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Abstract

Wastewater treatment systems employing simultaneous adsorption and biodegradation processes
have proven to be effective in treating toxic pollutants present in industrial wastewater. The ob-
jective of this study is to evaluate the effect of Cu(II) and the efficacy of the powdered activated
carbon (PAC) and activated rice husk (ARH) in reducing the toxic effect of Cu(II) on the activated
sludge microorganisms. The ARH was prepared by treatment with concentrated nitric acid for
15 h at 60–65◦C. The sequencing batch reactor (SBR) systems were operated with FILL, REACT,
SETTLE, DRAW and IDLE modes in the ratio of 0.5:3.5:1:0.75:0.25 for a cycle time of 6 h. The
Cu(II) and COD removal efficiency were 90 and 85%, respectively, in the SBR system containing
10 mg/l Cu(II) with the addition of 143 mg/l PAC or 1.0 g PAC per cycle. In the case of 715 mg/l
ARH or 5.0 g ARH per cycle addition, the Cu(II) and COD removal efficiency were 85 and 92%,
respectively. ARH can be used as an alternate adsorbent to PAC in the simultaneous adsorption and
biodegradation wastewater treatment process for the removal of Cu(II). The specific oxygen uptake
rate (SOUR) and kinetic studies show that the addition of PAC and ARH reduce the toxic effect of
Cu(II) on the activated sludge microorganisms.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Through mining, industrial activities and fossil fuels combustion, people, each year,
spew thousands of metallic pollutants into air and water[1]. Unlike most organic
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pollutants, heavy metals are generally refractory and cannot be degraded biologically. The
removal of toxic metals from wastewater may be obtained in different ways as precipita-
tion, ionic exchange, adsorption, electro-deposition, etc.[2–4]. Since its first introduction
for heavy metals removal, activated carbon has undoubtedly been the most popular and
widely used adsorbent in wastewater treatment applications. In spite of its prolific use,
activated carbon remains an expensive material since higher the quality of activated car-
bon, the greater its cost. Research interest in the production of alternative adsorbents to
replace the costly activated carbon has intensified recent year such as chitosan, fly ash,
saw dust, rice husk (RH), peat soil, etc.[5]. Rice husk, an agricultural waste, has been
reported to be a good adsorbent for metal ions and dyes[6,7]. Raw rice husk must un-
dergo pretreatment such as pyrolysis, acid or steam activation to improve its adsorption
capacity.

Heavy metals are toxic to most microorganisms at specific concentrations and often
cause serious upsets in biological waste treatment plants. The toxicity of heavy met-
als in activated sludge mixed liquor depends mainly upon two factors, namely, metal
species and concentration[8]. The concentration of heavy metals in wastewater should
be reduced at a certain level before the application of the biological processes[9,10]. It
was reported that microorganisms in activated sludge were inhibited by copper and zinc
at concentration above 1 and 10 mg/l, respectively[11]. The use of conventional acti-
vated sludge system and PACT to treat Cr(VI) containing wastewater has been carried
out by Lee et al.[12]. The result shows that the powdered activated carbon (PAC) ad-
ditions in activated sludge system can reduce the toxicity of Cr(VI) on activated sludge
microorganisms due to the adsorption of Cr(VI) on PAC. This will increase the bioac-
tivities of microorganisms and the efficiency of COD and Cr(VI) removal will be in-
creased.

The objective of this research is to evaluate the efficacy of the simultaneous adsorption
and biodegradation processes under sequencing batch reactor (SBR) operation in treating
copper(II)-containing wastewater with powdered activated carbon or activated rice husk
(ARH) addition.

2. Materials and methods

2.1. Preparation of rice husk and biomass for adsorption

Raw rice husks were collected from a rice mill located at Permatang Pauh, Butterworth.
Initially, the rice husks were washed by tap water several times to remove the dirt, and
then rinsed with distilled water. The rice husks were dried in an oven at 103◦C, then
blended and sieved into sizes of 250�m or less. Acid-activated rice husks were prepared
by treating the sieved raw rice husks with concentrated HNO3 (AR grade) at temperatures
of 60–65◦C for 15 h. Then, the acid treated rice husks were washed by tap water and
finally rinsed with distilled water until the pH was neutral. It was then dried in an oven
again.

