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Abstract: In this study, batch experiments were conducted to evaluate the degradation of 4-CP
using acclimated sludge. The Monod and Haldane models were employed to fit the specific growth
rate with various initial 4-CP concentrations of 67–412 mg/L in the batch experiments. Haldane
kinetics showed a better fit to experimental results than Monod kinetics. The kinetic parameters
were obtained from a comparison of Monod and Haldane kinetics with batch experimental data. The
values of µm and KS were found to be 0.691 d−1 and 5.62 mg/L, respectively, for Monod kinetics.
In contrast, the values of µm, KS, and KI were 1.30 d−1, 8.38 mg/L, and 279.4 mg/L, respectively,
for Haldane kinetics. The kinetic parameters in Haldane kinetics were used as input parameters for
the kinetic model system of the packed bed reactor (PBR). The continuous flow PBR was conducted
to validate the kinetic model system. The model-simulated results agreed well with experimental
data in the PBR performance operation. At the steady-state stage, the removal efficiency of 4-CP was
70.8–96.1%, while the hydraulic retention time (HRT) was 2.5 to 12.4 h. The corresponding removal
of 4-CP was assessed to be 94.6 and 96.1% when the inlet 4-CP loading rate was increased from
0.11 to 0.51 kg/m3-d. The approaches of kinetic models and experiments presented in this study can
be applied to design a PBR for 4-CP treatment in wastewater from the effluents of various industries.

Keywords: kinetic study; 4-chlorophenol; biodegradation; acclimated sludge; batch experiments;
packed bed reactor

1. Introduction

Chlorophenols that exist in industrial wastewater are discharged from industries such
as pulp and paper, steel, oil refinery, pesticides, resin and dye, and pharmaceuticals [1–3].
Chlorophenolic compounds can cause carcinogen, teratogen, and mutagen [4,5]. Among
chlorophenols, the effluent concentration of 4-chlorophenol (4-CP) from various industries
ranges from 100 to 1000 mg/L [6]. Without proper treatment, the effluent may contami-
nate the soil and water bodies. 4-CP has been listed by the United States Environmental
Protection Agency (USEPA) as one of the most precarious contaminants owing to its malig-
nant property [7]. The toxicity of 4-CP can cause bioaccumulation, abnormal metabolism,
and DNA damage to aquatic living organisms [8,9]. Even at low levels of approximately
3–4 mg/L, 4-CP can cause the death of aquatic animals [8]. Moreover, 4-CP provokes health
risks to human beings, such as exhaustion, abnormalities, convulsion, and cancer [10,11].
Therefore, the USEPA set the 4-CP concentration level in natural water to less than 1 ppb.
The toxicity of 4-CP and its persistence lead to adverse effects on the environment. Hence,
technologies that can remove 4-CP from industrial wastewater are urgently needed.

Physical and chemical processes such as adsorption, solvent extraction, chemical
oxidation, advanced oxidation, and photo-degradation have been successfully employed
for 4-CP removal [12–14]. However, the drawbacks of these methods include high cost,
complexity, and formation of undesirable by-products [15]. Biological treatment methods
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are widely used to remove 4-CP because complete mineralization can be achieved. Ad-
ditionally, these methods are less energy intensive, more environmentally friendly, and
cost-effective, and are unlikely to form secondary toxic products [16–18].

Growth substrates such as phenol sodium salicylate (SA), and sodium glutamate
(SG) were added to growth medium and induced enzymes to co-metabolize carbazole
or 4-CP [19–22]. Loh and Yu [19] found that carbazole can only be degraded by
Pseudomonas putida cells in the presence of SA. Most studies reported that 4-CP biodegrada-
tion by special strains can be achieved through the supplementation of phenol and SG as
a growth substrate [20–22]. The supplementation of phenol, SA, or SG for special strains to
degrade recalcitrant aromatic hydrocarbons, such as carbazole or 4-CP, increased the treat-
ment cost and, furthermore, resulted in pollution [23]. Moreover, pure culture as a single
organism may not be able to accomplish full mineralization of xenobiotic compounds
due to the accumulation of toxic intermediates during biodegradation [24]. Therefore,
the biodegradation of 4-CP using a mixed culture would become more significant and
appropriate [25]. With an undefined mixed culture, such as the activated sludge, many
kinds of species are cultivated simultaneously to form flocks. The biodegradation of
chlorophenols using activated sludge without the addition of a special growth substrate
would be more practical and cost-effective [23]. To enhance the capability of the activated
sludge in degrading the chlorophenols, the acclimation of activated sludge is needed [26].
The acclimation of activated sludge has been proven to increase the capability in the
biodegradation of phenolic and chlorophenolic compounds [26,27]. The acclimated ac-
tivated sludge had a 1- to 2-fold faster degraded rate than pure strains for chlorophenol
mixtures [27].

