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Abstract The objective of this study was to evaluate the

performance of phenol-acclimated activated sludge in the

presence of various phenolic compounds in the separated

batch reactors. The phenol-acclimated activated sludge was

observed to be capable of completely removing phenol,

o-cresol, m-cresol, and 4-chlorophenol. Nevertheless, in the

presence of 2-chlorophenol and 3-chlorophenol merely at

50 mg/L, incomplete removal of these phenolic com-

pounds were noticed. The specific oxygen uptake rate

patterns obtained for phenol, o-cresol, m-cresol, and

4-chlorophenol could be used to approximate the end point

of these phenolic compounds removal as well as to monitor

the growth of biomass. As the 2-chlorophenol and

3-chlorophenol were only partially removed in the mixed

liquor, the patterns of specific oxygen uptake rate attained

for these phenolic compounds were not feasible for the

similar estimation. The calculated toxicity percentages

show the toxicity effects of phenolic compounds on the

phenol-acclimated activated sludge followed the order

of 2-chlorophenol & 3-chlorophenol > 4-chlorophenol >

o-cresol & m-cresol > phenol.
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Introduction

Phenolic compounds such as phenol, chlorophenols, and

cresols are found in the mixture with diverse concentra-

tions in the aqueous effluents discharged from a huge range

of industrial processes, e.g., during the production of fun-

gicides and herbicides, oil and petroleum refining pro-

cesses, solvents, paints, and wood preservative industries

(Kim and Moon 2005; Lee et al. 2005; Michalowicz and

Duda 2007). Owing to their high toxicity effects and sus-

pected carcinogenicity and mutagenesis to living organ-

isms, the release of phenolic compounds into the receiving

waters would cause serious environmental problems.

Therefore, the removal of phenolic compounds from the

wastewaters is of great importance.

Physical and chemical methods such as solvent extrac-

tion, ion exchange, adsorption, and chemical oxidation are

usually used to treat wastewaters containing phenolic

compounds. However, these processes often lead to the

production of toxic intermediates and the costs involved

are expensive. Biological treatment process of phenolic

compounds has been proven to be more cost effective,

practical, and highly reliable as it leads to low possibility of

by-product formation. Different kinds of batch and con-

tinuous processes which apply biological approach are

extensively employed to treat wastewaters containing

phenolic compounds (Moharikar and Purohit 2003; Nuhoglu

and Yalcin 2005; Zhao et al. 2009; Saravanan et al. 2011).

Nevertheless, most of the studies only concentrated on the

use of activated sludge to remove the target compound in

which the activated sludge had been acclimated early.

Thus, the presence of the mixture of phenolic compounds

in the industrial wastewaters warrant further assessment on

the capability of single phenolic compound acclimated

activated sludge to treat these wastewaters.
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Biomass growth is defined as the increase of the quantity

of cellular constituents and structures which is accompa-

nied by the increase in size or number of individual cells or

both (Cervantes et al. 2006). When the biomass grows in a

culture medium, it will undergo several phases of growth,

namely lag phase of growth, exponential phase of growth,

stationary phase of growth, and death phase of growth. Lag

phase of growth is defined as no significant biomass growth

albeit excess of growth substrate is available. This is

because the biomass starts to acclimate in the new envi-

ronment particularly in the presence of unfamiliar new

growth substrate. Following the lag phase of growth,

exponential phase of growth will prevail. During this

phase, the quantity of biomass will increase exponentially

with time and last until the growth substrate is exhausted in

the culture medium. The growth rate of biomass is usually

being assessed during this phase. When the stationary

phase of growth is approaching, the rate of biomass growth

will slow down until the point at which the growth rate is

equal to the death rate of biomasses. Finally, the death

phase of growth shows a decline of biomass quantity with

time due to the death or because biomass cell lysis rate is

higher than the growth rate. The presence of various phe-

nolic compounds in the wastewaters would definitely affect

the growth of single phenolic compound acclimated acti-

vated sludge. The growth of this biomass would be

adversely inhibited especially in the presence of more toxic

phenolic compounds such as chlorophenols in the waste-

waters. Thus, the degree of inhibition of various phenolic

compounds must be further investigated to comprehend the

growth trends of single phenolic compound acclimated

activated sludge in the bioreactor during the commence-

ment of treatment process.