The deactivated biomass for adsorption study was prepared by autoclaving the live
biomass at 1.5 atm pressure and at 121◦C for 30 min.
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2.2. Adsorption study

The adsorbents used in the adsorption study were PAC, RH, ARH and the biomass. This
study was conducted to determine the adsorption capacity for each adsorbent with Cu(II).
A weight of 0.03 g PAC was shaken with 100.0 ml Cu(II) solutions with concentrations
varying from 5 to 90 mg/l for a contact time of 5 h. Then, the solution was centrifuged at
the speed of 240 rpm, filtered, and then the supernatant analyzed for Cu(II) concentration
by using flame atomic adsorption spectrophotometer (Perkin-Elmer, Model 3100). For RH
and ARH, the weight used was 0.4 and 0.2 g, respectively. In the case of the deactivated
biomass, the volume used was 5.0 ml.

2.3. Determination of specific oxygen uptake rate (SOUR)

This study was conducted to assess the effect of different concentrations of Cu(II) and
adsorbents on the activities of activated sludge microorganisms. To determine the effect of
Cu(II) on activated sludge microorganisms, 50 ml of activated sludge was collected from
the SBR reactor and placed in a BOD bottle, which was subsequently filled with a fully
aerated Cu(II)-containing base mix solution with the Cu(II) concentrations varying from 7
to 49 mg/l. For each Cu(II) concentration, the dissolved oxygen (DO) in the BOD bottle
was measured using DO meter (YSI Model-57) at interval of 10 s until it reached about
1 mg/l. After the DO measurement, the sample was filtered for the determination of MLSS
concentration. In the case for the study of effect of adsorbent on the activities of activated
sludge microorganisms, adsorbents like PAC and RH with concentrations varying from
0 to 5000 mg/l were added into the BOD bottle, which was filled with a fully aerated
Cu(II)-containing base mix solution with Cu(II) concentration of 10 mg/l. The SOUR was
calculated using the following equation:

SOUR

(
mg O2

g MLSS h

)
= −60

G

X
(1)

whereG is the slope of the linear portion of the DO decline curve in mg/l, andX is the
MLSS concentration in g/l.

2.4. Treatment process with and without PAC or ARH

Two identical reactors with a total liquid volume of 10 l built from plexiglass with di-
mensions of 30 cm× 25 cm× 20 cm were operated in parallel for a cycle time of 6 h.
The operation mode for FILL, REACT, SETTLE, DRAW and IDLE were in the ratio of
0.5:3.5:1.0:0.75:0.25. Aeration was applied to the SBR reactor during the FILL and REACT
modes by using submerged aeration stones. This operating scheme was adopted based on
the good settleability of the sludge with the sludge volume index (SVI), consistently less
than 100 ml/g when treating the synthetic wastewater. In each cycle, 7 l of feed solution
was introduced continuously into the SBR reactor during the FILL mode and then the same
amount of treated effluent was drawn during the DRAW mode after settling for 1 h.

The activated sludge seed was obtained from a sewage treatment plant in Batu Ferringgi,
Penang. The activated sludge was acclimatized in the laboratory for 2 months by feeding
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it with a synthetic wastewater consisting of a base mix of peptone, sucrose, nutrients and
buffer solution in the following composition (concentrations in mg/l): bacto-peptone (188),
sucrose (563), NH4Cl (344), MgSO4 (49), FeCl3 (11.3), KH2PO4 (250), K2HPO4 (318)
and NaHCO3 (100) giving an equivalent COD of 550–650 mg/l. Once the SBR reactor had
achieved a steady state by monitoring the performance in terms of COD removal (less than
10% variation), Cu(II) was spiked into the synthetic wastewater at 5 mg/l and then increased
to 10 mg/l. Adsorbent, PAC or ARH, will be added into the SBR reactor with the synthetic
wastewater during FILL mode. Dosages of PAC tested were 71.5 mg/l or 0.5 g per cycle
and 143 mg/l or 1.0 g per cycle for Cu(II) concentration of 10 mg/l. In the case for ARH,
429 mg/l or 3.0 g per cycle, 572 mg/l or 4.0 g per cycle and 715 mg/l or 5.0 g per cycle,
respectively for Cu(II) concentration of 10 mg/l.

