
Citation: Makgato, S.;

Nkhalambayausi-Chirwa, E. An

Evaluation of the Kinetic Properties

Controlling the Combined Chemical

and Biological Treatment of Toxic

Recalcitrant Organic Compounds

from Aqueous Solution. Catalysts

2022, 12, 965. https://doi.org/

10.3390/catal12090965

Academic Editors: Jaime Carbajo and

Patricia García-Muñoz

Received: 19 July 2022

Accepted: 22 August 2022

Published: 29 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

catalysts

Article

An Evaluation of the Kinetic Properties Controlling the
Combined Chemical and Biological Treatment of Toxic
Recalcitrant Organic Compounds from Aqueous Solution
Seshibe Makgato 1,* and Evans Nkhalambayausi-Chirwa 2

1 Department of Chemical Engineering, College of Science, Engineering and Technology, University of South
Africa (UNISA), c/o Christiaan de Wet & Pioneer Avenue, Johannesburg 1710, South Africa

2 Water Utilisation and Environmental Engineering Division, Department of Chemical Engineering,
University of Pretoria, Pretoria 0002, South Africa

* Correspondence: makgato2001@yahoo.com; Tel.: +27-11-670-9276

Abstract: Due to their high toxicity, propensity for cancer, teratogenicity, mutagenicity, and genotoxi-
city, hazardous water-soluble phenolic compounds must be controlled immediately. In this study,
a model was created to simulate the degradation of harmful recalcitrant organic compounds in a
combined chemical and biological treatment system. The parameter estimations with inhibition coef-
ficient (Haldane model) and without inhibition coefficient (Michaelis-Menten model) were assessed
over a wide range of initial concentrations using the Monod-like model. The kinetic parameters
were optimized using AQUASIM 2.0 software. At a 50 mg·L−1 feed concentration of 4-chlorophenol,
removal efficiencies of more than 98% were attained under these circumstances. The primary kinetic
parameters were identified and their values models were validated using the fitted parameter values
that reached a good degree of agreement (R2 = 0.998). We may better comprehend and make use
of the complex phenolic compounds’ biodegradation processes, such as progress optimization and
scale-up, by understanding the mechanisms of substrate interaction and the new kinetic models that
have been provided in this work.

Keywords: kinetics; chemical reactor; biodegradation; toxic recalcitrant; aqueous solution

1. Introduction

The manufacturing of plastics, resin and dyes, insecticides, pharmaceuticals, paper
and other petroleum products all heavily rely on phenols or phenolic chemicals [1]. As a
result, numerous contaminants are frequently detected in the effluent water from these en-
terprises, the most prevalent of which is chlorophenol [2], which is reportedly exceedingly
harmful to both humans and aquatic life [3]. The levels of 4-chlorophenol (4-CP) in the
effluents from the manufacturers of these products range in concentration from 10 mg·L−1

to 200 mg·L−1 [4]. Numerous derivatives of chlorophenol are refractory, which makes
them resistant to biological deterioration. These compounds’ recalcitrance is caused by
the extremely difficult-to-cleave carbon-hydrogen bond [2]. Additionally, the toxicity of
chlorophenols may rise with an increase in their chlorine atom, and the toxicity is also
influenced by the difficulty of its microbial degradation [5]. The US Environmental Pro-
tection Agency (EPA) and the European Union (EU) have designated chlorophenols as
“priority pollutants”, meaning that their presence in the aquatic environment needs to be
continuously monitored [6]. Because of their high toxicity [3], carcinogenic potential [1],
teratogenic potential [7], mutagenic potential [8], genotoxicity [8], mutagenicity, and geno-
toxicity, hazardous water-soluble phenolic compounds need to be addressed urgently. Over
the past few decades, research into various emerging treatment approaches for wastes and
waste streams that are chlorophenol-rich has received much attention due to the awareness
that chlorophenols are poisonous and harmful.
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A few researchers [9–16] examined ways to improve the physical, chemical and
biological processes of degrading chlorophenols from wastewater in order to address these
problems. However, the first two techniques can be pricey [10], and in certain situations,
they may not completely remove the contaminants, causing issues with the generation of
dangerous by-products of even more toxic species [17] that call for additional treatments
for further mineralization or disposal [18]. Advanced oxidation processes (AOPs), on
the other hand, have restricted applications, incur high costs due to the need for energy
and chemicals, are slow at higher concentrations or largely useless at low contamination
levels, and cannot destroy recalcitrant organic matter [19,20]. All of these significant
flaws render these technologies uncompetitive and restrict their ability to be used in
real-world scenarios.