Specific oxygen uptake rate (SOUR) measures the rate

of dissolved oxygen (DO) consumption by definite quantity

of activated sludge which represents the activity of acti-

vated sludge notably in the presence of organic substrate

(Yoong et al. 2000; Archibald et al. 2001). In addition, the

oxygen uptake rate (OUR) by the activated sludge was also

regarded as an important tool for toxicity assessment

(Arslan-Alaton and Akmehmet Balcioglu 2002) in which

high toxicity was characterized by low OUR and vice

versa. Leong et al. (2011) had shown that the bioactivity of

activated sludge dropped approximately 30 % when the

phenol concentration was increased to 400 mg/L and fur-

ther declined to more than 60 % when the activated sludge

was exposed to phenol concentration of 2,000 mg/L.

Moreover, the pattern of SOUR profile study during the

biodegradation of a particular organic substrate by the

activated sludge can also be used as a reference to reveal

the profile pattern of that organic substrate degradation

(Young 1999). Nevertheless, the studies on SOUR profiles

for the degradation of phenolic compounds using single

phenolic compound acclimated activated sludge are still

lacking and it is important that studies in in this area are

done.

The aim of this study was to investigate the effects of

various phenolic compounds, namely phenol, o-cresol,

m-cresol, 2-chlorophenol (2-CP), 3-chlorophenol (3-CP),

and 4-chlorophenol (4-CP) on phenol-acclimated activated

sludge in terms of the respective phenolic compounds

removal efficiency and biomass growth. The activities of

phenol-acclimated activated sludge measured as SOUR

were also assessed to attest the feasibility of relating them

to the profile patterns of phenolic compounds removal and

biomass growth.

Materials and methods

Source of activated sludge

Activated sludge was originally obtained from a municipal

sewage treatment plant and acclimated in the sequencing

batch reactor (SBR) with the feed solutions (culture med-

ium) containing (mg/L): peptone (32), sucrose (109),

CH3COONa (56), (NH4)2SO4 (405), KH2PO4 (35),

K2HPO4 (180), MgSO4 (49), NaHCO3 (354), FeCl3 6H2O

(10) and CaCl2 (42). The SBR was operated with five

operational periods which were FILL, REACT, SETTLE,

DRAW, and IDLE in the ratio of 0:12:1.5:1:9.5 for a cycle

time of 24 h. During each cycle, 9 L of feed solution was

added into the reactor and equal volume of treated effluent

was withdrawn from the reactor during the DRAW period.

As the total working volume of the SBR was 12.8 L, a

mixed liquor volume of 320 mL was wasted from the

reactor at the end of the REACT period to maintain

the sludge age of 40 days. Following the acclimation to the

feed solution, the SBR was spiked with increasing con-

centration of phenol up to the concentration of 200 mg/L

in the feed solution. Once the quasi-steady state (defined

as a fairly constant react time for the complete minerali-

zation of phenol in the SBR) was reached, which took

nearly 5 months time, the mixed liquor volatile suspended

solids (MLVSS) concentration and sludge volume index

(SVI) value were measured and found to fall within the

range of 5000 ± 100 mg/L and 80 ± 7 mL/g, respec-

tively. The wasted mixed liquor for the maintenance of

sludge age during this stage was used for the batch

experiment studies with the procedure being outlined in

the following section.

Setting up of batch experiment

The batch experiment was carried out in the beaker with

a total working volume of 2000 mL. The batch reactor
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was equipped with air pump for aeration and a magnetic

stirrer for agitation. A feed solution volume of 1400 mL

spiked with increasing concentrations of each of the

phenolic compounds as shown in Table 1 was initially

prepared in the batch reactor. 600 mL of activated

sludge acclimated to phenol in the SBR (320 mL of

mixed liquor ? 280 mL of treated effluent from the

SBR) was subsequently introduced into the batch reactor

with aeration and agitation started instantly. The initial

MLVSS concentration in each batch reactor was in the

range of approximately 800 ± 50 mg/L. The pH and

DO concentrations were maintained in the range of

7.5 ± 0.3 and 6.0 ± 0.5 mg/L, respectively, throughout

the reaction period. The samples were collected at reg-

ular time intervals for the measurement of OUR as well

as biomass and phenolic compound concentrations until

each of these parameters reached a fairly constant value.

The batch experiment was later duplicated for every

concentration of each phenolic compound studied

(Table 1).

Biomass and phenolic compound concentration

analysis

The biomass (in terms of MLVSS) and phenolic compound

[determined by 4-aminoantipyrine method (APHA 1998)]

concentrations were measured at optical density of 600 and

500 nm, respectively, using spectrophotometer model

HALO VIS-10 Visible.