The treated effluents collected from the DRAW mode in each cycle were analyzed for
COD and Cu(II) concentrations. The COD concentration was determined by using Method
5220 C[13], whilst Cu(II) concentration was determined by using flame atomic adsorption
spectrophotometer (Perkin-Elmer, Model 3100). The determination of MLSS and MLVSS
concentrations followed the Standard Methods[13]. However, the mixed liquor carbon
suspended solid (MLCSS) and mixed liquor biomass suspended solid (MLBSS) were de-
termined by using the differential heating method described by Arbuckle and Grigg[14].

2.5. Kinetic study

This study was conducted to investigate the effect of Cu(II) and adsorbent additions on
the rate of COD removal during the REACT mode in a cycle. Once the REACT mode had
started, the mixed liquor sample was collected at 1, 3, or 5 min intervals from SBR reactor.
The sample was immediately acidified to stop the reaction and allowed to settle for half an
hour. The supernatant was then analyzed for COD concentration.

3. Results and discussion

3.1. Adsorption study

3.1.1. Contact time
Fig. 1shows that most of the curves have a sharp increase in the amount of Cu(II) adsorbed

on adsorbents up to around 1 h, followed by a slower rate of adsorption for about 3 h of
contact time. Most of the adsorbents had already achieved maximum uptake of the Cu(II) at
the end of 3 h and beyond this time adsorption was negligible. Therefore, a contact time of
5 h was used for all subsequent experiments. Besides adsorption studies, the determination
of contact time is important for the selection period of the REACT mode in the SBR reactor.

3.1.2. Adsorption isotherms
The data for the uptake of Cu(II) by PAC, RH, ARH and biomass have been analyzed in

light of Langmuir mode of adsorption. The Langmuir equation may be described as

qe = Q0bCe

1 + bCe
(non-linear form) (2)
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Fig. 1. Adsorption of Cu(II) ions on PAC, RH, ARH and biomass.

Ce

qe
= 1

bQ0
+ Ce

Q0
(linear form) (3)

whereqe is the mass metal adsorbed per unit mass of adsorbent (mg/g),Ce the equilibrium
metal concentration (mg/l),Q0 is the limiting amount of metal adsorbed per unit mass
of adsorbent to form a complete monolayer on the surface andb is a constant related to
the energy of adsorption. The plot ofCe/qe againstCe gives a straight line (Fig. 2) for the
adsorption of Cu(II) on PAC, RH, ARH and biomass showing that applicability of Langmuir
isotherm. The values ofQ0 andb for each adsorbent are given inTable 1. The adsorbents
arranged in the increasing order of adsorption capacities according to the LangmuirQ0
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Fig. 2. Langmuir plot for the adsorption of Cu(II) on PAC, RH, ARH and biomass.
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Table 1
Langmuir parameters

Adsorbate Adsorbent Q0 (mg/g) b R2

Cu(II) PAC 14 0.0814 0.9837
RH 2 0.1477 0.9956
ARH 9 0.0803 0.9937
Biomass 36 0.0255 0.9501

parameter were:

biomass> PAC > ARH > RH

The adsorption capacityQ0 indicates that the adsorption of Cu(II) by biomass was com-
parable to PAC adsorption. This means that the biomass will play an equally important
role as the PAC in reducing the added Cu(II) concentration in the SBR reactor. The ad-
sorption capacity for biomass was high because metal ions were adsorbed on the binding
sites present on the surface bacterial solids or formed complexes with bacterial exocellular
polymers[9,10,15–18]. After activated by concentrated HNO3, the adsorption capacity for
RH was increased. The ARH will be used as adsorbent in the SBR reactor due to the good
settleability during SETTLE mode and it will not contribute any COD to the base mix
solution if compared to the RH.

3.2. Determination of specific oxygen uptake rate

3.2.1. Effects of Cu(II) on activated sludge microorganisms
This study was conducted to investigate the toxicity level of Cu(II) on the activated

sludge microorganisms.Fig. 3 shown that the SOUR for biomass without Cu(II) addition
was 142 mg O2/(g MLSS h), which means that the microorganisms in activated sludge
were very active in oxygen consumption to degrade the substrates. However, after 7 mg/l
Cu(II) were added, the SOUR decreased drastically, by 69% if compared to the SOUR
without Cu(II) addition. The addition of Cu(II) in the base mix solution inhibits the activities
of microorganisms in substrate degradation and subsequently the oxygen uptake rate by
microorganisms will be decreased. When higher Cu(II) concentrations were introduced
to the activated sludge, the SOUR became lower until it reached a quite constant level,
7 mg O2/(g MLSS h). This study showed that Cu(II) was very toxic to the activated sludge
microorganisms although the concentrations of Cu(II) were low.