More effort has been put into figuring out how to use cultures of microorganisms to
treat chlorophenol-contaminated sediments and water. However, the most environmentally
sound, economically viable and ecologically sound method of mineralizing biodegradable
micropollutants is through biological processes [16]. However, as these treatments are
designed to decompose biodegradable organic pollutants, direct biodegradation treatment
is not appropriate due to the abundance of non-biodegradable and recalcitrant organic
contaminants [17]. As a result, the use of AOPs as pre-treatment technologies could be
used to increase biodegradability and decrease the charge of these molecules in any given
wastewater. By integrating chemical and biological processes, uncommon advancements
have been made in alternative techniques for efficiently removing pollutants in wastew-
ater [16]. Sarria et al. [18] stated that AOPs have been generally shown to be effective
when paired with other cutting-edge technologies. In a combined chemical and biological
process, AOPs pre-treatment aimed to alter the structure of pollutants by converting them
into less toxic and quickly biodegradable intermediates, enabling the subsequent biological
degradation to be completed in less time and at a lower cost [18].

The kinetic characteristics of the organic contaminants involved and the kinetics of
the processes must be understood when designing combined chemical and biological
treatments [21]. According to Malato et al. [22], scaling up of combined chemical and
biological treatments is nevertheless hampered by the absence of kinetic parameter da-ta to
compare integrated chemical and biological processes with other technologies. Therefore,
it is essential to have a kinetics equation that, for the design of a combined chemical and
biological treatment system and the optimization of operating settings, specifies the depen-
dence of the reaction rate on some other relevant quantity [21]. Even while Wade et al. [23]
have shown that deterministic modelling of reactor systems, often using a set of coupled
ordinary differential equations, gives a vital knowledge of these frequently complicated
processes, it has been proved to be successful, particularly in identifying adjustments to the
dynamic systems given perturbations in the inputs. Currently, there is no open literature
on the kinetic characteristics evaluation of a combined chemical and biological treatment
system of harmful refractory organic compounds in a two-stage continuous stirred tank
reactors system (CSTRs) system, despite the mathematical complexity and simplicity of
both batch and continuous systems. However, there hasn’t been a lot of research done on
the analysis of kinetic data and optimization of process parameters for the degradation of
4-CP pollutants at higher concentrations (i.e., 2000 mg·L−1). The objective of the study is to
create a model of the controlling the combined chemical and biological treatment system
simulated harmful recalcitrant organic compound degradation process. The Monod-like
model was used to evaluate the parameter estimations with inhibition coefficient (Haldane
model) and without inhibition coefficient (Michaelis-Menten model).
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2. Results and Discussion
2.1. Chemical Reactor Rate Coefficients Estimation

The 4-chlorophenol is utilized for cell upkeep, metabolic products, and cell biomass.
Equations (1) and (2) are used in order to create a model for the photochemical reactor:

r1 = kC1Coh (1)

where k = the first-order maximum reaction rate coefficient (T−1), C1 = chemical reactor-
calculated effluent concentration (M·L−3), and Coh = calculated concentration of (OH•)
radicals (M·L−3).

Coh = Cohmax +
a(

1 + e
−(t−t0)

b

)c (2)

where Cohmax = Initial concentration of (OH•) radicals (M·L−3), t = Time (T), t0 = Initial
boundary value for accumulation of (OH•) radicals (T), a = Kinetic parameter constant
for accumulation of (OH•) radicals (T), b = Kinetic parameter constant for accumulation
of (OH•) radicals (T), and c = Kinetic parameter constant for accumulation of (OH•)
radicals (T).

Now, substituting Equation (1) on Equation (2) gives:

r1 = kC1

Cohmax +
a(

1 + e
−(t−t0)

b

)c

 (3)

Substituting for Equation (3) on Equation (4) gives Equation (5):

− rS =

(
Q
V

)
(Cin −C) (4)

kC1

Cohmax +
a(

1 + e
−(t−t0)

b

)c

 =

(
Q
V

)
(Cin −C) (5)

A straightforward model, Equation (5), illustrates the wide range of behaviors of
chemical reactors in a combined chemical and biological treatment system. As a result,
utilizing Equation (5) and optimization, a satisfactory solution for the kinetic parameters of
a chemical reactor was discovered based on the goodness of fit (R2 = 0.98) over a range of
influent concentrations. Table 1 lists the computed average kinetic parameters as follows:
a = 648.78 mg·L−1, b = 14.27 h−1, c = 249.39, t0 = 10.13 h, k = 1.97 ×10−5 L−3·mg−1·h−1,
Cohmax = 534.82 mg·L−1, and χ2 = 1046. 55.