Bacterial immobilization has been extensively used as a typical approach for the
biodegradation of organic contaminants present in industrial wastewater [28,29]. Various
bioreactors with immobilized bacteria, including sequencing batch and airlift reactors,
rotating biological contactors, moving bed biofilm reactors, and packed bed reactors, (PBRs)
have been employed for 4-CP biodegradation [30,31]. Among various reactors, PBRs were
considered the most convenient bioreactors for the removal of 4-CP present in water and
wastewater [6]. The merits of PBRs include better reactor performance stability, less sludge
production, no requirement for sludge recycling, high resistance to shock loading, avoidable
washout, and higher biodegradation efficiency [32,33].

The goals of this work were to conduct the performance of PBRs packed with ceramic
particles as the supporting media for biofilm attachment to treat 4-CP synthetic wastewater.
The objectives were to (1) carry out batch experiments to determine the kinetic parameters
of acclimated sludge in Monod and Haldane kinetics, (2) fit experimental data using Monod
and Haldane models in the batch experiments, (3) select the kinetic parameters as the input
parameters for PBRs from better-fit kinetics, (4) develop the kinetic model of PBRs under
continuous flow conditions, (5) carry out the continuous flow experiments to verify the
kinetic model system of PBRs, and (6) investigate the effect of hydraulic retention times
(HRTs) and inlet 4-CP loading rates on 4-CP removal at the steady-state stage.

2. Kinetic Model
2.1. Kinetic Model for Batch Experiments

The Monod and Haldane models were applied to describe the growth of acclimated
sludge for 4-CP biodegradation. The Monod model was stated as the following equation [34]:

µ =
1
X

dX
dt

=
µmS

KS + S
(1)

where µ = specific growth rate (h−1), X = biomass concentration (mg/L), µm = maximum
specific growth rate (h−1), S = 4-CP concentration (mg/L), and KS = half-saturation constant
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(mg/L). Under the inhibition circumstance, the specific growth rate of acclimated sludge
can be represented by the following equation:

µ =
µmS

KS + S + S2/KI
(2)

where KI = inhibition constant (mg/L).

2.2. Kinetic Model for PBR

The non-steady-state mass balance for 4-CP biodegradation using Haldane kinetics in
the biofilm can be expressed by [35]:

∂S f

∂t
=

D f

r2
f

∂

∂r f

(
r2

f
∂S f

∂r f

)
−

µmX f S f

Y
(

KS + S f + S2
f /KI

) (3)

where Sf = 4-CP concentration in the biofilm, Df = diffusion coefficient (cm2/d), and
rf = coordinate distance in biofilm (µm).

The growth thickness of a biofilm at non-steady-state using Haldane kinetics can be
expressed by:

dL f

dt
=
∫ L f

0

(
µmS f

KS + S f + S2
f /KI

− b − bs

)
X f dr f (4)

where Lf = biofilm thickness (µm), bs = biofilm shear-loss constant (d−1), and Xf = biofilm
concentration (mg SS/L).

The mass balance of 4-CP in the bulk liquid using Haldane kinetics can be written as:

dSb
dt

=
Q
Vε

(Sb0 − Sb)− k f (Sb − SI)
A

Vε
− µmSbXb

Y
(
KS + Sb + S2

b/KI
) (5)

where Q = flow rate (cm3/d), V = working volume (cm3), ε = reactor porosity (dimen-
sionless), A = area of media (cm2), Sb0 = 4-CP influent concentration (mg/L), Sb = 4-CP
concentration in the bulk liquid phase (mg/L), kf = mass transfer coefficient (cm2/d),
SI = 4-CP concentration at the interface of the biofilm and bulk liquid phase (mg/L), and
Xb = biomass concentration in the bulk liquid phase (mg SS/L).

