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Abstract

Phenol waste treatment is vital in industries such as polymer production, coal gasification, refinery, and coke production.
Photocatalytic technology using semiconductor materials offers an effective and ecofriendly approach to degrade phenol.
TiO, P25 is a widely used photocatalyst, known for its cost-effectiveness, favorable optical and electronic properties, high
photoactivity, and photostability. The PHOTOREAC application, a recently developed MATLAB-based software, simulates the
degradation of phenol using visible light. A study that combines existing literature and research revealed that pH significantly
influences photocatalytic activity, with an optimum pH of 7 for TiO, P25-mediated phenol degradation. The recommended
photocatalyst concentration ranged from 0 to 10 g/L for reactor volumes between 25 and 60 mL, and from 0 to 5 g/L for 100-
mL reactors. Phenol wastewater volume and light intensity also impact degradation efficiency. Adequate oxygen supply,
achieved through bubbling and mixing, is essential for the formation of radical compounds. The Ballari kinetic model proved
to be the most suitable for phenol degradation with TiO, P25. Thus, by combining PHOTOREAC simulations with experimental
data, the treatment process could be optimized to achieve higher degradation efficiency and estimate the treatment time
for specific waste degradation levels. This study contributes to the advancement of phenol waste treatment and the
development of improved photocatalytic wastewater treatment technologies.
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Introduction

Industrial wastewater pollution has significant adverse effects on the environment. Phenol, an organic pollutant
commonly found in industrial wastewater, poses serious risks to both human health and the environment due
to its toxic, corrosive, and mutagenic properties [1]. Various methods, such as chemical oxidation, adsorption,
and biotechnology, have been explored for the removal of phenolic compounds from wastewater [2,3].
However, these conventional approaches have limitations and drawbacks [4]. In recent years, significant
advancements have been made in the development of technologies aimed at treating phenol waste in industrial
wastewater, overcoming the limitations of traditional methods.

Photocatalysis is one such technology used for industrial wastewater treatment [5], which can decompose
organic compounds, including phenol, into environmentally harmless substances: water and carbon dioxide gas.
This process employs semiconductors as key components [6]. Semiconductors possess a conduction band and a
valence band with an appropriate band gap. When exposed to light energy, electrons in the valence band
become excited and move to the conduction band, creating holes in the process. The separation of electrons
and holes promotes the formation of hydroxyl radical compounds (¢OH) and superoxide (¢0Oz-), which play a
crucial role in the degradation of organic waste. Titanium dioxide (TiO2) is a widely used semiconductor
photocatalyst due to its photochemical stability and high efficiency [7]. However, TiO2 exhibits a relatively high
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band gap (between 3.0 to 3.2 eV) [8], resulting in limited absorption of visible light. Furthermore, the
recombination time between holes and electrons is fast, diminishing the efficiency of photocatalytic
degradation. It is essential to emphasize that the photocatalytic activity is influenced by various factors.
Therefore, a comprehensive evaluation of operating conditions [9,10] and catalyst characteristics [9,11] is
necessary to enhance the efficiency of waste degradation. Some recent studies have shown that altering the
characteristics of semiconductor materials can impact the photocatalytic activity, such as modifying the
semiconductor material with heterojunctions [12-14], metals and non-metals [15-21] as well as surface
modifications [22-26]. Although numerous experimental studies have investigated the efficiency and
performance of various photocatalytic materials for wastewater treatment, there is a lack of comprehensive
understanding regarding the underlying affecting factors and appropriate kinetic model validated via simulation.
This gap makes it challenging to optimize and design novel photocatalysts with enhanced properties.

Thus, this study aimed to investigate the impact of several factors on photocatalytic activity, including pH, initial
phenol concentration and volume, catalyst characteristics, light intensity, and catalyst doping. Additionally, the
study evaluated the most suitable kinetic model for phenol waste degradation through photocatalysis. The
analysis was conducted through the combination of a literature review and simulation using the PHOTOREAC
software, a recently developed tool that calculates the overall photon absorption (OVRPA) in catalytic processes
and models photocatalytic activity using four kinetic equations: Langmuir-Hinshelwood, Zalazar, Ballari, and
Mueses kinetic models. The variation in these factors relies heavily on a secondary database consisting of
photocatalytic degradation experiments conducted by other researchers.