Table 1. The operating conditions for the chemical reactor.

Conc
(mg·L−1)

Cin
(mg·L−1)

Cout
(mg·L−1) η a (mg·L−1) b (h) c t0 (h) kms (h−1) Cohmax

(mg·L−1)

50 55 6.17 88.78 377.8 710.73 877.07 974.86 0.046 648.78
100 107 36.02 66.34 243.95 302.80 414.54 17.85 0.057 414.27

50 + H2O2 55 21.19 61.47 100.21 508.46 690.72 137.85 0.064 249.39
100 +H2O2 106 21.32 79.89 9.66 6.04 104.81 8.07 0.082 10.13
200 + H2O2 191 10.11 94.71 1.55 × 10−5 2.19 × 10−5 1.25 × 10−5 1.29 × 10−5 0.089 2.30

The kms value is 0.046 at a dose of 50 mg·L−1 and it rises to 0.057 at a concentration of
100 mg·L−1. However, kms rose from 0.064 to 0.089 when hydrogen peroxide (H2O2) was
added as a liquid catalyst. The kms values for the chemical reactor system were found to
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generally rise with rising chlorophenol concentration and further rise with rising H2O2
dosage. Constant a, b and c values, on the other hand, were found to follow the opposite
pattern from the kms values. Hydrogen peroxide (H2O2) was added as a liquid catalyst
and caused the a, b, and c values in the instances of those values to decrease. The chemical
reactor’s kinetic parameter values matched those in the literature in a reliable manner.
According to Yang et al. [24], kms values for 50, 100, and 200 mg·L−1 with additional H2O2
were reported to be 0.0997, 0.0480, and 0.0307, respectively. These values compared well
with the kms values in the current investigation. Due to variations in the experimental
procedures used by Albarrán and Mendoza [25], there is a slight discrepancy between
the values found in the literature and the values acquired in this work. Additionally,
Ghaly et al. [26] found that the pseudo-first-order rate constants (kms) of chlorophenol with
(OH•) radicals were 0.15 in another scenario. Even while the result of Ghaly et al. [26]
appears high in comparison with our results, this is because Ghaly et al. [26] employed light
intensity measurements of 60 W, which is seven times greater than the 9 W light used in the
current investigation. In terms of engineering, Equation (5) is more intriguing since it offers
the chance to push the system to the edge of its operational viability without sacrificing
its capabilities.

2.2. Steady-State Estimation of Biological Parameters

A model was created for a biological reactor that took into account both the Haldane
and Monod growth models, similar to how one would for a photochemical reaction chamber.
Since the majority of the samples were taken during the logarithmic phase of bacterial
development, as was the case with Patel et al. [4], we made the assumption that no by-
products of 4-CP’s biodegradation would be produced. Additionally, we believed that
cells’ maintenance coefficient would be negligible [27,28]. In order to obtain the following
Equations (6) and (7), two reaction rate models were replaced into Equation (6):

Cin −C =

(
V
Q

)−kmsC
(

X0e(
Ykms

KS
−kd)

)
t

KS + C

 (6)

where Cin = influent substrate concertation (M·L−3), C = effluent substrate concentra-
tion (M·L−3), rs = reaction rate (M·L−3·T−1), Q = flow rate across the reactor (L3·T−1),
V = operating volume of the reactor (L3). kms = maximum specific reaction rate coefficient
(T−1), Ks = half velocity concentration (M·L−3), X0 = the viable cell concentration in the
reactor (M·L−3), Y = The cell growth yield, kd = Endogenous decay coefficient (T−1) and
t = Time (T).

And Equation (7)

Cin −C =

(
V
Q

)−kmsC
(

X0e(
Ykms

KS
−kd)

)
t

KS + C + C2

KI

 (7)

where KI = coefficient of inhibition (M·L−3).
The Haldane model, which takes into account the inhibitory impact of the substrate

exerts during biodegradation, is utilized to characterize the biodegradation kinetics in
Equation (7). The vast spectrum of biological reactor behavior when a chemical and a
biological treatment system are combined is therefore represented by quasi-second-order
simple models in Equations (6) and (7). The relative toxicity of 4-CP concentration can be
evaluated quantitatively under various experimental settings thanks to the inclusion of
the Haldane equation in the kinetic model and the application of the inhibition coefficient
Ki. The values of the kinetic parameters Ks, kms, and KI in the continuous process were
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calculated from the experimental data in a quasi-steady state and are provided as indicated
in Table 2.