The mass balance of the biomass concentration in the bulk liquid phase using Haldane
kinetics can be written as:

dXb
dt

=

(
µmSb

KS + Sb + S2
b/KI

− kd −
Q
Vε

)
Xb +

AbSL f

Vε
X f (6)

2.3. Kinetic Model Solution

The partial differential equation in Equation (3) was transformed into six ordinary
differential equations using orthogonal collocation methods. Nine ordinary differential
equations in the entire kinetic model system were simultaneously solved using Gear’s
method. The main and subroutine programs were coded in Fortran language and executed
with a Fortran compiler in a Quadra Macintosh computer.

3. Materials and Methods
3.1. Nutrient and Minerals Salt Media

Synthetic wastewater containing 4-CP as well as nutrient and mineral salt media were
prepared for batch and packed bed experiments. The ingredients of nutrient and miner-
als salt media were as follows (g/L) [36]: peptone (0.12), yeast extract (0.12), NaCl (0.007),
MgSO4·7H2O (0.002), CaCl2·2H2O (0.004), FeSO4·7H2O (1.36), Na2MoO4·2H2O (0.24),
CuSO4·5H2O (0.25), ZnSO4·7H2O (0.58), MnSO4·H2O (1.01), and NiSO4·6H2O (0.11). The
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0.1 N NaOH and 0.1 N HCl were used to adjust the pH level to 7.0 ± 0.2 prior to each
run of the tests [37]. Peptone and yeast extract were used as a carbon and nitrogen source
during the batch and PBRs experiments where the biodegradation of 4-CP was sought in
the presence of a primary substrate [23].

3.2. Inoculum Cultivation of Acclimated Sludge

The inoculum of 4-CP degrading bacteria was obtained from the activated sludge tank
at the Shigangba Water Recycling Center (Taichung, Taiwan). The inoculum cultivation of
4-CP degrading bacteria was carried out in 250 mL Erlenmeyer flasks. The flasks contained
80 mL seed inoculum and 120 mL nutrient and mineral salt media with a nominal 4-CP
concentration. The flask with 200 mL was then placed in a 30 ◦C rotary shaker moving at
a rotary speed of 120 rpm. The feeding stepwise initial concentration of 4-CP at 3, 5, and
7 mg/L was used to acclimate the activated sludge for further use.

3.3. Batch Experiments

Batch experiments were carried out to determine the kinetic parameters of maxi-
mum specific growth rate (µm), half-saturation constant (KS), inhibition constant (KI),
yield coefficient (Y), and decay coefficient (b). Batch tests were performed in a 5 L glass
batch reactor containing 4 L nutrient medium. The various initial 4-CP concentrations
of 67, 94, 158, 206, 245, 315, 357, and 412 mg/L and the initial biomass concentration of
116 mg SS/L were prepared in the batch reactor, respectively. Each batch experiment was
conducted at 30 ◦C using a water jacket [37]. The pH was controlled at 7.0 ± 0.1 using
0.1 M NaOH.

3.4. Supporting Media

A ceramic particle with an average diameter of 1.14 cm was chosen as a supporting
medium because its high surface area is easy for biomass accumulation and it is an inert
medium. The adsorptive experiments were carried out to observe the adsorptive capability
of ceramic particles with an initial 4-CP concentration of 200 mg/L. The experimental
results indicated that no adsorptive phenomena occurred.

3.5. PBR Experiments

Figure 1 shows the PBR experimental setup. The PBR is packed with ceramic particles
with an average diameter of 1.14 cm. The packed volume was 840 mL in the 1.568 L PBR.
The acclimated activated sludge as inoculum was added into the nutrient medium and
then injected into the bioreactor until it reached the effluent port where the influent was
stopped. The peristaltic pump with a high recycle flow rate was used to mix the inoculum
completely for 72 h and allow the inoculum to attach onto the ceramic particles. The
feed tank containing 4-CP and nutrient medium was pumped into the PBR with a flow
rate of 2.11–6.33 mL/min. A recycle flow with a recycle ratio of 15:1 was employed to
maintain a completely mixed condition in the PBR. The effluent samples were collected
at intervals of 1–4 days to measure the biomass and 4-CP concentrations. To maintain the
PBR temperature at 30 ± 0.2 ◦C, the PBR was encased in a water jacket with a water bath.
The hydraulic retention time was maintained at 4.1–12.4 h and the inlet 4-CP loading rate
increased from 0.11 to 0.51 kg/m3-d.