Research Methodology

Initial Preparation Stage

The search for a suitable simulator to model the photocatalytic process was conducted during the initial
preparation stage of this research. After careful consideration, the PHOTOREAC software, a MATLAB-based
program capable of simulating photocatalysis using a visible light source, was selected. The software was
obtained through Professor Miguel Mueses from the University of Cartagena, Colombia.

The PHOTOREAC software was used to determine the photon absorption (OVRPA) in the photocatalytic process
and to model the photocatalytic reactions using the available kinetic model database. The software offers four
kinetic models that can best fit the reaction kinetics data, namely Langmuir-Hinshelwood, Zalazar, Ballari, and
Mueses kinetic models, whose formulas are shown by Eqgs. (1)-(4) respectively [27].
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It is important to note that the PHOTOREAC software that was utilized in this study was still in the development
stage, which imposed certain limitations on its use. These limitations encompass two main aspects: (i) the
simulation only allows for the utilization of TiO2 P25 as the photocatalyst, and (ii) the light source utilized in the
simulation is restricted to sunlight or a xenon Lamp. Moreover, the PHOTOREAC software relies on several
assumptions to solve the differential equations and derive the kinetic parameters. These assumptions include:
(i) no mass transfer limitations, (ii) considering convection and diffusion as a centralized system (lumped
system), and (iii) assuming differential conversion per pass.
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In parallel, secondary data for the simulation were gathered through an extensive review of scientific literature
encompassing previous experimental studies. The selection criteria for the secondary data included the
following parameters: (i) utilization of TiO2 P25 as the photocatalyst, (ii) employment of direct sunlight or a
xenon lamp as the light source, (iii) degradation of phenol as the targeted waste, and (iv) clearly defined reactor
volume and waste volume in the secondary data. In the event of incomplete secondary data, certain
assumptions are made, such as: (i) assuming the dimensions of the photoreactor to be those of a commercial
quartz beaker glass if actual dimensions are unknown, (ii) assuming an energy density of 1000 W/m? and 300
W/m? for light intensities produced by 1,000-W and 300-W lamp sources, respectively, and (iii) assuming a pH
value within the range of 5 to 6 if no specific information regarding the pH level is available.

Xenon lamps can be considered viable light sources due to their wavelengths, which closely resemble those of
sunlight [28]. The obtained secondary data were categorized into two groups based on the diffused light
intensity: of 1,000 W/m? (Data A to C) and 300 W/m? (Data D to G). The sources of the journals from which the
secondary data were derived are presented in Table 1.

Table1 List of secondary data sources.

Data Journal Name, Volume, Page References
A Industrial and Engineering Chemistry Research, 53, 18824-18832 [29]
B Physicochemical Problems and Mineral Processing, 46, 21-30 [30]
C Separation and Purification Technology, 72, 309-318 [31]
D Journal of Hazardous Materials, 152, 48-55 [32]
E Scientific Reports, 8, 1-10 [33]
F Applied Catalysis B: Environmental, 144, 893-899 [34]
G Catalysis Today, 335, 101-109 [35]

Simulation Stage

The collected secondary data were simulated using the PHOTOREAC software. The simulation results from
PHOTOREAC provide important parameters for the analysis, including the photon absorption inside the
photoreactor, which is quantified by the Overall Volumetric Rate of Photon Absorption (OVRPA) value.
Additionally, the most suitable kinetic model for the phenol photocatalytic degradation process is determined
based on the R? value. The search for the optimal kinetic model involves employing a non-linear regression
procedure. The error function utilized in this procedure is defined as the sum of squared errors between the
experimental water contaminant concentration (Ciexp) and the concentration value obtained from the numerial
solution of Eq. (5)(Ci, caic) [27].

2
Fopj = ngzl(ci,exp - Ci,calc) (5)

The simulation of the kinetic model in PHOTOREAC enables the identification of the most suitable equation
model for the degradation process of phenol using TiO2 P25. The available kinetic equation models in
PHOTOREAC include Langmuir-Hinshelwood, Zalazar, Ballari, and Mueses kinetic models.

To perform a simulation in PHOTOREAC, several data inputs from the photocatalytic experiment are required.
These inputs consist of the photoreactor type, photoreactor dimensions, reaction volume (in liters),
photocatalyst concentration, irradiation light source intensity (in W/m?2), and photocatalytic degradation
activity. These data inputs can be obtained from the secondary data collected from previous experiments.