3.2.2. Effects of adsorbents on activated sludge microorganisms

3.2.2.1. Effects of PAC on microorganisms SOUR with and without Cu(II) addition.This
study was conducted to investigate how the PAC affects the activities of microorganisms in
activated sludge.Fig. 4 shows that SOUR was increased until it reached a quite constant
level after addition of PAC with concentrations varying from 100 to 5000 mg/l. Before the
PAC was added into the mix base solution, the degradation of substrates by microorganisms
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Fig. 3. Effect of Cu(II) concentration on microorganism SOUR.

was in a suspended form. It means that the substrate degradation depended on the proba-
bilities of microorganisms and substrates coming across one another or meeting together.
The additions of PAC can increase these probabilities by acting as reaction sites between
microorganisms and substrates. Both microorganisms and substrates were attached on the
PAC, so the substrate could be degraded by microorganisms easily.

In the case of 10 mg/l Cu(II) in the mix base solution, the microorganisms SOUR was
lower if compared to the study without Cu(II) addition. It was due to the toxic effect
of Cu(II), which has been explained inSection 3.2.1. Fig. 4 shows that the increase of
the PAC concentrations in the 10 mg/l Cu(II)-containing mix base solution increased the
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Fig. 5. Effect of RH on microorganisms SOUR with and without Cu(II).

microorganisms SOUR. The PAC additions reduced the toxic effects of Cu(II) on activated
sludge microorganisms by Cu(II)-PAC adsorption. The increase of SOUR by the additions
of PAC concentrations varying from 100 to 5000 mg/l were due to the Cu(II) adsorption by
the PAC and the increase in reaction sites, which was provided by PAC.

3.2.2.2. Effects of RH on microorganisms SOUR with and without Cu(II) addition.Fig. 5
shows that the addition of RH increased the microorganisms SOUR for both mix base
solution with 10 mg/l Cu(II) and without Cu(II) addition. The increases in oxygen uptake
rates by activated sludge microorganisms were due to the ability of RH in Cu(II) adsorption
and react as reaction sites between microorganisms and substrates. In the mix base solution
without Cu(II) addition, the SOUR was increased around 30% for RH addition (Fig. 5) and
60% for PAC addition (Fig. 4), respectively. However, in the case of the mix base solution
with 10 mg/l Cu(II) addition, the SOUR increased around 20% for RH addition (Fig. 5) and
50% for PAC addition (Fig. 4). This was due to the higher adsorption capacity of Cu(II) on
PAC than RH and hence the toxic effect of Cu(II) was reduced.

3.3. Sequencing batch reactor (SBR) process with and without adsorbent

3.3.1. Treatment process with and without PAC
This study was conducted to investigate the effects of Cu(II) and PAC on the activated

sludge microorganisms in SBR reactor. The performance of SBR reactor was accessed by
monitoring the COD and Cu(II) concentrations in the treated effluent.Fig. 6(a)shows the
change of COD removal efficiency in the SBR reactor with and without Cu(II) addition
and at different PAC dosages. The addition of Cu(II) into the SBR reactor deteriorated the
percentage of COD removal from 92 to around 70% on the addition of 5 mg/l Cu(II) and
furthered decreased to 60% after the concentration of Cu(II) was increased to 10 mg/l. The
addition of Cu(II) inhibits the bio-oxidation of activated sludge microorganisms in substrates
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degradation. The dissolved oxygen used by microorganisms was reduced and subsequently
the SOUR was decreased after Cu(II) addition, which was explained inSection 3.2.1.
The additions of 71.5 mg/l PAC or 0.5 g PAC per cycle increased the performance in the
SBR reactor by reducing the COD effluents until below 100 mg/l or around 85% COD
removal was achieved. The increases in PAC additions until 143 mg/l or 1.0 g PAC per
cycle maintained the COD removal efficiency at 85%. The addition of PAC into the SBR
reactor reduced the toxicity of Cu(II) on microorganisms by Cu(II)-PAC adsorption and
hence enhanced the bio-oxidation.