SOUR analysis

100 mL of mixed liquor was initially collected from the

batch reactor. The probe of DO meter (model YSI 550A)

was inserted into this mixed liquor and agitation started

immediately. The DO concentration was recorded every

5 s until the DO was depleted in the mixed liquor

(\1.0 mg/L). Then, the OUR value was obtained from the

slope of the DO concentration against the time plot. The

SOUR value was later calculated by dividing the OUR with

MLVSS concentration of the mixed liquor at that particular

time.

Determination of toxicity percentage

The toxicity percentage of each phenolic compound acted

on the phenol-acclimated activated sludge was calculated

using Eq. 1:

%Toxicity ¼ lb � l
lb

� 100% ð1Þ

where lb and l are the specific growth rates for the batch

reactors without and with phenolic compounds at different

initial concentrations, respectively (Sahinkaya and Dilek

2009).

Results and discussion

Biodegradation of phenolic compounds

Figure 1 shows the removal efficiencies of each phenolic

compound at increasing concentrations in the feed solution

by phenol-acclimated activated sludge in the batch reac-

tors. The phenolic compounds of phenol, o-cresol, m-cre-

sol, and 4-CP were observed to be completely removed by

the activated sludge for all the concentrations studied.

Another apparent observation was that as the concentration

of each of these phenolic compounds increased, longer

time was required to achieve complete removal. These

results were confirmed by the findings of Saravanan et al.

(2008) which also showed that longer time was consumed

in degrading higher concentration of phenol by the mixed

culture. However, 2-CP and 3-CP were not completely

removed even though at the concentration of only 50 mg/L

in the feed solution during the batch studied with phenol-

acclimated activated sludge. At the concentrations higher

that 100 mg/L of 2-CP and 3-CP, only small portion of

these phenolic compounds was removed at the beginning

of the aeration period. The concentrations of non-removed

2-CP and 3-CP remained relatively constant thereafter

throughout the time course. Farrell and Quilty (1999) had

documented that the degradation of 2-CP and 3-CP via the

meta-cleavage would produce toxic metabolite which

inactivated the catechol-2,3-dioxygenase enzyme and pre-

vented further degradation of 2-CP and 3-CP. Moreover,

Table 1 Concentrations of phenolic compounds in the feed solution

Phenolic compound Concentrations (mg/L)

Phenol 50 100 200 300 400 600

o-cresol 25 50 100 200 300 400

m-cresol 25 50 100 200 400

2-CP 25 50 100 150 200

3-CP 25 50 75 100 125

4-CP 25 50 100 200
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the accumulation of brown colour polymers as reported in

their study was also found in this study with 2-CP and 3-CP

in the batch reactors. Thus, it could be concluded that the

2-CP and 3-CP exerted higher toxicity effects than phenol,

o-cresol, m-cresol, and 4-CP which ultimately inhibited

their own degradation by phenol acclimated activated

sludge.

Effects of phenolic compounds on the growth

of phenol-acclimated activated sludge

Figure 2 shows the time courses of biomass concentration

in terms of MLVSS at increasing concentrations of

phenolic compounds in the feed solution (Table 1). For all

the batch experiments studied, it were observed that dif-

ferent concentrations of each phenolic compound showed

distinct length of time required to reach the stationary

phase of growth. For example, m-cresol with the concen-

trations of 25, 50, and 100 mg/L reached stationary phase

of growth at 6, 20, and 30 min, respectively (Fig. 2c).

However, m-cresol with the concentrations of 200 and

400 mg/L required more than 60 and 200 min, respec-

tively, to reach the stationary phase of growth (Fig. 2c).

Hence, it could be concluded that the time taken by the

activated sludge to reach the stationary phase of growth

depended on the concentrations of m-cresol in the feed

Fig. 1 Time courses of removal

efficiency of various

concentrations of phenolic

compounds in the batch studies:

a phenol, b o-cresol, c m-cresol,

d 2-CP, e 3-CP, and f 4-CP
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solution. The higher the concentration of m-cresol, the

longer the time required to reach the stationary phase of

growth. Similar observation could be seen for the

increasing concentrations of phenol, o-cresol, and 4-CP in

the feed solution (Fig. 2a, b, f). In addition, the lag phase of

growth was also not observed for all the concentrations

studied with these phenolic compounds. These results were

conflicting with those obtained by Saravanan et al. (2008)

which showed lag phase of growth at the phenol concen-

trations higher than 500 mg/L. A plausible reason to

explain the inconsistency was the activated sludge used in

these studies had been acclimated to phenol in the SBR for

a long period, resulting in its growth in these phenolic

compounds at the increasing concentrations without

showing the lag phase of growth.