Table 2. Kinetic parameter estimation for the biological reactor at different initial concentrations
using measured data (Haldane model).

Conc (mg·L−1) Cin (mg·L−1) Cout (mg·L−1) Removal
Efficiency KI (mg·L−1) kms (h−1) Ks (mg·L−1) χ2 (mg·L−1) R2

50 6.17 1.14 81.52 25 0.184 5 405 0.976
100 36.02 19.01 47.22 144 0.228 7 430 0.997

50 + H2O2 21.19 20.36 3.92 150 0.226 8 411 0.995
100 +H2O2 21.32 16.10 24.48 259 0.328 23 423 0.991
200 + H2O2 10.11 6.00 40.65 274 0.316 30 468 0.994

It was discovered that the bacteria’s specific growth rate increased as the concentration
of 4-CP increased and that 4-CP acts as an inhibitor based on the fact that kms decreased as
the original 4-CP concentration increased. The first-order maximum reaction rate coefficient,
kms, in the chemical reactor was higher than the maximum specific reaction rate coefficient,
kms, in the biological reactor. This shows that the chemical reactor destroyed 4-CP more
quickly than the biological reactor. According to the results of the current investigation,
removal rates were decreased at high 4-CP concentrations, and the Haldane substrate-
inhibition model could be used to predict removal rates at the concentrations examined.

The half velocity constant (Ks) and maximal specific removal rate fell within the ranges
described in the literature [29]. In order to find the model that best captures the intended
process, the Michaelis–Menten and Haldane models were also evaluated.

When the initial 4-CP concentration was increased from its lower level of 50 mg·L−1

to its higher level of 200 mg·L−1 with H2O2, KI values in the range of 25–274 mg·L−1

were reported. Higher KI values signify a stronger inhibitory effect due to the C2/KI
term’s contribution to the Haldane equation, which is sensitive to the substrate’s inhibitory
characteristics. The substrate-inhibition constant, on the other hand, was substantially
greater than Assadi et al. [29] had previously observed (KI = 609.7 mg·L−1). As a result,
only a short period of time was needed to achieve the maximum removal rate from mixed-
acclimated sludge, which suggests that it has a high tolerance for the harmful chemical
4-CP. This finding is consistent with that of Sahinkaya and Dilek [30] who have noted
significant inhibition constants for phenol breakdown in mixed cultures. In contrast to
the Haldane model, the Michaelis–Menten model was shown to have an extremely low
substrate constant (Ks) as shown in Table 3. The Haldane model’s high KI suggests that the
inhibition was quite strong, which indicates that the bacteria were likely thriving primarily
on 4-CP intermediates rather than the genuine 4-CP. Additionally, the KI values were fairly
comparable with those of other researchers [31–34]. The findings demonstrate that the
Haldane model is more accurate since it takes into account the inhibition coefficient, which
in this study’s circumstance could not have been disregarded.

Table 3. Kinetic parameter estimation for the biological reactor at different initial concentrations
using measured data (Michaelis–Menten model).

Conc (mg·L−1) Cin (mg·L−1) Cout (mg·L−1) Removal
Efficiency kms (h−1) Ks (mg·L−1) χ2 (mg·L−1) R2

50 6.17 1.14 81.52 0.046 0.94 405 0.993
100 36.02 19.01 47.22 0.057 2.93 430 0.994

50 + H2O2 21.19 20.36 3.92 0.064 3.98 411 0.995
100 +H2O2 21.32 16.10 24.48 0.082 3.71 423 0.999
200 + H2O2 10.11 6.00 40.65 0.089 3.84 468 0.989

Overall, the degradation rates of 4-CP in inoculum samples were 88.78%, 66.3%, 61.70%,
79.89%, and 94.71% for 50 mg·L−1, 100 mg·L−1, 50 mg·L−1 + H2O2, 100 mg·L−1 + H2O2, and
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200 mg·L−1 + H2O2, respectively, in 200 h. Therefore, 200 mg·L−1 with 96% additional
H2O2 provided the maximum removal effectiveness for 4-CP degradation.