Three options for photoreactor types are available: Compound Parabolic Collectors (CPC), Offset Multi Tubular
Photoreactor (OMTP), and Flat Plate Photoreactor (FPP). The selection of the photoreactor type depends on the
specific photoreactors used in the secondary data experiments. The photoreactor configurations can be
observed in Figure 1.
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Figure 1 Photoreactor configuration types: (a) compound parabolic collectors [36], (b) offset multi-
tubular reactor [37], (c) flat plate photoreactor [38].

The PHOTOREAC software calculates the OVRPA value by averaging the Local Volumetric Rate of Photon
Absorption (LVRPA) within the photoreactor. The LVRPA values at different positions inside the photoreactor
are determined by evaluating the light intensity using the radiative transfer equation (RTE) given in Eq. (6) [39]:
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One of the efficient and expedient methods for solving the RTE is the Six Flux Absorption Scattering Model (SFM).
SFM simplifies the photon distribution by considering movement along six Cartesian coordinate directions:
forward (pf), backward (pb), and perpendicular (ps). These directional movements are approximated within the
SFM using two approaches: the Diffuse Reflectance (DR) approach and the Henyey-Greenstein (HG) approach
[39].

In the DR approach, the values of pf, pb, and ps are 0.11, 0.71, and 0.045, respectively. On the other hand, the
HG approach employs a formula to calculate the values of pf, pb, and ps. For the purpose of this research, the
SFM-HG approach was utilized to calculate the OVRPA value, as it offers improved accuracy compared to the
SFM-DR approach in determining the OVRPA [39].

Analysis Stage

The analysis of both the secondary data literature and the results obtained from the simulation using the
PHOTOREAC software enabled the examination of various phenomena occurring during the photocatalytic
process. The findings were categorized into two key factors that influence the efficiency of waste degradation
through photocatalysis: operating conditions and photocatalyst characteristics. Regarding the operating
conditions, this study analyzed the following factors: (i) pH level, (ii) photocatalyst concentration, (iii) initial
concentration and volume of the waste, (iv) light intensity, (v) duration of irradiation, and (vi) special treatment
in the form of a bubbling process. These operating conditions play a significant role in the photocatalytic process
and were thoroughly investigated.

Furthermore, the characteristics of the photocatalyst to be analyzed in this study included the surface area of
the photocatalyst as well as the band gap and crystallinity. These characteristics significantly impact the
photocatalytic activity and were assessed to understand their influence on the degradation of phenol through
the TiO2 P25 photocatalytic process. Additionally, the results obtained from the simulation of the kinetic models
were analyzed to identify the most suitable kinetic model for the degradation of phenol using the TiO2 P25
photocatalyst. This analysis was expected to contribute to a better understanding of the overall photocatalytic
mechanism involved in phenol degradation and aid in optimizing the efficiency of the process.
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Result and Discussion
Effect of Operating Conditions

pH

Changes in the pH of the waste solution can significantly influence the performance of photocatalytic
degradation. The charge on the compound surface is determined by the point of zero charge (pzc) of the
photocatalyst compound. When the pH of the solution is below the pzc value, the compound surface becomes
positively charged, whereas a pH above the pzc value results in a negative charge on the surface. This charge
distribution directly affects the adsorption process between the photocatalyst and the contaminant compound,
consequently influencing the efficiency of photocatalytic degradation [40].

To analyze the effect of pH, data from experiments B, C, and G were utilized. Experiment B was conducted at pH
7, experiment C at pH 5-6, and experiment G at pH 2. Based on Table 2, it is evident that the degradation
performance in experiment B was superior to that in experiment C. This can be attributed to the fact that at pH
7, TiOz carries a negative charge/deprotonated state due to its pzc value of approximately +6.25 [41], while the
phenol surface remains positively charged/protonated at pH 7. The pzc value of TiOz is determined by calculating
the average pKvalues, with pKaiat 4.5 and pKaz at 8.0 [42]. The difference in surface charge leads to a significant
enhancement in photocatalytic degradation performance [40].

