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bstract

A mathematical model was developed for an activated sludge unit treating 4-chlorophenol (4-CP) containing synthetic wastewater composed
f diluted molasses, urea, KH2PO4 and MgSO4 with COD and 4-CP contents of 2500 and 500 mg l−1, respectively. The model included 4-CP
nhibition on COD and 4-CP removals. Experimental data obtained at different hydraulic residence times (HRT = 5–30 h) and sludge ages (SRT,
–30 days) were used to estimate the kinetic and inhibition constants for COD and 4-CP removal rates. 4-CP inhibition on COD removal was
egligible while the inhibition on 4-CP removal was significant. The specific rate constant (k), saturation constant (Ks) for COD oxidation were
ound to be 2.64 day−1 and 559 mg l−1, respectively. A similar model was used for 4-CP oxidation in the activated sludge unit and the constants were

−1 −1
ound to be k′ = 1.44 day−1, K′
s = 25.7 mg l , K′

CP = 559 mg l and KI,CP = 17 mg l−1. Increases in death rate constant because of 4-CP inhibition
as also quantified and the inhibition constants were determined for both COD and 4-CP removals. Model predictions with the estimated kinetic

onstants were in good agreement with the experimental data. Developed model can be used to estimate the performance of an activated sludge
nit treating 4-CP containing wastewater under the specified experimental conditions.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Some chemical industry effluents such as pulp and paper,
etrochemicals and pesticides contain toxic concentrations of
hlorophenols which have deleterious effects on the receiving
nvironment upon direct discharge. Biological treatments of
uch wastewaters are usually difficult due to toxic effects
f chlorophenols on the organisms. Different methods were
eveloped for biological treatment of chlorophenol containing
astewaters in recent years since biological treatment methods

esult in complete mineralization of chlorophenols and are
elatively inexpensive as compared to physical and chemical
reatment methods [1–5].

Most of the investigations on biodegradation of chlorophe-

ols focused on suspended pure culture studies using different
acteria and fungi [6–16]. Usually, a carbohydrate substrate
as used as the primary metabolite and the chlorophenols
ere used as cometabolites [9,10,14]. Limited number of

tudies was reported on biological treatment of wastewaters

∗ Corresponding author. Fax: +90 232 4531143.
E-mail address: fikret.kargi@deu.edu.tr (F. Kargi).
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ontaining chlorophenols [17–21]. Pre-adaptation of the
ctivated sludge cultures to chlorophenols was reported to
mprove the rate and the extent of biodegradation of those
ompounds [5,17,18]. Recent investigations on biodegradation
f chlorophenols focused on the use of immobilized cells or
iofilm reactors [22–30]. Biofilm reactors are more resistant to
igh concentrations of chlorophenols, because of high biomass
oncentrations and diffusion barriers within the biofilm for the
oxic compounds. However, suspended culture systems offer
ome advantages such as better control and easy operation as
ompared to the biofilm reactors and may result in high removal
fficiencies for COD, chlorophenols and toxicity, if operated
ith high sludge recycle at high sludge ages.
Design and operation of activated sludge units treating

hlorophenol containing wastewaters require sound kinetic
odels with pre-estimated kinetic and stoichiometric coef-
cients. There are very limited number of mathematical
odelling studies on biodegradation of chlorophenols. Some
f those studies were carried out with pure cultures in batch
ystems and some with activated sludge cultures in continuous
ystems [16,18–21,31–34]. Lack of sound kinetic models
ased on experimental studies in an activated sludge unit is the

mailto:fikret.kargi@deu.edu.tr
dx.doi.org/10.1016/j.jhazmat.2006.09.015
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ajor obstacle in understanding and design of systems treating
hlorophenol containing wastewaters. For this reason the major
bjective of this study is to develop sound kinetic models for
OD and 4-CP removals in an activated sludge unit and to
etermine the kinetic and stoichiometric coefficients using the
xperimental data. Experiments were performed at different
ydraulic residence times (HRT = 5–30 h) and sludge ages
SRT = 3–30 days) while the fed COD and 4-CP concentrations
ere constant at 2500 ± 100 and 500 ± 10 mg l−1, respectively.
he experimental data was used for determination of the model
onstants by iteration using the STATISTICA 5 program.