3.6. Analytical Methods

The 4-CP was measured using HPLC-UV instruments that contain an Alliance 2695 liquid
chromatograph, Waters 2027 auto-sampler, and 2487 UV/Vis detector. The HPLC was
equipped with a Symmetry® C18 column (250 nm × 4.6 nm, 5 µm) for 4-CP elution. The
UV/vis detector was set at 254 nm. A mixture of potassium phosphate (50 mM) and
acetonitrile (70/30, v/v) was employed to elute 4-CP at a flow rate of 1 mL/min [38].
The injection volume was 6 µL. The calibration equation for 4-CP was as follows:
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4-CP (mg/L) = 8 × 10−4 × (Area) − 3.3099, R2 = 0.9999. The concentrations of suspended
solids (SS) were measured according to the standard procedure [39].

Figure 1. Laboratory-scale packed bed reactor.
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4. Results and Discussion
4.1. Degradation of 4-CP and Biomass Growth

The degradation of 4-CP by acclimated sludge at an initial concentration of 67–412 mg/L
is presented in Figure 2a. At the beginning of the batch experiments, the degradation rate
for 4-CP was nearly the same under various initial concentrations, which indicated the
activated sludge was successfully acclimated with feeding 3, 5, and 7 mg/L 4-CP. It was
observed that the complete degradation for 4-CP took place during 8–48 h under different
initial 4-CP concentrations of 67–142 mg/L. Sahinkaya and Dilek [23] used batch reactors
to examine the degradation of 4-CP using unacclimated and acclimated activated sludge.
The results of their study indicated that no adverse effect on COD removal by acclimated
sludge was found although an increase in 4-CP concentration up to 300 mg/L. However,
a considerable decrease in COD removal by unacclimated sludge was observed. They also
found that complete removal of 4-CP was achieved with acclimated sludge at an initial
concentration of 4-CP up to 300 mg/L. The time-course variation of biomass growth on
4-CP is plotted in Figure 2b. It was found that the biomass growth rate for various 4-CP
initial concentrations was slightly different at the onset of the experiments. The biomass
growth profiles were followed by log-growth, constant-growth, and decay phases. The
time required for maximum biomass concentration was observed from 10 to 48 h at initial
4-CP concentrations of 67–412 mg/L. A constant decay rate was also found under different
initial 4-CP concentrations.

Figure 2. Batch experiments to observe the time-course variations of 4-CP and acclimated sludge:
(a) 4-CP degradation; (b) biomass growth.
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4.2. Kinetic Parameters

The specific growth rate against the initial concentration of 4-CP is illustrated in
Figure 3. As displayed in Figure 3, the increase in the value of the specific growth rate made
the initial 4-CP concentration increase up to a concentration level of 94 mg/L. The specific
growth rate then began to decrease with the increase in initial 4-CP concentration. This
indicated that the 4-CP is an inhibitory-type compound. A non-linear regression method
was used to determine the kinetic parameters in Monod kinetics. The kinetic parameters,
µm and KS, for Monod kinetics were found to be 0.691 d−1 and 5.62 mg/L, respectively, with
a correlation coefficient (R2) of 0.711 (Figure 3a). The comparison of experimental results
with Haldane’s model showed a satisfactory agreement. The Haldane model (R2 = 0.711)
exhibited a better fit to experimental data than the Monod model (R2 = 0.856) because
Monod kinetics did not account for the endogenous phase during the whole growth
phase due to 4-CP inhibition. However, Haldane kinetics effectively described the 4-CP
inhibition on microbial growth. The values of kinetic parameters (µm, KS, KI) in Haldane’s
kinetics were evaluated using a non-linear regression technique. The respective values
of µm, KS, and KI, were found to be 1.30 d−1, 8.38 mg/L, and 279.4 mg/L with an R2 of
0.856 (Figure 3b). Assadi et al. [25] carried out an aerobic sequencing batch reactor (SBR) to
investigate the biodegradation of 4-CP by acclimated-mixed sludge. Their experimental
results indicated that 4-CP biodegradation was inhibited at a critical concentration of
74.5 mg/L. In this study, microbial growth was inhibited at a critical concentration
of 94 mg/L.