Furthermore, experiment G exhibited the poorest photocatalytic degradation performance, which was carried
out at pH 2.0. This phenomenon can be explained by a similar reasoning to using a solution with pH greater than
7. As long as there is a difference in charge between the surface of the photocatalyst and the waste, the
degradation efficiency is improved. In a highly alkaline solution, where both the phenol and TiO: surfaces are
negatively charged, they repel each other, resulting in a significant drop in degradation performance [40].

Table 2 Comparison of operating conditions, photocatalyst characteristics, degradation efficiency, and OVRPA
value for Data B, C, and G.

. Initial Phenol Waste Photocatalyst Photocatalyst OVRPA

Degradation at ) N
Data 60 minutes (%) pH Concentration Volume Concentration Surface Area  SFM-DR

(]

(ppm) (mL) (s/L) (m?/g) (W/m3)
B 26.00 7 19.76 25 5 50.00 670,051
C 9.98 5-6 19.70 25 5 59.00 670,051
G 4.50 2 10.00 50 1 241.32 246,158

Photocatalyst Concentration

The OVRPA value is directly influenced by the photocatalyst concentration in the photoreactor, measured in g/L
units. The OVRPA value (Eg) plays a crucial role in determining the efficiency of photocatalytic degradation of
phenol waste, as the kinetic reaction rate is directly proportional to the OVRPA value, as represented by Egs. (1)
to (4).

Increasing the amount of photocatalyst can enhance the performance of photocatalytic waste degradation by
providing more active sites for waste adsorption and light absorption within the photocatalyst. However, this
synergistic effect of increasing the photocatalyst amount is limited to a certain extent. Beyond this threshold,
the photocatalyst particles may agglomerate, leading to limitations in light penetration and waste adsorption
[29,43]. To examine the impact of photocatalyst concentration on OVRPA, PHOTOREAC simulations were
employed. The simulation results are depicted in Figure 2, allowing for a comparison of the effect of
photocatalyst concentration on OVRPA.
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Figure 2 Effect of photocatalyst concentration on OVRPA using PHOTOREAC simulation with Data A, B,
E,and F.

The findings presented in Figure 2 demonstrate a significant increase in the OVRPA value within a specific
concentration range, depending on the volume of the reactor or the volume of waste. However, beyond this
range, the increase in the OVRPA value becomes less pronounced and eventually reaches a plateau. For instance,
in Data A and Data F, with a reactor volume of 100 mL, the plateau point is attained when the photocatalyst
concentration exceeds 5 g/L. Conversely, in Data B and Data E, with reactor volumes of 25 mL and 60 mL
respectively, the plateau point is reached after the photocatalyst concentration surpasses 10 g/L. The difference
in the plateau points can be attributed to variations in light penetration between the large and small
photoreactors, with the larger photoreactor exhibiting poorer light penetration.

Based on this analysis, it can be concluded that changes in the volume of waste will impact the optimal
photocatalyst concentration [44], which suggests that as the volume of waste increases, the optimal
photocatalyst concentration decreases.

Initial Waste Concentration and Volume

The initial concentration of the waste solution is a significant factor that influences the degradation process. A
higher initial concentration of the waste solution leads to a longer degradation time due to the increased amount
of waste adsorbed on the photocatalyst surface. This, in turn, reduces the formation of hydroxyl radicals (HO®),
which play a crucial role in the degradation process. Additionally, a high concentration of waste reduces the
penetration of light to the photocatalyst, thereby diminishing the photocatalytic degradation performance [43].

To examine the effect of the waste’s initial concentration on photocatalytic degradation performance, a
comparison was made between Data A and Data B, as presented in Table 3. Theoretically, a high initial
concentration of the waste solution results in increased turbidity, which hampers the distribution of photons
within the photoreactor. However, based on Data A and Data B, it can be observed that the impact of the initial
concentration of phenol is not as significant as that of the photocatalyst concentration. Therefore, while the
initial concentration of the waste solution does have an influence on the degradation process, its effect is not as
pronounced as that of the photocatalyst concentration.

Table 3 Comparison of operating conditions, photocatalyst characteristics, degradation efficiency, and OVRPA
value for Data A and B.