. Materials and methods

.1. Experimental system

A laboratory scale activated sludge unit was used throughout
he study. The system consisted of an aeration tank of volume
.6 l and a sludge settling tank of 1.6 l made of stainless steel. The
eration and sludge settling tanks were separated by an inclined
late which allowed passage of the wastewater from the aeration
o the settling tank through the holes on the inclined plate. The
nclined plate had a 3 cm gap at the bottom which allowed the
assage of the settled sludge from the settling to the aeration
ank. Aeration tank was vigorously aerated by using an air pump
nd several porous diffusors. Synthetic wastewater was kept in
deep refrigerator at 4 ◦C in order to avoid any decomposition

nd was fed to the aeration tank with a desired flow rate by a
eristaltic pump (Watson–Marlow 505 Di/L, UK). The effluent
as removed from the top of the settling tank by gravitational
ow. Temperature, pH and dissolved air (DO) concentrations in

he aeration tanks were measured twice a day and were adjusted
o desired levels. Temperature pH and DO levels throughout the
tudy were T = 25 ± 2 ◦C, pH 7.5 ± 0.5 and DO = 2 ± 0.5 mg l−1,
espectively.

.2. Wastewater composition

Synthetic wastewater composed of diluted molasses, urea,
H2PO4 and MgSO4 resulting in COD/N/P = 100/8/1.5 in

he feed wastewater was used throughout the study. Typical
omposition of the feed wastewater was CODo = 2500 ±
00 mg l−1, NT = 200 ± 20 mg l−1, PO4-P = 38 ± 2 mg l−1,
gSO4 = 50 mg l−1 and 4-CPo = 500 ± 10 mg l−1 (with a COD

ontent of 1.62 g COD g−1 4-CP). Major COD components in
he feed wastewater were the carbohydrates (sucrose) and other
arbonaceous compounds present in molasses and the 4-CP
ontent. Feed wastewater pH was nearly 6.9 which increased to
early 8 due to ammonia released from degradation of urea in
he activated sludge unit. pH in the aeration tank was controlled

anually around 7.5 by addition of dilute sulfuric acid several
imes a day.
.3. Organisms

The activated sludge culture obtained from PAK MAYA Bak-
rs Yeast Company (Izmir, Turkey) wastewater treatment plant

w
m
c
s

Materials 143 (2007) 233–239

as used as the seed culture. The activated sludge culture was
rown in the aeration tank using the same synthetic wastewater
n the presence of 50 mg l−1 4-CP for a week before inoculation
f the experimental system.

.4. Experimental procedure

Experiments were started batch wise. About 7 l of the syn-
hetic wastewater containing 50 mg l−1 4-CP was placed in the
eration tank and was inoculated with 1 l of the inoculum culture.
he system was operated in batch mode for several days to obtain
dense culture of the activated sludge before starting the con-

inuous operation. Feed wastewater was fed to the reactor with a
esired flow rate and removed with the same rate. Temperature,
H and DO were approximately T = 25 ± 2 ◦C, pH 7.5 ± 0.5,
O = 2 ± 0.5 mg l−1, respectively, throughout the experiments.
ludge age (SRT) was changed by removing a certain fraction
f the sludge from the aeration tank everyday. For example, 10%
1/10) of the sludge was removed from the aeration tank every-
ay to adjust the sludge age to 10 days. Hydraulic residence
ime (HRT) was changed by adjusting the flow rate of the feed
astewater. Hydraulic residence time (HRT) was varied between
and 30 h while the sludge age was constant at 10 days in the
rst set of experiments. Sludge age was varied between 3 and
0 days in the second set of experiments while the HRT was
onstant at 25 h. Every experiment was conducted until the sys-
em reached the steady-state yielding the same COD and 4-CP
ontents in the effluent for the last 3 days. Average time elapsed
or each experiment was about 2–3 weeks. The samples col-
ected from the feed and effluent wastewater at the steady-state
ere analyzed for COD, 4-CP and biomass concentrations after

entrifugation.