To determine the growth yield of biomass concentration (as SS) on 4-CP, the batch
experiments were conducted till 4-CP initially present was fully consumed. The value
of biomass concentration presented just at the end of the log-growth phase was used in
computing the generated biomass concentration as a result of consumption of 4-CP [40] The
value of biomass growth yield (Y) was calculated from the batch experimental results of all
initial 4-CP concentrations. The value of biomass produced at the end of the log-growth
phase versus 4-CP consumption was used to determine the value of Y. The calculated
equation can be expressed as

Y =
X − X0

S0 − S
(7)

Figure 4 illustrates the value of Y determined from the slope of (X-X0) versus (S0-S) by
conducting linear regression under eight different initial 4-CP concentrations in the batch
experiments. The value of Y obtained in this study was 0.472 ± 0.006 mg SS/mg 4-CP.
The declined curve of biomass concentration in the endogenous phase after the complete
depletion of 4-CP was used to calculate the decay coefficient (b). The computed equation
can be represented by

b = − ln(X2/X1)

t2 − t1
(8)

In order to evaluate the value of b, the growth batch experiments were not stopped;
rather, the measurement of biomass concentration (as SS) was continued further for another
46 h even after complete degradation of 4-CP [40]. The batch growth curves extended to
the decay phase (Figure 2b) for determining b. The data on the decay phase were plotted
as ln (biomass concentration) versus time. Figure 5 shows the negative slopes determined
from various plots of ln (X2/X1) versus operation time by linear regression. The value of
b obtained was 0.0540 ± 0.0047 d–1. Konya et al. [41] developed a mathematical model for
the activated sludge unit, treating 4-chlorophenol containing synthetic wastewater with
a 4-CP content of 500 mg/L. Model-predicted and experimental data were compared to
estimate the specific rate constant (k), saturation constant (KS), inhibition constant (KI),
yield growth (Y), and decay coefficient (b). The values of k, KS, KI, Y, and b in their study
were 1.44 d–1, 25 mg/L, 17 mg/L, 0.206 g X/g 4-CP, and 4.7 × 10–5 d–1, respectively. The
kinetic constants determined in their study were different from those obtained in this study
due to different supplements of nutrient media in the experiments.
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Figure 3. Comparison of experimental and model-fitted data to determine kinetic parameters:
(a) Monod kinetics and (b) Haldane kinetics. The experimental data presented are means of
three replicates.
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Figure 4. Batch experiments to determine the growth yield (Y) at various 4-CP initial concentrations.
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Figure 5. Batch experiments to determine the decay constants (b).

4.3. Mass Transfer Coefficients

The diffusion coefficient in biofilm (Df) is reported to be 0.2–1.0 times as that in water
(Dw) [42]. The molecular diffusion coefficient of 4-CP in water was estimated by the
empirical formula developed by Wilke and Chang [43]. A ratio of 0.8 (Df/Dw) was used to
estimate the diffusion coefficient of 4-CP in biofilm [44]. The value of Df for 4-CP in biofilm
was 0.684 cm2/d. The 4-CP mass transport from the bulk liquid across the diffusion layer
to the biofilm surface can be defined by

k f =
jDu
S2/3

C

(9)

where u is the flow velocity, and Sc is the Schmidt number. The jD-factor can be computed
by the following equation [45]:

jD =
0.765

ε(Re0.82)
+

0.365
ε(Re0.386)

(10)

where Re is Reynolds number. The above formula is applied to a Re range of 0.01–15,000.
The kf value was obtained as 282.5 cm/d.