2.3. Developed Model Validations

True steady state conditions were not possible because the reactor was run at 2–3 HRTs
every cycle. However, the reaction-rate kinetics were assessed under a transient condition
using AQUASIM 2.0 software in order to create a more realistic modelling effort. The
findings of comparing experimental and modelled concentration values for the various
initial 4-CP concentrations utilized in the current study are shown in Figures 1–5. These
findings show that with the exception of Figure 3, where the model was unable to accurately
monitor the 4-CP concentration profile, the model’s simulation of the experimental data
and its fitting to those data are both satisfactory. A perfect stoichiometric chloride release
was recorded, and prior research on the bio-degradation of chlorophenols revealed that the
accumulation of intermediates was low [35]. This is supported by the experimental data’s
reasonably strong fit (R2 > 0.97) given that the Haldane model was said to be insufficient in
the presence of those metabolic intermediates [33].
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In order to compare these data with the experimental results, an effort was made to
match the researched kinetic parameter values on an optimized model. Both the Haldane
model’s and the Michaelis-Menten model’s kinetic parameter values for the 4-CP degra-
dation were examined using AQUASIM 2.0, and the results are listed in Tables 4 and 5.
As the original 4-CP concentration increased, we discovered that the values of kms, Ks
and KI did exhibit a continuous trend of increasing. The results show that the Haldane
model is more accurate since it considers the inhibition coefficient, which in the context of
this investigation could not have been ignored. This outcome is fairly consistent with Oh
et al’s experimental findings [33]. Overall, the degradations of 4-CP in inoculum samples
were about 98%, 82%, 63%, 85%, and 97% for 50 mg·L−1, 100 mg·L−1, 50 mg·L−1 + H2O2,
100 mg·L−1 + H2O2, and 200 mg·L−1 + H2O2, respectively, in 200 h. Consequently, a
98% removal efficiency for 4-CP degradation was attained at 50 mg·L−1. However, the
biodegradation rate was further enhanced when hydrogen peroxide (H2O2) was used as a
liquid catalyst, increasing the rate to 200 mg·L−1 with a 97% overall efficiency. However,
with an influent concentration of 4-chlorophenol of 300 mg·L−1 and higher, the system was
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unable to reach a quasi-steady-state condition and was instead characterized by a large loss
of viable biomass because it was unable to scavenge OH radicals under the conditions of
high H2O2 concentrations. According to Fu et al. [8], when there are too many unreacted
(OH•) radicals present and there is not enough organic feed, the radicals recombine to
produce water with no beneficial interaction with the organics. This remark is in line with
the findings of the study.
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Table 4. Kinetic parameter estimation for the biological reactor at different initial concentrations
using AQUASIM (Haldane model).

Conc (mg·L−1) Cin (mg·L−1) Cout (mg·L−1) Overall
Efficiency KI (mg·L−1) kms (h−1) Ks (mg·L−1) χ2 (mg·L−1) R2

50 55 1.14 98% 165 0.181 8 405 0.921
100 107 19.01 82% 284 0.205 10 430 0.995

50 + H2O2 55 20.36 63% 290 0.221 11 411 0.991
100 +H2O2 106 16.10 85% 399 0.260 26 423 0.989
200 + H2O2 191 6.00 97% 424 0.320 33 468 0.992

Table 5. Kinetic parameter estimation for the biological reactor at different initial concentrations
using AQUASIM (Michaelis-Menten model).

Conc (mg·L−1) Cin (mg·L−1) Cout (mg·L−1) Overall
Efficiency kms (h−1) Ks (mg·L−1) χ2 (mg·L−1) R2

50 55 1.14 98% 0.081 0.96 405 0.93
100 107 19.01 82% 0.092 1.20 430 0.94

50 + H2O2 55 20.36 63% 0.099 1.33 411 0.95
100 +H2O2 106 16.10 85% 0.117 3.13 423 0.99
200 + H2O2 191 6.00 97% 0.144 3.98 468 0.98

3. Materials and Methods
3.1. Experimental Set-Up

The combined chemical and biological treatment system employed in this study
included a 22.8 L photoreaction chamber, followed by a 32.7 L biological reactor, both
made of Perspex glass, a 9-Watt (W) UV lamp, a feed pump, and a UV-recycle pump.
The biological reactor’s dimensions were 447 × 348 × 246 mm (L × B × H), whereas the
photoreactor’s dimensions were 300 × 295 × 295 × 295 mm (L × B × H). The two reactors
were run as CSTRs that were connected in series. It was anticipated that Reactor 2 will use
phenolic compound breakdown products as carbon sources. A continuous influent feed
was introduced at a flowrate of 0.200 Lh−1 to allow enough retention for degradation of
4-CP in only one pass through the reactor. Since the model had to account for these radicals,
a degradation reaction was created. The functions of effluent C1 from reactor 1, a chemical
reactor, and C2 from reactor 2, a biological reactor, are used to represent the reaction rates
in Figure 6. Equations (1) and (8) are the formulas for the generalized rate equation for the
degradation of 4-CP.
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r2 =
(kmsC2X0)(

KS + C2 +
C2

KI

) (8)

where: kms = Maximum specific reaction rate coefficient (T−1), C2 = Biological reactor calcu-
lated effluent concentration (M·L−3), X0 = Attached viable cells concentration in the reactor
(M·L−3), KS = Half velocity concentration (M·L−3), KI = Coefficient of inhibition (M·L−3).
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And
X = X0e(

YkmsC2
Ks )t (9)

where Y = The cell growth yield and t = Time (T).