.5. Analytical methods

Samples were withdrawn everyday for analysis and cen-
rifuged at 8000 rpm (7000 × g) for 20 min to remove biomass
rom the liquid phase. Clear supernatants were analyzed for
OD and 4-CP contents. Colorimetric method based on 4-
minoantipyrene was used as specified in the Standard Methods
or determination 4-CP in terms of phenol index [35]. Chemical
xygen demand (COD) was determined using the closed reflux
ethod according to the Standard Methods [35]. Biomass con-

entrations were determined by filtering the samples through
.45 �m milipore filter and drying in an oven at 105 ◦C until
onstant weight. The samples were analyzed in triplicates with
ess than 3% standard deviations from the average.

. Mathematical models

.1. Mathematical model for COD removal

Activated sludge design equations used for COD removal

ere modified by considering 4-CP inhibition. The inhibition
odels were mainly used for biodegradation of phenols and

hlorophenols in batch systems, but not for the activated sludge
ystems treating chlorophenol containing wastewaters [18,20].
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similar model was used by Eker and Kargi for biological treat-
ent of 2,4-dichlorophenol containing synthetic wastewater in

n activated sludge unit [21].
With the assumption that the aeration tank is completely

ixed, a COD balance over the aeration tank yields:

(CODo − CODR) = UCODXV (1a)

r

COD = Q(CODo − CODR)

VX
= CODo − CODR

ΘHX
(1b)

here Q is the flow rate of wastewater to the aeration tank
l h−1), CODo and CODR the COD concentrations in the feed
nd in the reactor (or effluent) at the steady-state (mg l−1); UCOD
he specific rate of COD removal (mg COD mg X−1 h−1); X the
otal biomass concentration in the aeration tank at steady-state
mg l−1); V the wastewater volume in the aeration tank (7.6 l)
nd ΘH is the hydraulic residence time (V/Q, h).

In the presence of 4-CP inhibition, the specific rate of COD
emoval (UCOD) can be represented by the following equation:

COD = kappCODR

Ks,app + CODR
(2)

here kapp and Ks,app are the apparent specific rate and saturation
onstants for COD removal which can be written as follows with
he 4-chlorophenol (CP) inhibition constants:

app = k

(1 + CPR/KCP)
and Ks,app = Ks

(
1 + CPR

KI,CP

)
(3)

here, k is the maximum specific rate constant for COD removal
h−1); KCP the 4-CP inhibition constant for k (mg l−1); CPR the
-CP concentration in the aeration tank at steady-state (mg l−1);
s the real saturation constant for COD removal (mg l−1); KI,CP

s the 4-CP inhibition constant for Ks (mg l−1).
Combination of Eqs. (1b)–(3) yields the following equation

hich may be used for design purposes:

COD = kappCODR

Ks,app + CODR
= [k/(1 + CPR/KCP)]CODR

Ks(1 + CPR/KI,CP) + CODR

= CODo − CODR

ΘHX
(4)

The experimental data obtained for COD removal at dif-
erent hydraulic residence times were used to determine the
inetic constants (k, KCP, Ks, KI,CP) in Eq. (4) by iteration using
he STATISTICA 5 computer program with Quasi–Newton
pproximation.

In activated sludge systems, steady-state COD concentration
n the aeration tank is related with the sludge age (solids retention
ime, SRT) as follows:

1 = YMUCOD − bapp = YM

(
CODo − CODR

)
− bapp (5)
Θc ΘHX

here YM is the maximum growth yield coefficient on COD
g X g COD−1); bapp the apparent death rate constant (day−1)
nd Θc is the sludge age (SRT, days).