4.4. 4-CP Degradation in PBR

Table 1 presents the kinetic and operational conditions as the input parameters for the
kinetic model system of the PBR. Figure 6a illustrates the 4-CP effluent concentration varied
against operation time over 50 days. At the initial stage, the 4-CP effluent concentration
peaked at 234.1 mg/L (Sb/Sb0 = 0.949) due to the diluted characteristics of the 4-CP feed.
At the subsequent stage, the effluent curve leveled off and deviated from the peak of
the curve during the transient period. At the third stage, the 4-CP degradation ran from
20 to 50 days. During this period, a steady-state condition in PBR was achieved. The 4-CP
effluent concentration at the steady state was approximately 9.70 mg/L (Sb/Sb0 = 0.0393).
The attached and suspended biomasses grew rapidly during this period. It was observed
that the model simulation fitted the experimental results well during the entire operation
time with a correlation coefficient of 0.939. Eker and Kargi [46] used a rotating tubes biofilm
reactor (RTBR) to observe the treatment of 4-CP containing wastewater at a high A/Q
(biofilm surface/flow rate) ratio and feed COD concentration. The finding of their study
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reported that more than 95% 4-CP and toxicity removals were achieved with an A/Q ratio
of 186 m2 d m–3, and feed COD of 6000 mg/L with the feed 4-CP of 1000 mg/L.

Table 1. Input parameters for kinetic model system of packed bed reactor.

Symbol Kinetic Parameters (Unit) Value

Sb0 Influent concentration of 4-CP (mg/L) 246.7
µm Maximum specific growth rate (d−1) 1.30
KS Half-saturation constant (mg/L) 8.38
KI Inhibition constant (mg/L) 279.4
Y Biomass yield (mg SS/mg 4-CP) 0.472
b Decay constant (d−1) 0.054
bs Shear-loss coefficient (d−1) 0.223
Df Diffusion coefficient (cm2/d) 0.684
kf Mass transfer coefficient (cm/d) 282.5

Lf0 Initial biofilm thickness (µm) 0.75
Xf Biofilm density (mg/mL) 8.86

Xb0 Initial suspended biomass (mg SS/L) 8.9
Q Influent flow rate (mL/d) 3038–15,192
V Working volume (mL) 1568
ε Reactor porosity (dimensionless) 0.46

Figure 6. Comparison of experimental results and model prediction: (a) 4-CP effluent, (b) biofilm
growth, (c) suspended biomass growth and (d) Flux diffused into biofilm.
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4.5. Biomass Growth

Figure 6b shows the biofilm growth during PBR operation at an HRT of 12.4 h. After
completing the startup lag phase, the vigorous growth of biofilm was observed during the
non-steady-state period of 8–20 days. The biofilm thickness reached a maximal value of
570.8 µm at the steady-state performance.

The suspended solids (SS) concentration was detected to evaluate the growth of
suspended biomass during the PBR operation (Figure 6c). The effluent curve of SS followed
the lag phase, log-growth phase, and steady-state growth phase. The lag stage lasted
about 8 days before the suspended biomass started to grow. The abrupt increase in SS
content during the transient period (8–20 days) indicated the vigorous growth of suspended
biomass. The maximum value of SS content at the steady state period (20–50 days) was
approximately 92 mg SS/L. Model-simulated and experimental data showed a satisfactory
agreement with each other.

4.6. Flux Diffused into Biofilm Layer

The variation of model-simulated flux against operational time in the PBR perfor-
mance is plotted in Figure 6d. At the onset of biodegradation, the flux value was very
small, indicating that 4-CP degradation by attached biomass was negligible during the
lag phase. In sequence, the flux increased abruptly with time, which represented the
attached biomass actively mineralizing 4-CP to lower its influent concentration. The flux
of 4-CP was then maintained at a constant value because the PBR performance reached
a steady-state condition. The flux diffused into biofilm was about 0.297 mg/cm2-d at the
steady-state condition.

4.7. 4-CP Concentration Profiles in Biofilm and Liquid Film

The kinetic model for 4-CP concentration profiles in biofilm and liquid film layers
was described in Equation (3). Equation (3) was solved by numerical methods to obtain
the model-simulated values. Figure 7 shows the model simulated with the variation of
4-CP concentration profiles against the biofilm and liquid film layers at different operation
times. The 4-CP concentration of 184.3 mg/L (Sf/Sb0 = 0.7470) in bulk liquid was dropped
to 183.9 mg/L (Sf/Sb0 = 0.7454) at a transient period of 10.58 d (Figure 7a). A concentration
profile curve was observed in the biofilm layer, indicating that diffusion resistance occurred
in the biofilm layer. At the surface of the supporting medium, the 4-CP concentration was
183.4 mg/L (Sf/Sb0 = 0.7435). It was observed that the 4-CP concentration decreased from
14.06 (Sf/Sb0 = 0.057) to 12.93 mg/L (Sf/Sb0 = 0.0524) in the liquid film at an operation time
of 13 d (Figure 7b). A curve of concentration profile was observed from the interface of the
liquid film and biofilm to the surface of the supporting medium. The 4-CP concentration at
the surface of the ceramic particle was 7.28 mg/L (Sf/Sb0 = 0.0295). At a steady-state period
of 40 days, the 4-CP concentration of 9.62 mg/L (Sf/Sb0 = 0.039) in the bulk liquid phase
was decreased to 8.61 mg/L (Sf/Sb0 = 0.0349) at the interface of liquid film and biofilm
phases (Figure 7c). Moreover, a typical concentration profile curve was observed in the
biofilm layer with a low 4-CP concentration of 0.59 mg/L (Sf/Sb0 = 0.0024) at the wall of
the supporting medium.

