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Abstract: Phenol is one of the most common 

organic pollutants discharged from many 

industries in wastewater. Its presence in 

wastewater causes many environmental and 

health issues. Phenol can be removed using 

various technological methods, including 

photocatalytic techniques. A photocatalytic 

reactor was designed to investigate the kinetics 

of photocatalytic degradation of phenol in 

petroleum refinery wastewater by an iron-

doped zeolite catalyst. The present study 

revealed the best conditions for the total 

removal of 200 mg/L of phenol using iron-

doped zeolite 0.7 g/L as a catalyst with an 

ultraviolet irradiation time of 60 min at the 

hydrogen power of 3 and temperature of 40 ℃. 

The efficacy of the iron-doped zeolite 

photocatalytic reactor was determined by 

analyzing the kinetics of phenol decomposition 

in the aqueous solution. The kinetic model was 

derived using a quasi-steady state approach to 

obtain essential kinetics parameters. The 

kinetics findings showed that the phenol 

degradation data fit with a first-order kinetic 

model. The Thiele modulus, effectiveness 

factor, and Wagner-Weisz-Wheeler modulus 

values were calculated at different reaction 

temperatures. The results indicated that the 

influence of mass transfer on the total reaction 

rate can be disregarded. The Arrhenius 

equation was used to calculate the activation 

energy for phenol oxidation via photocatalytic 

reaction, and it was 47.54kJ/mol. 
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الضوئي لتهور الفينول في مياه الصرف  حركية التفاعل وانتقال الكتلة لأكسدة الفنتون
 لمصفاة بترول 

 1عمار صالح عباس ، 2زياد محمد مصطفى حامد ، 1سناريا كامل كمال
 . العراق - بغداد / قسم الهندسة الكيمياوية/ كلية الهندسة / جامعة بغداد 1
 .العراق  -كركوك   / شركة نفط الشمال/  هيئة الحقول /بحوث والسيطرة النوعيةقسم ال 2

 الخلاصة 
الناتجة عن العديد من الصناعات، كما أن وجوده في مياه الصرف   يعتبر الفينول من أكثر الملوثات العضوية شيوعاً والتي تتواجد في مياه الصرف

صميم  الصحي يسبب العديد من المشاكل البيئية والصحية. تتم إزالة الفينول بطرق تكنولوجية مختلفة، بما في ذلك تقنيات التحفيز الضوئي. تم ت 
الصرف لمصفاة نفطية بواسطة محفز الزيوليت المشوب بالحديد.  مفاعل تحفيز ضوئي لدراسة حركية التحلل الضوئي للفينول الموجود في مياه  

جرام/لتر كمحفز مع زمن   0.7ملجم/لتر من الفينول باستخدام الزيوليت المشوب بالحديد    200كشفت هذه الدراسة عن أفضل الظروف لإزالة  
التحفيز الضوئي الزيوليت  درجة مئوية. ت  40و درجة حرارة    3دقيقة، و قوة هيدروجين    60إشعاع فوق بنفسجي قدره   م تحديد فعالية مفاعل 

للحصول  المشوب بالحديد من خلال تحليل حركية تحلل الفينول في المحلول المائي. تم اشتقاق النموذج الحركي باستخدام نهج الحالة شبه المستقرة 
فقة مع نموذج حركي من الدرجة الأولى. تم حساب معامل  على متغيرات الحركية الأساسية. أظهرت النتائج الحركية أن بيانات تحلل الفينول متوا

ويلر عند درجات حرارة تفاعل مختلفة. أشارت النتائج إلى أنه يمكن تجاهل تأثير انتقال الكتلة على  -وايز- ثيل وعامل الفعالية وقيم معامل فاغنر
لأكسدة   التنشيط  طاقة  لحساب  أرهينيوس  معادلة  استخدام  تم  الكلي.  التفاعل  كانت  معدل  والتي  الضوئي  التحفيز  تفاعل  عبر    47.54الفينول 

 كيلوجول/مول. 