(
4
K

i

Materials 143 (2007) 233–239 235

Inhibition effects of 4-CP on microorganisms can be
escribed by an enhanced death rate coefficient at high 4-CPR
evels as follows:

app = b

(
1 + CPR

Kb

)
(6)

here ‘b’ is the real death rate constant (day−1); Kb is the 4-CP
nhibition constant for the death rate constant.

Combination of Eq. (5) and (6) yields the following design
quation:

1

Θc
= YMUCOD − bapp

= YM

(
CODo − CODR

ΘHX

)
− b

(
1 + CPR

Kb

)
(7)

Experimental data obtained at different sludge ages (SRT)
ere used to determine the constants (YM, b, and Kb) in Eq. (7)
y iteration using the STATISTICA 5 program.

.2. Kinetic model for 4-CP removal

Similar to COD removal kinetics in the activated sludge unit,
-CP inhibition on 4-CP removal kinetics can be modelled as
ollows.

4-CP balance around the aeration tank yields:

(CPo − CPR) = UCPXCPV (8a)

r

CP = Q(CPo − CPR)

VXCP
= CPo − CPR

ΘHXCP
(8b)

here Q is the flow rate of wastewater to the aeration tank
l h−1), CPo and CPR the 4-CP concentrations in the feed and
n the reactor at steady-state (mg l−1); UCP the specific rate of
-CP removal (mg 4-CP mg−1 X h−1); XCP the 4-CP degrad-
ng biomass concentration in the aeration tank at steady-state
mg l−1); V the wastewater volume in the aeration tank (7.6 l);

H is the hydraulic residence time (V/Q, h).
The specific rate of 4-CP removal (UCP) is can be written as

ollows:

CP = k′
appCPR

K′
s,app + CPR

(9)

here k′
app andK′

s,app are the apparent specific rate and saturation
onstants for 4-CP oxidation which can be written as follows
ith the 4-CP inhibition terms:

′
app = k′

(1 + CPR/K′
CP)

and K′
s,app = K′

s

(
1 + CPR

K′
I,CP

)
(10)

here, k′ is the maximum specific rate constant for 4-CP removal

h−1); K′

CP the 4-CP inhibition constant for k′ (mg l−1); CPR the
-CP concentration in the aeration tank at steady-state (mg l−1);
′
s the real saturation constant for 4-CP removal (mg l−1); K′

I,CP

s the 4-CP inhibition constant for K′
s (mg l−1).



236 I. Konya et al. / Journal of Hazardous Materials 143 (2007) 233–239

Table 1
Experimental data obtained at different hydraulic residence times (SRT 10 days, 4-CPo = 500 mg l−1, CODo = 2500 mg l−1)

θH (h) CODo

(mg l−1)
CODe

(mg l−1)
ECOD

(%)
4-CPo

(mg l−1)
4-CPe

(mg l−1)
E4-CP

(%)
X
(mg l−1)

UCOD

(mg COD mg−1 X−1 h−1)
U4-CP

(mg 4-CP mg−1 X h−1)

30 2331 144 94 511 2 100 3560 0.0205 0.0048
25 2457 253 90 513 4 99 3492 0.0252 0.0058
20 2372 226 90 519 7 99 3345 0.0321 0.0077
15 2339 217 91 520 51 90 3270 0.0433 0.0096
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0 2397 673 72 493 327
5 2663 1487 44 503 428

Combination of Eqs. (8b)–(10) yields the following equation
hich may be used for design purposes:

CP = k′
appCPR

K′
s,app + CPR

= [k′/(1 + CPR/K′
CP)]CPR

K′
s(1 + CPR/K′

I,CP) + CPR

= CPo − CPR

ΘHXCP
(11)

The experimental data obtained for 4-CP removal at different
ydraulic residence times were used to determine the kinetic
onstants in Eq. (11), by iteration using the STATISTICA 5
rogram with Quasi-Newton approximation.