3.2. Operating Conditions for Chemical and Biological Reactors

One experimental run was operated under 4-CP feed concentration range from 50 to
1000 mg·L−1. The amount of H2O2 necessary to achieve the highest treatment efficiency is
another crucial factor to take into account in AOPs and biological treatment procedures
that are coupled. Using an H2O2 dose of 0.1 mg·L−1, the impact of oxidant H2O2 addition
was studied over the loading range of 50 to 1000 mg·L−1. The breakdown of hydrogen
peroxide into water and oxygen is a quick process that takes less than 5 min to complete.
The authors did not anticipate finding considerable levels of H2O2 in the influent of the
bioreactor because the retention time of the chemical reactor was significantly longer (about
6 h). The additional peroxide’s 0.1 mg·L−1 concentration was intended to be adequate for a
speedy reaction and the elimination of all residuals in the effluent.

3.3. Chemicals, Media, and Microorganisms

A mixed culture of activated sludge bacteria was initially gathered from sand-drying
beds at a neighboring wastewater treatment plant (WWTP) in Brits (Northwest Province).
In a chemical reactor, the first stage of AOP dehalogenation was carried out (1st stage).
Because of this, highly aromatic particular microorganisms are not necessarily required
in the biological reactor’s second stage. This study did not include the selection and
acclimatization step that would have produced a highly specialized culture.

The culture was grown in basal mineral medium (BMM), which was made by dissolv-
ing the following ingredients in one liter of distilled water: 0.54 g of NH4Cl, 10.74 g of
NaH2PO4, 2.72 g of K2HPO4, 0.05 g of MgSO4, 7.95 g of FeSO4, 0.01 g of ZnCl2, 0.03 g of
CuCl2, 0.01 g of NaBr, and 0.01 g of Na2MoO4. BMM is a media for the growth of bacteria.
These flasks served as the biological reactor’s inoculation source once the bacteria entered
their exponential growth phase. To begin the experiment with a healthy culture, 2 g·L−1 of
D-glucose was added to the feed solution at starting. The reagents used in the experiments,
which were of analytical purity and used as received, were supplied by MERCK Chemicals
(Johannesburg, South Africa). Ultrapure water was used in all the experiments.

3.4. Chlorophenol Concentration Determination

Using HPLC (high-performance liquid chromatography, Waters Alliance 2695), the
concentration of 4-CP was determined (Meadows Instrumentation Inc., Bristol, WI, USA).
The Waters 626 LC System, 717 Plus Autosampler, and 996 Photodiode Array Detector
made up the HPLC system. The column was a Waters PAH C18 Symmetry Column (4.6 mm
250 mm, 5 m). First, a 5 mL syringe filter with a 0.45 m pore size was used to filter the
samples. An amount of 10 L was used for the injection, and a 254 nm wavelength was used
for the detection. One percent acetic acid in water and one percent acetic acid in acetonitrile
made up the mobile phases A and B, respectively. The Millennium 2010 Chromatography
Manager translated the data. Filtered samples from the collection process were quantified
using HPLC Waters 9625 after being passed through a 0.2 m mixed cellulose filter.

3.5. Simulation Analysis Using AQUASIM 2.0 Software

Data simulation with AQUASIM 2.0 uses the DASSL algorithm, which is based on
the implicit (backward differencing), variable-step, variable-order Gear integration tech-
nique [36]. This method uses a system of partial and ordinary differential equations that
are numerically integrated in time while also resolving the algebraic equations. Using
conservative finite difference techniques, partial differential equations are spatially dis-
cretized [36]. The equation below was created using AQUASIM 2.0 and was obtained using
differential conservation law. Additionally, the DASSL algorithm implementation permits
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the use of the full or branded Jacobian matrix Equation (10) in the solution of the nonlinear
system of algebraic equations [36]:

∂
_
p

dt
=

∂
_
j

∂z
+

_
r (10)

Equation (10) is discretized as Equation (11):

d
dt

_
p(xi, t) =

_
j num(xi+0.5, t)−

_
j num(xi−0.5, t)

xi+0.5 − xi−0.5
+

_
r (xi, t) (11)