Nonetheless, the growth trends for all the concentrations of

2-CP and 3-CP studied (Fig. 2d, e) were not similar to the

phenol, o-cresol, m-cresol, and 4-CP. When the phenol-

acclimated activated sludge was in contact with either 2-CP or

3-CP, the increasing trend of biomass concentration was very

slow which again proved that the toxicity of 2-CP and 3-CP

were higher than that of phenol, o-cresol, m-cresol, and 4-CP.

Fig. 1 continued
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Effects of phenolic compounds on the activity

of phenol-acclimated activated sludge

The activity of phenol-acclimated activated sludge was

measured as SOUR in the presence of various concentrations

of phenolic compounds (Fig. 3). The trends of SOUR for a

series of different concentrations of o-cresol in the feed

solution are represented in Fig. 3b. For every o-cresol con-

centration studied, a specific pattern of SOUR trend could be

observed in this figure. In the batch reactors containing 25,

50, and 100 mg/L of o-cresol, only one maximum peak of

SOUR, i.e., 35.3 9 10-6, 40.7 9 10-6 and 38.3 9 10-6 g-

O2/g-MLVSS s, respectively, was detected during the initial

period of reaction. These SOUR values decreased rapidly

after their respective maximum peak was attained. On the

other hand, the batch reactors containing 200, 300, and

400 mg/L of o-cresol showed their first peak at the SOUR

values of 42.3 9 10-6, 31.3 9 10-6, and 23.7 9 10-6 g-

O2/g-MLVSS s, respectively, during the initial period of

reaction. Their second peak of SOUR values arose again at

37.1 9 10-6, 30.1 9 10-6, and 24.8 9 10-6 g-O2/g-

MLVSS s, respectively, with the corresponding reaction

time of 60, 95, and 160 min. The longer time required for the

second peak to appear at higher concentrations of o-cresol

Fig. 2 Time courses of biomass

concentration in terms of

MLVSS in the batch studies

with various concentrations of

phenolic compounds: a phenol,

b o-cresol, cm-cresol, d 2-CP,

e 3-CP, and f 4-CP
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proved that the toxicity effect on the activity of phenol-

acclimated activated sludge was higher at high concentra-

tions of o-cresol. Besides, the higher toxicity effect of

o-cresol at high concentration was also validated by the

maximum peak of SOUR values which generally decreased

either at the first or second peak with increasing o-cresol

concentrations. Similar SOUR patterns were as well

observed in the batch experiments containing various con-

centrations of phenol, m-cresol and 4-CP (Fig. 3a, c, f).

However, in the batch experiment studies with 2-CP and

3-CP, the SOUR values decreased rapidly to below

5.0 9 10-6 g-O2/g-MLVSS s without showing the appear-

ance of the second peak (Fig. 3d, e). In addition, the maxi-

mum SOUR values obtained for 2-CP and 3-CP were

generally lower than the peaks of phenol, o-cresol, m-cresol,

and 4-CP at the equivalent concentrations of phenolic com-

pounds in the feed solution. These observations further

confirmed that 2-CP and 3-CP exerted higher toxicity effects

on the phenol-acclimated activated sludge than phenol,

o-cresol, m-cresol, and 4-CP.

Among the phenol, o-cresol, m-cresol, and 4-CP, the

highest SOUR value was obtained in the batch reactor con-

taining phenol (Fig. 3a) by comparing with the other batch

reactors containing phenolic compounds of same concen-

tration. Thus, phenol exerted the lowest toxicity on the

activated sludge which was plausibly due to the activated

sludge used in the batch experiments had been acclimated to

phenol in the SBR system. The phenolic compounds of

Fig. 2 continued
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o-cresol and m-cresol demonstrated about the same SOUR

trends for every concentration studied, showing equal tox-

icity exerted by these cresols on the phenol-acclimated

activated sludge. Nevertheless, the SOUR values of these

cresols were always higher than that of the 4-CP for all the

equivalent concentrations experimented, confirming the

4-CP was more toxic than o-cresol and m-cresol.