The sludge age is related to the specific rate of 4-CP removal
y the following equation:

1

Θc
= Y ′

MUCP − b′
app = Y ′

M

(
CPo − CPR

ΘHXCP

)
− b′

app (12)

here Y ′
M is the maximum growth yield coefficient on 4-CP

g X g 4-CP−1); b′
app the apparent death rate constant (day−1)

or 4-CP oxidizing organisms, Θc the sludge age (SRT, days)
nd XCP is the 4-CP degrading biomass concentration in the
eration tank (mg l−1).

Variation of death rate constant with the 4-CP concentration
n the reactor can be expressed as follows:

′ ′
(

CPR
)

app = b 1 +
K′

b
(13)

here b′ is the real death rate constant (d−1); K′
b is the 4-CP

nhibition constant for the death rate constant.

r
3
4
f

able 2
xperimental data obtained at different sludge ages (HRT 25 h, 4-CPo = 500 mg l−1, C

c (days) CODo

(mg l−1)
CODe

(mg l−1)
ECOD

(%)
4-CPo

(mg l−1)
4-CPe

(mg l−1)

0 2630 175 93 498 6
5 2670 174 93 498 7
0 2535 102 96 504 5
5 2323 238 90 497 6
0 2300 295 87 489 9
5 2390 600 75 495 340
3 2685 1045 61 518 501
4 2800 0.0616 0.0059
5 1856 0.1267 0.0081

Combination of Eqs. (12) and (13) yields the following design
quation:

1

Θc
=Y ′

MUCP−b′
app =Y ′

M

(
CPo − CPR

ΘHXCP

)
− b′

(
1 + CPR

K′
b

)
(14)

Experimental data obtained at different sludge ages (SRT)
ere used to determine the constants (Y ′

M, b′, and K′
b) in Eq.

14) by iteration using the STATISTICA 5 program.

. Results and discussion

.1. Determination of kinetic and stoichiometric constants
or COD removal

Experimental data obtained at different hydraulic residence
imes (HRT, ΘH) and sludge ages (SRT, Θc) are summarized in
ables 1 and 2. Variations of effluent COD and 4-CP with HRT
nd SRT (sludge age) are depicted in Figs. 1 and 2. The effluent
OD and 4-CP concentrations decreased steadily with increas-

ng hydraulic residence time (HRT) from 5 to 30 h (Fig. 1).
imilarly, increasing sludge ages from 3 to 30 days resulted

n steady decreases in effluent COD and 4-CP as shown in
ig. 2.

In estimating the COD removal kinetic constants as pre-
ented in Eq. (4) the experimental data obtained for COD

emoval at different hydraulic residence times between 5 and
0 h were used (SRT = 10 days, CODo = 2500 ± 100 mg l−1,
-CPo = 500 ± 10 mg l−1). The kinetic constants obtained
rom iteration using the STATISTICA 5 program with the

ODo = 2500 mg l−1)

E4-CP

(%)
X
(mg l−1)

UCOD

(mg COD mg−1 X−1 h−1)
U4-CP

(mg 4-CP mg−1 X h−1)

99 6250 0.015712 0.003149
99 5800 0.017214 0.003386
99 4200 0.023171 0.004752
99 3230 0.025820 0.006080
98 3115 0.025746 0.006164
31 1770 0.040452 0.003503

3 1530 0.042876 0.000444
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ig. 1. Comparison of the experimental data with the model predictions for efflu-
nt COD and 4-CP concentrations in variable HRT experiments. (�) CODexp,
�) 4-CPexp, (- - -) model predictions.

uasi-Newton approximation are as follows:

= 0.11 h−1 = 2.64 day−1,

s = 559 mg l−1 (R2 = 0.89)

KDCP and KI,DCP values were found to be 3.2 × 105 and
.1 × 106, respectively, indicating almost no inhibition of 4-
P on COD removal kinetics. This is to be expected since

he steady-state 4-CP concentrations in the aeration tank were
ower than 300 mg l−1 for HRT > 20 h while the IC50 value
4-CP concentration causing 50% activity loss) for 4-CP
as 500 mg l−1.
Experimental data obtained at different sludge ages