Before the PAC additions, the effluent Cu(II) concentrations were consistently maintained
below 3.5 mg/l (Fig. 6(b)) due to the Cu(II)-biomass adsorption, which was discussed in
Section 3.1. The ability of activated sludge to retain Cu(II) to the tune of 70–80% of Cu(II)
input in the range of 10–45 mg/l had been previously reported[19]. Fig. 6(b)shows that
after the Cu(II) concentration was increased from 5 to 10 mg/l in synthetic wastewater,
the effluent Cu(II) concentration was decreased. This was due to the increase in MLSS
which is shown inFig. 6(c). After the addition of 10 mg/l Cu(II), the sludge settleability
was good and SVI was reduced until around 80 ml/g (Fig. 6(d)) during SETTLE mode in
SBR reactor. The increase in MLSS would increase the binding sites for Cu(II)-biomass
adsorption. The effluent Cu(II) concentration could be maintained at around 1 mg/l due to
Cu(II)-PAC and Cu(II)-biomass adsorption after the PAC had added. The addition of PAC
reduced the Cu(II) toxic effects on the microorganisms and hence increased the MLBSS
in the SBR reactor (Fig. 6(c)). Besides, the sludge age of the biomass in the SBR reactor
was quite long due to a very little sludge wastage during DRAW mode. The increase
of the sludge age of the biomass enhanced the affinity of Cu(II) on the activated sludge
microorganisms.

During FILL mode, the synthetic wastewater without Cu(II) additions was degraded
immediately by activated sludge microorganisms, which is shown, by low DO in the DO
profiles (Fig. 7). However, in the cases of 5 and 10 mg/l Cu(II) additions, this bio-oxidation
period was prolonged until the REACT mode. The DO profiles inFig. 7 show that after
the Cu(II) addition, a longer period was required for bio-oxidation due to the Cu(II) toxic
effects compared to the synthetic wastewater without Cu(II) addition.

3.3.2. Treatment process with and without ARH
The COD and Cu(II) concentrations of the treated effluents from SBR reactor were

monitored to ascertain the effects of Cu(II) additions and the efficacy of the ARH in reducing
the toxic effects of Cu(II).Fig. 8(a)shows the change of COD removal efficiency in SBR
reactor with and without Cu(II) additions and at different ARH dosages. The additions of
286 mg/l ARH or 2.0 g ARH per cycle into the 5 mg/l Cu(II)-containing synthetic wastewater
increased the percentage of COD (Fig. 8(a)) and Cu(II) (Fig. 8(b)) removal from around 75
and 66 to around 85 and 86%, respectively. The increases in Cu(II) and ARH concentrations
to 10 and 429 mg/l or 3.0 g ARH per cycle, respectively, resulted in poorer COD and
Cu(II) removal efficiency. However, the further increases of ARH addition to 715 mg/l
or 5.0 g ARH per cycle and maintaining the 10 mg/l Cu(II) concentration, successfully
reduced the COD and Cu(II) concentration in treated effluent to below 100 mg/l or a removal
efficiency of about 85% and 0.8 mg/l or a removal efficiency of about 92%, respectively.
These results indicated that ARH addition into the SBR reactor reduced the toxicity of Cu(II)
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on microorganisms by Cu(II)-ARH adsorption and hence enhanced the bio-oxidation. The
Cu(II)-ARH adsorption alone cannot explain the percentage of Cu(II) removal efficiency at
92%, which was achieved in this study. The Cu(II)-biomass adsorption, which was explained
in Section 3.3.1also plays an important role in achieving the 92% Cu(II) removal efficiency.
Fig. 8(c)shows that the MLSS in the SBR reactor increased from around 7000 to 19,000 mg/l
and MLBSS was fairly constant with 8000 mg/l throughout the study. The good sludge
settleability (Fig. 8(d)) allowed the accumulation of MLSS and little sludge wastage during
the DRAW mode in the SBR reactor after ARH addition. The longer sludge age of the
biomass produced more exocellular polymers and hence greater Cu(II) affinity[10].