J _ =
∂F
∂y

(12)

J _ =

[
∂f1
∂x1

. . . ∂f1
dy

∂f2
∂x2

. . . df2
dy

]
(13)

3.6. Parameter Estimation

Using the fourth-order Runge–Kutta method, AQUASIM 2.0’s mass balance was
quantitatively assessed (RK-4). AQUASIM 2.0’s simplex method was used to determine the
parameters by minimizing the Chi-square (χ2) values between the model data and the actual
data. By minimizing Equation (13) with the constraints (`min,i ≤ `i ≤ `max,i), Aquasim’s
estimate model parameters are represented by constant variables [36]. The weighted
deviations between the measurements and the predicted model results are expressed as the
sum of the squares in this equation [36]. A simplex method or secant algorithm is used to
minimize Equation (14) [36].

x2(`) =
n

∑
i=1

[
Umeas,i −Ui(`)

αmeas,i

]2

(14)

where Umeas,i = i-th measurement, αmeas,i = standard deviation, Ui(`) = calculated value of
the model variable corresponding to the i-th measurement and evaluated at the time and loca-
tion of this measurement, ` = (`i, . . . , `m) = model parameters; `min,i and `max,i = minimum
and maximum constant variable representing `i; n = the number of points; and x2 = the
sum of the deviation for all the fit targets.

3.7. Sensitivity Analysis of the Estimated Parameters

Combining identifiability and uncertainty analysis allows AQUASIM 2.0 to address
sensitivity analysis problems [36]. In order to determine if the model parameters can be
estimated exclusively using the available data, identifiability analysis with AQUASIM 2.0 is
used. This study also aims to calculate the uncertainty of the parameter estimations. This is
accomplished by estimating the parameters’ correlation coefficients and standard errors
during parameter estimation [36]. AQUASIM 2.0 distinguishes Equations (15)–(18):

δa,a
y,` =

∂y
∂`

(15)

δr,a
y,` =

1
y

∂y
∂`

(16)

δa,r
y,` = p

∂y
∂`

(17)

δr,r
y,` =

p
y

∂y
∂`

(18)
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where y = arbitrary variable calculated by AQUASIM and ` = model parameter by
a constant.

δy =

√√√√ m

∑
i=1

(
∂y
∂`i

)2
δ2
`i

(19)

where `i= uncertainty model parameter, δi= standard deviations, y(`i, . . . , `m) = solution
of the model equations for a given variable at a given location and time, δy = approximate
standard deviation of the model result. The error contribution of each parameter is given as:

δerr
y` =

∂y
∂`

δ` (20)

AUASIM 2.0 calculates Equations (15)–(18) and (20) using the derivatives as follows:

∂y
∂`i
≈ y(`i + ∆`i)− y(`i)

∆`i
(21)

where ∆`i = 1% of the standard deviation δ`i, of the parameter ∆`i.

3.8. General Mass Balance of 4-Chlorophenol in CSTR

The mass balances of 4-CP were suggested in order to model the reaction and acquire
the theoretical evolution of the concentrations of the dangerous reactive organic molecules.
According to the findings of various authors [27,28], the following reasonable assump-
tions were made: (1) differential conversion at each pass in the photoreaction chamber,
(2) properly mixed reaction medium, (3) reaction at the solid–liquid interface, (4) negligible
photolysis, and (5) mass transfer constraints can be disregarded. Fogler [37] developed the
generalized mass balance surrounding a fully mixed photoreactor, and Equation (22) can
be used to express it for 4-CP:

V
dC
dt

= Q(Cin −C) + rsV (22)

where Cin = influent substrate concentration (M·L−3), C = effluent substrate concentration
(M·L−3), rs = reaction rate (M·L−3·T−1), Q = flow rate across the reactor (L3·T−1), and
V = operating volume of the reactor (L3). Therefore, during steady-state operation, the
left-hand derivative approaches zero i.e., V· dC

dt ⇒ 0 . As a result, Equation (22) simplifies
to Equation (23):

− rs =

(
Q
V

)
(Cin −C) (23)

Now, considering the single-reactant kinetics in the photoreaction chamber, we as-
sume first order rate kinetics, −rs = ks.C, such that, the rate constant can be estimated
during steady-state operation from the influent and effluent concentration as shown in
Equation (24):

C
Cin

=
1

1 + ksτ
(24)

where τ = the hydraulic retention time (V/Q) (T) and ks = first-order maximum reaction
rate coefficient (T−1).

Two reaction rate models, however, for the biological reactor, were assessed. The first
was the reaction without inhibition as given by the Michaelis-Menten substrate utilization
rate kinetics.