SRT = 3–30 days) for COD removal are presented in Table 2
t constant HRT = 25 h, CODo = 2500 ± 100 mg l−1 and 4-
Po = 500 ± 10 mg l−1. The data was used in estimating the
onstants of Eq. (7) by iteration using the STATISTICA 5 pro-
ram. By excluding the data points at 25 and 30 days of SRT
since those were close to the data obtained at 15 and 20 days),
he following constants were found for COD removal by Quasi-
ewton approximation:

M = 0.347 g X g COD−1,
= 0.136 day−1 (R2 = 0.95)

Kb (3.4 × 109) value was found to be very high indicating
lmost no 4-CP inhibition effects on the death rate constant

ig. 2. Comparison of the experimental data with the model predictions for efflu-
nt COD and 4-CP concentrations in variable SRT experiments. (�) CODexp,
�) 4-CPexp, (- - -) model predictions.
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or COD removal. The values of YM and (b) are close to those
eported in literature [32].

.2. Determination of kinetic and stoichiometric constants
or 4-CP removal

Similar procedure was used for 4-CP removal kinetics.
-CP removal data obtained at different hydraulic resi-
ence times (SRT = 10 days, CODo = 2500 ± 100 mg l−1,
-CPo = 500 ± 10 mg l−1) between 5 and 30 h were used
Table 1). Percentage of 4-CP degrading organisms was
aried between 20% and 50% of the total biomass and the
inetic constants were determined for each case. The best fit
etween the experimental and predicted effluent COD and 4-CP
oncentrations were obtained when 4-CP degrading organisms
ere 50% of the total biomass. Therefore, XCP was considered

s 50% of total biomass concentration in calculations (i.e.,
CP = 0.50X). The kinetic constants of Eq. (11) determined by
sing the STATISTICA 5 program with Hooke–Jeeves Pattern
pproximation were as follows for 4-CP removal (R2 = 0.79):

′ = 0.06 h−1 = 1.44 mg 4-CP mg−1 XCP day−1,

′
s = 25.7 mg l−1, K′

CP = 559 mg l−1,

′
I,CP = 17 mg l−1

As compared to the COD removal kinetic constants,
pecific rate constant for 4-CP removal (1.44 mg 4-
P mg−1 XCP day−1) was lower than that for the COD removal

2.64 mg COD mg X−1 day−1) indicating that COD compounds
mainly sucrose) present in molasses were degraded faster than
-CP. Saturation constant for 4-CP oxidation rate (25.7 mg l−1)
as also lower than that of COD oxidation (559 mg l−1) indicat-

ng effective oxidation of 4-CP by 4-CP oxidizing organisms.
OD oxidation was not adversely affected by 4-CP since
-CP concentrations in the reactor were much lower than the
C50 value of 4-CP (500 mg l−1) for most of the experimental
oints. However, 4-CP oxidation rate was inhibited by 4-CP.
-CP inhibition on saturation constant (K′

I,CP = 17 mg l−1)
as much more pronounced than that on the rate constant

K′
CP = 559 mg l−1) for 4-CP oxidation. Inhibition effects

f 4-CP on 4-CP oxidation rate was found to be much more
ronounced, probably due to the fact that 4-CP oxidizing
rganisms were more sensitive to 4-CP concentrations.

