PNP removal efficiency in the SBRs. Improvement in the performance of the SBR was observed with the addition of
PAC. When the dosage of 1.0 g PAC/cycle was applied, COD removal of 95% and almost complete removal of PNP
were achieved at the influent PNP concentration of 300 mg/L. The kinctic study showed that the rates of COD and
PNP removal can be described by the first-order kinetics. The enhancement of performance in the PAC-supplemented
SBR was postulated to be due to the initial adsorption of PNP by the freshly added and the bioregenerated PAC, thus
reducing the inhibition on the microorganisms. The PRH was found to be ineffective because of its relatively low
adsorption capacity for PNP, compared with that of PAC.

Keywords: sequencing batch reactor; p-nitrophenol; treatment; adsorbents

Introduction

The presence of phenolic compounds in the environ-
ment is a cause of major concern because of their toxic
effects on human health. p-Nitrophenol (PNP) is one of
those hazardous chemicals, which is widely used in
industry. It is an important intermediate in the manufac-
turing of azo dyes and a number of pesticides. Thus,
removal of these compounds prior to discharge into the
environment is needed. The removal of PNP in waste-
water can be achieved by physical, chemical or biolog-
ical treatment or a combination of these treatment
processes [1-5). The most widely used method for the
removal of PNP is biological treatment [6-14].

The application of simultaneous adsorption and
biodegradation processes in the same reactor is known
to be effective for the removal of both biodegradable
and non-biodegradable contaminants, including toxic
compounds, in various kinds of wastewater. Previous
studics have shown that the combination of powdered
activated carbon (PAC) and biomass in the same aera-
tion basin of a conventional continuous-flow activated
sludge system, known as the PACT process, was effec-
tive in the removal of toxic pollutants present in various
types of wastewater [15-17]. The sequencing batch

reactor (SBR) process, which carries out functions of
equalization, treatiment and sedimentation in the same
reactor, has been recognized as a viable alternative to
the conventional continuous-flow process. The SBR
with PAC addition has been proven effective in treating
metal-containing and dye-containing wastewaters [18~
21]. However, with regards to the treatment of biore-
fractory compounds such as PNP, studies [22,23] have
shown that complete removal of PNP up to a loading
rate of 0.6 kg/(m>d) could be achicved with the accli-
matized biomass in the SBR process without the use of
adsorbent, as the SBR offers dynamic conditions which
favour the induction of the synthesis of specific
enzymes able to metabolize the compound.

The addition of adsorbent to an activated sludge
process is only warranted if there is a significant
improvement in the treatment, as the disposal of the
additional quantities of generated sludge poses an envi-
ronmental problem. To date, reports on the treatment of
biorefractory compounds in SBRs supplemented with:
adsorbent are lacking. Therefore, the objective of this
rescarch was to evaluate the treatment of PNP under
SBR operation with the addition of adsorbent. Two
types of adsorbents, namely PAC and pyrolysed rice
husk (PRH), were used in this study.
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Table 3. Pseudo first-order rate constants for COD removal,
keop (fmin) and for PNP removal, Ay (/min) for various
operational phases in reactor RP.

Phase kegp % 107 R Frpp X 10° R

1 1.0 0.956 1.0 0.934
it 1.5 0.819 1.1 0.965
It 1.9 0.829 1.1 0.922
v 7.1 0.915 3.0 0.827
\% 3.5 0.842 15.1 0914
VI 3.2 0.702 18.1 0.972
Vil 0.5 0.825 - -
VI 0.8 0.724 - -
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