Degradation Initial Phenol Waste Photocatalyst Photocatalyst Anatase / OVRPA

Data at 60 minutes pH Concentration Volume Concentration Surface Area Rutile SFM-DR
(%) (ppm) (mL) (s/L) (m?/g) Ratio (W/m3)

A 26.30 7 40.00 100 1 n.a. 80/20 194,209

B 26.00 7 19.76 25 5 50.00 70/30 670,051
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The relationship between the volume of waste and the OVRPA value was investigated through photon
distribution simulation using PHOTOREAC. Figure 3 illustrates the effect of waste volume on the OVRPA value in
a photoreactor. It can be observed that increasing the volume of waste leads to a decrease in the OVRPA value.

This phenomenon occurs because as the volume of waste to be processed increases, the distribution of photons
inside the photoreactor becomes less uniform. Instead of being evenly dispersed, the photons tend to
concentrate on the surface directly exposed to the light source. Consequently, the overall OVRPA decreases as
the photons are not effectively distributed throughout the entire volume of the waste. Therefore, it can be
concluded that a larger volume of waste results in a reduced OVRPA value due to the uneven distribution of
photons within the photoreactor.
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Figure 3 Effect of waste solution volume on the OVRPA value using PHOTOREAC simulator.

Light Intensity

Increasing the light intensity in the photoreactor enhances photon absorption and accelerates the rate of waste
degradation. This is evident from the OVRPA values obtained using PHOTOREAC software, as shown in Table 4.
Comparing the OVRPA values at different light intensities (1,000 W/m? and 300 W/m?), it is clear that higher
light intensity leads to higher OVRPA values, indicating increased photon absorption. Consequently, the
photocatalytic degradation process exhibits greater efficiency with higher light intensity due to the availability
of more photons for the reaction. Therefore, the variation in light intensity directly affects the OVRPA value,
reflecting its impact on photon absorption and the overall effectiveness of waste degradation through
photocatalysis.

Table 4 Comparison of operating conditions, photocatalyst characteristics, degradation efficiency, and OVRPA
value for Data A, D, and F.

Light Initial Wast:
8 . Degradation nitia Photocatalyst aste Anatase / OVRPA
Data Intensity at 60 minutes Phenol Concentration Volume pH Band Rutile SFM-DR
(W/m?) o Concentrati (mL) Gap (eV) ) )
% /L Ratio W/m?3
(%) on (apm) (/1) (w/m?)
A 1000 26.30 40.00 1.0 100 7.0 3.15 80/20 194,209
300 3.90 50.00 1.0 100 5-6 3.20 n.a. 48,526
F 300 19.00 10.00 1.5 100 7.1 n.a. n.a. 156,394

The increase in light intensity is accompanied by a corresponding increase in the OVRPA value. Among the data
presented in Table 4, Data A exhibits the highest degradation percentage after 60 minutes of photocatalytic
duration. Despite having a lower initial phenol concentration and a higher photocatalyst concentration, Data A
outperformed Data F in terms of degradation efficiency. This superiority can be attributed to the higher OVRPA
value achieved in Data A, resulting in a greater production of radical compounds due to enhanced photon
absorption. The process of photon absorption triggers the separation of electrons and holes within the
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semiconductor, leading to the generation of more radical compounds for waste degradation and ultimately
enhancing the overall degradation efficiency [40,45,46].

Irradiation Time

In general, an increase in irradiation time leads to higher degradation efficiency. Irradiation time represents the
duration of interaction between the photocatalyst and the light source, which is crucial for the production of
radical compounds. Longer irradiation times result in extended interactions, allowing for more radical compound
generation and consequently enhancing degradation efficiency. The prolonged duration facilitates the formation
of radical compounds that play a vital role in the degradation process of organic waste. Additionally, longer
irradiation times increase the contact time between the radical compounds and the substrate, leading to further
degradation of the organic compounds themselves [40,46], highlighting the positive relationship between
irradiation time and degradation efficiency. However, it is important to note that the photocatalytic process is
complex and influenced by various factors, such as photocatalyst characteristics, waste concentration, and
volume. Therefore, there may be instances where longer durations do not necessarily result in superior
degradation compared to shorter durations. Nonetheless, the data presented in Table 5 demonstrate that
increasing the irradiation time enhanced waste degradation efficiency under both 1,000 W/m? and 300 W/m?
light intensities.

Table 5 Comparison of light intensity and degradation efficiency for Data A and F.