Similar to COD oxidation, the growth yield and death
ate constants for 4-CP oxidation were determined by using
he experimental data obtained at different sludge ages
3–30 days) as presented in Table 2 at constant HRT = 25 h,
ODo = 2500 ± 100 mg l−1 and 4-CPo = 500 ± 10 mg l−1.
gain the 4-CP degrading biomass concentration was consid-

red to be 50% of the total biomass concentration (XCP = 0.50X)
ielding the best fit of the experimental data to the model
redictions. The constants of Eq. (14) were determined by

orrelating the experimental data in Table 2 using the STATIS-
ICA 5 program with Quasi-Newton-Simplex approximation.
he following coefficients were found for DCP removal when
ata obtained at 15, 20 and 25 days were excluded since those
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Table 3
Summary of estimated kinetic and stoichiometric constants

Parameter

k (day−1) Ks (mg l−1) KCP (mg l−1) KI,CP (mg l−1) YM (g X g S−1) b (day−1) Kb (mg l−1)

C
4

d
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OD oxidation 2.64 559 3.2 105

-CP oxidation 1.44 25.7 559

ata were close to each other (R2 = 0.99):

′
M = 0.206 g X g 4CP−1, b′ = 4.7 × 10−5 day−1,

′
b = 0.071 mg l−1

The maximum yield coefficient for microbial growth on 4-CP
as found to be much lower than that obtained for COD due to
igher energy content of COD compounds present in molasses
mainly sucrose) as compared to 4-CP. The death rate constant
b′) was very low indicating negligible death in the absence
-CP in the reactor. However, the inhibition constant of 4-CP
K′

b) on death rate constant (b′) was quite small (0.071 mg l−1)
ndicating significant increases on death rate constant (b′) of
-CP oxidizing organisms at high 4-CP concentrations.

The model predictions of the effluent COD and 4-CP were
ompared with the experimental data in Figs. 1 and 2 for variable
RT and SRT experiments. The model predictions were in good

greement with the experimental data indicating the validity of
he model.

. Conclusions

A mathematical model was developed for an activated sludge
rocess treating 4-chlorophenol (4-CP) containing synthetic
astewater considering 4-CP inhibitions on both COD and 4-
P removals. Experimental data on COD and 4-CP removals
btained at different hydraulic residence times (HRT = 5–30 h)
nd sludge ages (SRT = 3–30 days) were used for determination
f the kinetic and stoichiometric constants of the models. Esti-
ated kinetic coefficients are presented in Table 3 for both COD

nd 4-CP removal in the activated sludge unit. Those constants
re only valid for the wastewater composition and the experi-
ental conditions used in this study and may not be valid for

he real industrial wastewater treatment systems. However, the
eveloped approach may be used in modelling real activated
ludge systems treating 4-CP containing wastewaters.

On the basis of the estimated kinetic constants it can be said
hat 4-CP inhibition on COD oxidation rate was negligible. How-
ver, 4-CP oxidation was adversely affected from 4-CP due to
nhibition on the organisms. Both the maximum rate constant (k′)
nd saturation constants (K′

s) for 4-CP oxidations were affected
y 4-CP inhibition with a greater inhibition effect on the satu-
ation constant.The growth yield and the death rate coefficients
ere also affected from 4-CP inhibitions.

The maximum growth yield coefficient (YM = 0.347 g

g COD−1) and the death rate constant (b = 0.136 day−1)
or COD oxidation were comparable with the literature
eports [32]. Almost no 4-CP inhibition was observed on

[

[

4.1 × 106 0.347 0.136 3.4 × 109

17 0.206 4.7 × 10−5 0.071

eath rate constant for COD oxidation due to very high
b value. The yield coefficient for growth on 4-CP (Y ′

M =
.206 g X g 4 − CP−1) was much lower than that of COD
xidation (YM = 0.347 g X g COD−1) because of lower energy
ontent of 4-CP as compared to carbohydrates present in
olasses. The death rate constant for growth on 4-CP was very

ow (b′ = 4.7 × 10−5 day−1) indicating negligible death in the
bsence of 4-CP. However, the inhibition constant on death rate
or 4-CP (K′

b = 0.071 mg l−1) was very low indicating strong
nhibition effects of 4-CP (or high death rates at high reactor
-CP concentrations) for microbial growth on 4-CP. Model pre-
ictions with the pre-determined kinetic constant were found
o be in good agreement with the experimental data on effluent
OD and 4-CP concentrations as shown in Figs. 1 and 2.
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