Correlation of phenolic compounds removal, biomass

growth and SOUR trends

Overall, the trends of phenolic compounds removal effi-

ciency (Fig. 1) biomass growth (Fig. 2) and SOUR (Fig. 3)

were closely related. It was observed that when the per-

centage removal efficiency of phenolic compounds reached

100 %, the value of SOUR dropped rapidly with the

growth of biomass achieving stationary phase of growth,

and all happened almost simultaneously. For example,

during the batch study with phenol concentration of

600 mg/L in the feed solution, the time required to com-

pletely remove phenol in the mixed liquor, the attainment

of stationary phase of growth and the SOUR value dropped

to the lowest value occurred at 100, 97, and 101 min,

respectively (Figs. 1a, 2a and 3a, respectively). Similar

observation could be as well detected for all the concen-

trations studied for o-cresol, m-cresol, and 4-CP. Thus, the

Fig. 3 Time courses of SOUR

in the batch studies with various

concentrations of phenolic

compounds: a phenol,

b o-cresol, c m-cresol, d 2-CP,

e 3-CP, and f 4-CP
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SOUR patterns generated during the batch experiments

with the aforementioned phenolic compounds could be

used as a reference to detect the end point of phenolic

compounds degradation and monitor the biomass growth in

the wastewater treatment plants. Yoong et al. (2000) had

shown that the phenol COD substrate levels could be

tracked from the OUR values and agreed that the OUR was

a good indicator of biological activity which offered a fast

response method for controlling the performance of the

SBR. Furthermore, according to the Meric et al. (2003), the

OUR measurement as well had become a useful tool to

determine the growth characteristics of biological treat-

ment systems. However, these methods could not be

applied for 2-CP and 3-CP due to the inhibition effects

exerted on their own degradation.

Toxicity percentages of phenolic compounds exerted

on the phenol acclimated activated sludge

Figure 4 shows the toxicity percentages of each phenolic

compound studied based on the biomass growth rate as

shown in Eq. 1. The negative values of the toxicity per-

centages represented no inhibition of biomass growth in the

batch studies as the specific growth rates of biomass in the

presence of phenolic compounds were faster than those

without the phenolic compound. Thus, phenol and m-cresol

Fig. 3 continued
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concentrations below 200 and 25 mg/L in the feed solution,

respectively, did not inhibit the growth of biomass. Dey

and Mukherjee (2010) also reported that the growth of cell

in the mixed microbial culture was not inhibited at phenol

concentration below 300 mg/L. Increasing of phenol con-

centration in the feed solution to 600 mg/L would only

increase the toxicity percentage to 63 % which was the

lowest in comparison with the other phenolic compounds at

their highest concentrations studied. This proved the

importance of the acclimation process to reduce the tox-

icity effect when treating high concentrations of the

respective organic compound in which the activated sludge

had been acclimated early. Furthermore, o-cresol and

m-cresol showed about the same toxicity percentage trends,

especially at concentrations higher than 50 mg/L in the

feed solution. These results confirmed that the toxicity

effect exerted on the phenol-acclimated activated sludge by

o-cresol and m-cresol was about the same. Among the

monochlorophenols, 2-CP and 3-CP showed about the

same trends of toxicity percentage and their toxicity per-

centages were always higher than 4-CP at comparable

concentrations studied. These were explicitly shown by the

separated batch experiments containing 100 mg/L of each

of these monochlorophenols. The values of toxicity per-

centage obtained for 2-CP and 3-CP at this concentration

were 90 and 95 %, respectively, which was insignificantly

different from each other. However, the value of toxicity

percentage for 4-CP was only 43 % at this concentration

and increased further to 90 % at the concentration of

200 mg/L of 4-CP in the feed solution. Thus, the toxicity

effects of phenolic compounds exerted on the phenol-

acclimated activated sludge followed the order of

2-CP & 3-CP > 4-CP > o-cresol & m-cresol > phenol.

Conclusions

The phenol-acclimated activated sludge was capable of com-

pletely removing phenol, o-cresol, m-cresol, and 4-CP in the

batch experiment studies. However, when the studies were

performed using 2-CP and 3-CP, incomplete removal of these

phenolic compounds were observed. The biomass growth was

also adversely affected in the presence of 2-CP and 3-CP as

compared with phenol, o-cresol, m-cresol, and 4-CP. In addition,

the end point of phenol, o-cresol, m-cresol, and 4-CP degrada-

tion and biomass growth could be estimated from their respec-

tive SOUR patterns. However, the SOUR patterns of 2-CP and

3-CP were not feasible for this estimation as their presences had

retarded their own degradation by the phenol-acclimated acti-

vated sludge. Finally, the toxicity percentages values demon-

strated that the toxicity effects exerted on the phenol-acclimated

activated sludge by phenolic compounds followed the order of

2-CP & 3-CP > 4-CP > o-cresol & m-cresol > phenol.
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