Data Light Intensity (W/m?2) Degradation at 60 minutes (%) Degradation at 180 minutes (%)
A 1000 26.30 68.63
F 300 19.00 32.00

Special Treatment

Special treatments are often employed in photocatalytic systems to enhance the efficiency of waste
degradation. Some commonly used treatments include sonication, bubbling, doping, and coupling. Sonication is
typically performed prior to the photodegradation process to achieve even distribution of photocatalyst
particles, promoting a homogeneous structure and minimizing particle agglomeration. Agglomeration can
impede light penetration, which is crucial for providing energy to the photocatalyst. Additionally, agglomeration
reduces the contact surface area of the photocatalyst, compromising its efficiency [47]. Pre-mixing and stirring
of the photocatalyst and waste solution in the dark are often employed to establish an adsorption-desorption
equilibrium, allowing the photocatalyst to adsorb the waste solution onto its active sites, thereby enhancing
degradation performance [48].

Bubbling or aeration is another common treatment in photocatalytic processes, supplying oxygen to facilitate
the formation of superoxide radicals by photoelectrons. This presence of bubbling improves the degradation
efficiency of organic waste (Table 6). However, even without bubbling, the photocatalytic process can still
proceed, suggesting that superoxide radicals are not the sole contributors to organic waste degradation [49],
hydroxyl radicals also play a significant role in photocatalytic degradation of phenol [45]. Conversely, Data G
exhibits poor degradation performance, likely due to the experimental conditions at a very low pH below the
point of zero charge (pzc) of TiO2. Furthermore, the efficiency of Data C is almost half that of Data E even though
both Data C and E have similar pH conditions and Data C has a higher light intensity compared to Data E. This
difference can be attributed to the varying concentrations of photocatalyst used in each experiment. Data C
utilized a photocatalyst concentration five times higher than Data E. It is important to note that increasing the
photocatalyst concentration does not necessarily lead to a proportional increase in efficiency.
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Table 6 Comparison of the operating conditions (light intensity, pH, and bubbling) and photocatalytic degradation
efficiency of phenol waste for Data A to G.

Data Light Intensity (W/m?) Degradation at 60 minutes (%) pH Remarks
A 1000 26.30 7.0 Bubbling
B 1000 26.00 7.0 Bubbling
C 1000 9.98 5.0-6.0 Bubbling
D 300 3.90 5.0-6.0 Without bubbling
E 300 17.00 5.0-6.0 Bubbling
F 300 19.00 7.1 Bubbling
G 300 4.50 2.0 Bubbling

Photocatalyst modification, particularly through doping, is commonly employed to enhance the degradation
efficiency of organic waste. Doping introduces a new energy band that is lower than the conduction band of the
undoped photocatalyst, thereby reducing the band gap and improving the electrical, optical, and structural
properties of the photocatalyst [50]. Consequently, the doping process can expedite the waste degradation
duration. Table 7 presents a comparison between the performance of doped and undoped photocatalysts in
organic waste degradation. The data reveals that the degradation efficiency is superior when utilizing doped
photocatalysts, as the dopant acts as an electron scavenger by capturing and trapping electrons. This prolongs
the recombination time between electrons and holes, facilitating the occurrence of radical formation reactions
[51].

Table 7 Comparison of photocatalytic degradation efficiency of phenol waste with and without metal/non-metal

doping.
D dati D dati
egl:a ation Degradation time Degradation e.gra a. ‘on
Data Dopant without ) . . ) ) time with
. without doping (min)  with doping (%) . .
doping (%) doping (min)
A Graphene 68.63 180 75 180
B Carbon 26.20 60 55 60
C Silver 12.60 80 32 80
D Sulphur 17.00 120 100 60
F Carbon / Graphene Oxide 32.00 180 96 180

Effect of Photocatalyst Characteristics

Specific Surface Area

A comparison between Data B, C, and G was conducted to assess the impact of surface area on the efficiency of
phenol waste degradation, as presented in Table 2. Surprisingly, Data G, which exhibited the largest surface
area, did not demonstrate the highest degradation efficiency for phenol waste [52], highlighting that an increase
in surface area in powder does not always correspond to enhanced degradation efficiency in the photocatalytic
process. The efficiency of waste degradation in photocatalysis is primarily influenced by the presence of active
sites on the photocatalyst and the crystal defects within the photocatalyst, rather than solely relying on surface
area. It should be noted that an increase in surface area may lead to an abundance of crystalline defects in the
photocatalyst, which can promote electron and hole recombination, ultimately reducing photoactivity. To
achieve optimal photoactivity, it is crucial to strike a balance between surface area and crystallinity [52].