−rs =
kmsCX
Ks+C and the reaction with substrate level inhibition, which was widely used

to evaluate the growth kinetics when the cells grew on a single substrate with the Briggs
and Haldane model [38]: −rs = kmsCX

Ks+C+ C2
KI

, where kms = maximum specific reaction rate

coefficient (T−1), Ks = half velocity concentration (M·L−3), KI = coefficient of inhibition
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(M·L−3), and X = the viable cell concentration in the reactor (M·L−3). The reaction rate is
substituted into the reactor mass balance in Equation (22):

V
dC
dt

= Q(Cin −C) +

(
−kmsCX

Ks + C

)
V (25)

which resolves to:
Xτ

Cin −C
=

(
Ks

kms

)
1
C
+

1
kms

(26)

The cell production in the reactor is proportional to the substrate used by the bacteria
there, as shown by Equation (26) derived from the cell mass balance across the reactor,
i.e., X = mass of cells per mass of substrate utilized. Only if hydraulic retention time (HRT)
is brief enough to make cell death inside the reactor insignificant does Equation (26)’s
expression hold true. However, as can be shown in Equation (27), the mass balance equation
that resulted from the replacement of the inhibitory kinetics was more complicated:

V
dC
dt

= Q(Cin −C) +

− kmsCX

Ks + C + C2

KI

V (27)

which resolves to:

Cin −C =

(
V
Q

)− kmsC.X

Ks + C + C2

KI

V (28)

Equation (28) can be solved numerically.

4. Conclusions

The modelling of the system behavior was successfully carried out in a combined
chemical and biological treatment system under 4-CP concentrations loading range of
50–1000 mg·L−1. Optimized operating parameters were achieved using AQUASIM 2.0 soft-
ware. Moreover, it led to an overall degradation efficiency of 98% and 97% at a 50 mg·L−1

and 200 mg·L−1 with added H2O2 feed concentrations respectively, which is significantly
higher as compared to the photocatalytic performance of chlorophenols degradation re-
ported in previous studies. The results indicated that the Monod model with inhibition
coefficient (Haldane model) well described the 4-CP degradation. The findings demon-
strate that the Haldane model is more accurate since it takes into account the inhibition
coefficient, which in this study’s circumstance could not have been disregarded. Moreover,
the degradation kinetics values and the experimental results matched well with a good
degree of agreement (R2 = 0.998). The results of the current study are encouraging enough
to support additional investigation utilizing continuous or semi-continuous systems. They
may also be useful for wastewater compositions containing 4-CP and other chlorinated
monophenols and can be utilized as a starting point for design calculations that could
eventually lead to the scaling up of continuous combined chemical and biological treatment
system treating 4-CP in industrial waste streams.
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Nomenclature

Parameter Unit Parameter description
a (T) Kinetic parameter constant for accumulation of (OH•) radicals
b (T) Kinetic parameter constant for accumulation of (OH•) radicals
c (T) Kinetic parameter constant for accumulation of (OH•) radicals
Cin (M·L−3) Influent targeted substrate concentration
C1 (M·L−3) Chemical reactor calculated effluent concentration
C2 (M·L−3) Biological reactor calculated effluent concentration
C (M·L−3) Concentration at steady-state
Cohmax (M·L−3) Initial concentration of (OH•) radicals
Coh (M·L−3) Calculated concentration of (OH•) radicals
V (L3) Reactor volume
Q (L3·T−1) Flow rate across the reactor
kms (T−1) Maximum specific reaction rate coefficient
Ks (M·L−3) Half velocity concentration
KI (M·L−3) Coefficient of inhibition
X0 (M·L−3) Attached viable cells concentration in the reactor
Y The cell growth yield
t0 (T) Initial boundary value for accumulation of (OH•) radicals
X (g) Mass of cells per mass of substrate utilized.
kd (T−1) Endogenous decay coefficient
Symbols
Umeas,i i-th measurement
αmeas,i standard deviation

Ui(`)
calculated value of the model variable corresponding to the i-th
measurement and evaluated at the time and location of this measurement

` = (`i, . . . , `m) model parameters
`min,i, `max,i minimum and maximum constant variable representing
`i n number of points
x2 the sum of the deviation for all the fit targets
`i uncertainty model parameter
δi standard deviations
y(`i, . . . , `m) solution of the model equations for a given variable at a given location and time
δy approximate standard deviation of the model result
y arbitrary variable calculated by AQUASIM
` model parameter by a constant
4-CP 4-chlorophenol
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