4.8. The Effect of Operation Parameters on 4-CP Removal Efficiency

The effect of HRTs and inlet organic loading rates on 4-CP removal efficiency is shown
in Figure 8. The PBR was operated until the steady-state behavior was achieved. At the
steady state, the influent flow rate was adjusted to obtain the different HRT at 12.4, 6.2, 4.2,
3.1, and 2.5 h with an initial 4-CP concentration of 246.7 mg/L. The corresponding 4-CP
removal efficiencies varied with HRT, as shown in Figure 8a. The 4-CP removal efficiency
increased as the HRT increased, indicating that higher HRT increased 4-CP degradation
in PBR. The corresponding removal efficiency of 4-CP ranged from 70.8 to 96.1% as the
HRT was maintained at 2.5–12.4 h. The high removal efficiency of 4-CP was attributed
to sufficient retention time for effective biomass growth to degrade 4-CP [47]. Figure 8b



Processes 2022, 10, 2130 13 of 16

presents the effect of 4-CP inlet loading rates on 4-CP effluent concentration and removal
efficiencies. The increase in inlet loading rates increased the 4-CP effluent concentration.
Further, the corresponding removal efficiency of 4-CP was 94.6–96.1%, while the inlet
4-CP loading rate was 0.11–0.51 kg/m3-d. The change in 4-CP inlet loading rates did not
affect the removal efficiencies significantly because the steady-state condition in the PBR
system was achieved. Swain et al. [37] operated a moving bed and packed bed bioreactor
to investigate the removal of 4-CP by the Bacillus consortium isolated from the petroleum
refinery. Their experimental results revealed that the maximum removal efficiencies were
obtained as 94.34 and 90.62% at an inlet 4-CP loading rate of 0.025 kg/m3-d in a moving bed
bioreactor (MBBR) and packed bed bioreactor (PBBR), respectively. However, the removal
efficiencies of 4-CP were decreased to 50.83 and 43.67% for MBBR and PBBR, respectively,
while the inlet 4-CP loading rate was increased up to 0.167 kg/m3-d.

Figure 7. 4-CP concentration profile in the liquid film and biofilm at (a) 10.58 days, (b) 13 days, and
(c) 40 days.
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Figure 8. The effect of operation parameters on 4-CP removal efficiency at the steady state (a)
hydraulic retention times (b) inlet loading rates.

5. Conclusions

The Monod and Haldane kinetics were used to evaluate the growth of 4-CP degrading
biomass and biodegradation. The compared results of batch experiments and kinetic
models indicated that the Haldane kinetics had a better fit to the experimental data than the
Monod kinetics did. In the batch experiments, the best-fitted kinetic parameters obtained
from the comparison of the Haldane model and experimental data were applied as the
input parameters of the kinetic model system of PBRs. The performance of PBRs packed
with ceramic particles as supporting media was estimated for 4-CP removal and validated
the kinetic model system of PBRs. The kinetic model system fitted with the experimental
results of 4-CP effluent concentrations from unsteady- to steady-state stages well with
a high correlation coefficient of 0.939. With the increase in HRT, the removal efficiency of
4-CP was increased with increasing the HRT. Further, the removal efficiency of 4-CP at
the steady-state stage remained at 94.6–96.1% as the inlet 4-CP loading rate was increased
from 0.11 to 0.51 kg/m3-d. The PBR filled with ceramic particles as supporting media
for biofilm attachment could be employed to treat 4-CP effluent from the discharge of
various industries.
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