Crystallinity Phase and Band Gap

The composition of the anatase and rutile phases in TiO2 has been found to impact the band gap of the
photocatalyst. This is due to the difference in band gap between the anatase and rutile phases, with anatase
having a band gap of approximately 3.2 eV and rutile having a band gap of around 3.02 eV. When TiO2 consists
of an 80/20 ratio of anatase and rutile phases respectively, it exhibits active absorption in the wavelength range
of 384 nm to 410 nm for both phases [52]. It is worth noting that even though TiO2 P25 is a commercial
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photocatalyst, the synthesized TiO2 P25 may have a different composition in terms of anatase and rutile ratios,
as indicated in Table 3.
Kinetic Model Simulation Result

Based on the conducted simulation of the kinetic model, it has been determined that the Ballari kinetic model
is suitable for the four data, while the Langmuir-Hinshelwood kinetic model is suitable for the three data. The
specific details and results of this analysis can be seen in Table 8.

Table 8 Comparison of kinetics model simulation initial condition and result for Data A to G.

R2 for Langmuir- R? for Zalazar R? for Ballari Initial Phenol . L
Data Hinshelwood Model Model Model Concentration (ppm) Suitable Kinetics Model
A 0.9903 0.9892 0.9781 40.0 Langmuir-Hinshelwood
B 0.8482 0.8564 0.9057 19.8 Ballari
C 0.9080 0.8533 0.9037 19.7 Langmuir-Hinshelwood
D 0.9449 0.9413 0.9348 50.0 Langmuir-Hinshelwood
E 0.8553 0.4813 0.8788 13.5 Ballari
F 0.8783 0.8369 0.9334 10.0 Ballari
G 0.6962 0.6250 0.8033 10.0 Ballari

The application of Mueses’ equation for modeling the photocatalytic degradation of phenol using TiO2 was found
to be unsuitable. The simulation results demonstrate significant deviations from alternative equation models,
indicating that the predictions from this model are not accurate. As a result, the Mueses model is not included
in further analysis or consideration.

The PHOTOREAC kinetic simulation analysis revealed that the Langmuir-Hinshelwood (L-H) and Ballari kinetic
models exhibited the best fitting for all seven data sets. The analysis in Table 8 demonstrates a trend indicating
the suitability of different kinetic models for varying initial concentrations of phenol. The L-H model tends to be
more suitable for high initial phenol concentrations, while the Ballari model is more appropriate for lower initial
concentrations. This distinction arises from the initial assumption of the Ballari model, which simplifies waste
concentration with lower values. It is worth noting that even when the L-H model exhibited better fittings than
the Ballari model, the differences in fitting values between the two models are not substantial, as evidenced by
the R? values in Data A, C, and D. Therefore, the Ballari kinetic model can generally be employed to model the
degradation of phenol waste using TiO2 P25, regardless of whether the phenol concentration is high or low.

To further compare the kinetic parameter values, the Ballari kinetic simulation model was utilized, focusing on
the a1 and az values. The simulation results demonstrate that the values of a: and a; are influenced by the
photocatalytic degradation performance and the OVRPA value. In general, as the photocatalytic degradation
performance decreases, the value of al also decreases, while the value of az increases. Additionally, an increase
in the OVRPA value leads to a decrease in the oz value since az functions as a correction factor for OVRPA [53].
The comparison of the kinetic simulation can be observed in Table 9, where the simulation was conducted with
1,000 W radiation using the Ballari kinetic model.

Table 9 Comparison of kinetic parameter values (a; and o), operating condition, photocatalyst characteristic,
and photocatalytic degradation efficiency for Data A, B, and C.

Data Degradation at 60 Initial Phenol OVRPA SFM- o . Photocatalyst Surface
minutes (%) Concentration (ppm) HG (W/m3) Area (m2/g)
A 26.3 40.0 194,209 6.61 x 1077 0.33548 n.a.
B 26.0 19.8 670,051 5.79 X 107¢  0.02042 50
C 10.0 19.7 670,051 1.42 x 107% 0.02225 59

The value of a: for Data A is smaller than that of Data B, which can be attributed to the structure of the Ballari
equation. When the degradation rate is held constant, an increase in the initial concentration of phenol will lead
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to a smaller au value. This finding aligns with the observations in Data A and Data B, where Data A had a higher
initial phenol concentration compared to Data B, while both exhibited the same photocatalytic degradation
performance. Additionally, the OVRPA value in Data B was significantly larger than in Data A, and the a2 value in
Data B was lower than in Data A, which is in line with the existing literature.