Fig. 9shows that the DO profiles during FILL and REACT modes for the Cu(II)-containing
synthetic wastewater with and without ARH addition. The low DO values in FILL and
REACT modes indicated that the bio-oxidation process was aggressively carried out by
activated sludge microorganisms. The increases in ARH additions shortened this period
due to the reducing of Cu(II) toxic effects on activated sludge microorganisms.

3.4. Kinetic study

The Monod equation has been widely used to describe substrate removal in biological
wastewater treatment processes:

rc = µmXvC

Km + C
(4)

whererc is the substrate removal rate,Xv the MLVSS concentration,µm andKm the max-
imum and half velocity constants andC is the substrate concentration. At low substrate
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concentration (Km � C), Eq. (4)will reduce to a first-order formulation:

rc = µmXvC

Km
(5)

For SBR process, a mass balance on substrate in the reactor during the REACT mode
can be shown to be:

−
(

dC

dt

)
= µmXvC

Km
= kC (6)

wherek is the pseudo first-order rate constant andt is the reaction time. In this case,k is
the pseudo first-order rate constant for the REACT mode andC is the residual COD in the
mixed liquor. By plottingn (COD) versus time, relatively good fit (R2 > 0.8) for all cases
was obtained indicating that the first-order formulation provides a reasonable correlation
of kinetic results[20]. The apparent pseudo first-order rate constantk was determined from
the gradient of the linear plot and the mean values ofk for all cases are shown inTable 2.

Table 2
Comparison of pseudo first-order kinetic constants (per day)

Wastewater k (per day)

Base mix 67± 10
Base mix+ 5 mg/l Cu(II) 23± 1
Base mix+ 10 mg/l Cu(II) 7± 1
Base mix+ 10 mg/l Cu(II)+ 71.5 mg/l PAC 32± 4
Base mix+ 10 mg/l Cu(II)+ 143 mg/l PAC 25± 2
Base mix+ 10 mg/l Cu(II)+ 429 mg/l ARH 19± 1
Base mix+ 10 mg/l Cu(II)+ 715 mg/l ARH 24± 1
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In the presence of 5 mg/l Cu(II), thek value was decreased by 66% if compared to the base
mix solution and further reduced to about 70% after 10 mg/l Cu(II) addition. The lowerk
values in the presence of Cu(II) indicate the toxic effect of Cu(II) on the activated sludge
microorganisms. The increase in Cu(II) concentrations increased the toxic effects on the
bio-oxidation process in microorganisms. The results in the kinetic study with the Cu(II)
addition agreed with the earlier results of the effect of Cu(II) on SOUR activated sludge
microorganisms.

It is observed that the addition of adsorbent, PAC and ARH, has resulted in an increase
of thek value though the value still much lower than the case without Cu(II) addition. The
k value in 71.5 and 143 mg/l PAC addition were 32± 4 and 25± 2 per day, respectively.
If the uncertainties of thek value taken into account, it can be interpreted that the quantum
of increase of PAC dosage was too small to result in a further observable reduction of the
toxic effect of Cu(II)[20]. However, in the case of ARH additions, the increase in ARH
from 429 to 715 mg/l did increase thek value by 26%. The increases of thek values in the
PAC and ARH additions indicate the reduction of Cu(II) toxic effects and hence enhanced
bio-oxidation by activated sludge microorganisms. The PAC and ARH should be added
into biological treatment system before the activated sludge microorganisms are not highly
intoxicated by heavy metals. It can be seen by drastic drop ink or SOUR value.

4. Conclusion

• The addition of the PAC and the RH increased the SOUR microorganisms in the base mix
solution with and without the presence of Cu(II) by reducing the toxic effects of Cu(II)
and provide a reaction site for microorganisms and substrates.

• The addition of 5 and 10 mg/l Cu(II) in the base mix solution decreased the performance
of SBR reactor in terms of COD and Cu(II) removal efficiency in treated effluents.

• The addition of PAC and ARH in the SBR reactor reduced the inhibitory effect of Cu(II)
on the activated sludge microorganisms partially.

• ARH can be used as an alternate adsorbent to PAC in the simultaneous adsorption and
biodegradation wastewater treatment process for the removal of Cu(II).

• The biomass played an important role in the uptake of Cu(II) in the SBR reactor.
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