The Langmuir-Hinshelwood model has a good fit for some data because the Langmuir-Hinshelwood model is a
general equation to model the kinetic rate for catalytic reaction. Because of it, the Langmuir Hinshelwood model
is suitable for most catalytic reactions (photocatalytic reaction included), except there are some
differences/disturbances in the adsorption process between the substrate and the catalyst. In this case, the
substrate is phenol and the catalyst is TiO. It can be seen from Data G that the R? for the Langmuir-Hinshelwood
model was much lower compared to Ballari, because the photocatalytic reaction takes place in an acidic
environment and therefore the adsorption process between phenol and TiO: is disturbed.

Conclusion

The efficiency of phenol waste degradation is influenced by various operational conditions and photocatalyst
properties. One of the key factors is the pH value, with a pH of 7 being optimal for the photocatalysis process.
The amount of photocatalyst used also has an impact on the OVRPA value, contact surface area, and turbidity
of the effluent solution. An optimal photocatalyst concentration range of 0 to 5 g/L is recommended for a waste
volume of 100 mL, while a range of 0-10 g/L is suitable for volumes of 25 to 60 mL. The initial effluent
concentration is another important parameter that affects the OVRPA value and turbidity, with the optimal value
depending on other process parameters. The waste volume and light intensity are additional factors that
influence the OVRPA value. Increasing the waste volume can lead to uneven photon distribution within the
photoreactor, resulting in a decrease in the OVRPA value. As for light intensity, the increment can theoretically
increase the photon absorption and the degradation rate.

The bubbling process, which provides oxygen, is necessary for achieving optimal degradation efficiency of phenol
waste. Bubbling helps in the formation of superoxide radicals, contributing to the degradation process. However,
the presence of superoxide radicals is not the sole factor affecting organic waste degradation, as hydroxyl
radicals also play a significant role. Photocatalyst properties, such as the composition of rutile and anatase
phases, influence the band gap, which is crucial for the separation of electrons and holes. Doping the
photocatalyst enhances the degradation performance by acting as an electron scavengers, reducing rapid
recombination. The surface area of the photocatalyst affects waste adsorption and interaction with the light
source, influencing the overall efficiency. Based on kinetic modeling, the Ballari kinetic model is deemed the
most suitable for modeling the degradation process of phenol waste using TiO2 P25 photocatalyst. This model
provides a good fit to the experimental data and can be utilized for further analysis and optimization. Overall,
the PHOTOREAC simulation proved to be a valuable tool for researchers and practitioners in the field of
photocatalytic wastewater treatment. It enables the investigation of various operational conditions and
photocatalyst properties, contributing to the development of more effective and efficient treatment
technologies.
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Nomenclature

Ceat = Photocatalyst concentration [kg/m?3]
(0] = Contaminant concentration in the solution [mol/m3]
Ci calc = Calculated water contaminant concentration [mol/m?]
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Ci exp = Experimental water contaminant concentration [mol/m?3]
Coz = Oxygen concentration[mol/m?3]
Eq = Overall Volumetric Rate of Photon Absorption (OVRPA) [W/m3]
14 = Photon irradiation[W/sr]
Kkin = Kinetic constant for Langmuir-Hinshelwood and Zalazar kinetic model [mol.s.kg?/m™]
k- = Kinetic constant for Langmuir-Hinshelwood [m3/mol]
pb = Backward photon scattering direction [-]
br = Forward photon scattering direction [-]
ps = Perpendicular photon scattering direction [-]
S = Spatial coordinate [-]
Vr = Reactor volume [m?]
a1 = Kinetic constant for Ballari and Mueses kinetic model [cm/s]
a2 = Kinetic constant for Ballari kinetic model [mol/watt.cm]
Ki = Absorption coefficient [-]
Kp = Particle constant [m3/m?]
0 = Solid angle direction [-]
D = Effective quantum yield [mol/s.watt]
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