 . محفز غير متجانس، دراسة الحركية، الأكسدة المتقدمة، تدهور الفينول كلمات الدالة:ال
 

1.INTRODUCTION
One of the most significant problems directly 
influencing the environment's health is aquatic 
pollution, mainly caused by insufficient waste 
disposal [1]. Toxic organic pollutants produced 
by industrial processes and discharged directly 
into the environment have a worldwide impact 
on water [2]. Furthermore, depending on their 
various occurrences in nature, toxicity, and 
persistence, these toxic organic pollutants 
threaten humans through water pollution for 
human consumption supplies [3]. The United 
States Environmental Protection Agency 
(USEPA) includes Phenols and their derivatives 
as significant environmental hazards due to 
their bio-resistance and acute toxicity on its list 
of priority pollutants [4]. Phenol and Phenolic 
compounds are obtained in various industrial 
effluent processes, including refineries, coking 
operations, coal processing, petrochemicals, 
pulp, and paper [5,6]. Phenol functions as a 
pollutant in water due to its high toxicity, even 
at low concentrations, 0.005 mg/L, according 
to Iraqi Rivers Conservation Regulation No.25 
in 1967 and 0.006 mg/m3 according to USEPA 
[7]. Phenol is one of the most significant 
contaminants that must be treated before being 
released into the environment. Phenol has 
adverse effects on the muscles, difficulty 
moving, stomach pain, and death [8]. 
Discharging phenolic compounds into the 
environment without proper treatment 
presents significant risks to the well-being of 
humans, animals, and aquatic life [9,10]. 
Various treatment techniques have removed 
industrial wastewater phenol and phenolic 
compounds, categorized as traditional and 
advanced methods. The conventional 
treatment involves liquid-liquid extraction 
[10], adsorption [11–14], wet air oxidation [15], 
catalytic wet air oxidation [16], coagulation 
[17], and biodegradation membrane separation 
[8]. Traditional methods are required for 

additional stages to eliminate contaminants; 
however, these techniques are expensive and 
extremely sensitive to several experimental 
conditions. Advanced oxidation processes 
(AOPs) were first discovered in 1987 and have 
been demonstrated to effectively degrade a 
wide range of harmful contaminants [18]. In 
AOPs, strong reactive species, such as hydroxyl 
radicals (HO•), are produced by chemical 
reactions in aqueous solutions [19]. HO• can 
degrade even the most resistant organic 
molecules and transform them into relatively 
harmless and less persistent final products like 
carbon dioxide and water (CO2, H2O) [20]. 
AOPs include the Fenton reaction [21,22], 
electrochemical oxidation [23–25], 
photocatalytic [26,27], ozonation [28], 
Ultraviolet radiation (UV)/ H2O2 [7,29,30], 
membrane processes [31], and electro- Fenton 
oxidation [32,33]. The Fenton reaction is an 
AOP technique that produces a highly reactive 
HO• by combining Fe2+ and H2O2 [34]. 
However, using Fenton's reagent as a 
homogeneous catalyst has significant 
disadvantages. Typically, the reaction requires 
constant addition of Fe2+. Second, for the 
reaction to occur, the procedure must be 
conducted in a narrow pH range [35–37]. In 
addition, forming persistent Fe3+ complexes in 
the solution restricts the Fenton catalytic cycle, 
requiring a secondary treatment and additional 
separation procedures to meet environmental 
standards. Moreover, these separation 
techniques result in significantly increased 
operational costs. The photo-Fenton 
significantly increases the Fenton process 
efficiency. In contrast to the dark reaction 
process, UV accelerates reaction rates and 
mineralization of refractory organics. In the 
photo-Fenton reaction, Fe2+ ions are oxidized to 
Fe3+ by H2O2 and produced •OH, as in Eq. (1), 
then Fe3+ complexes formed during the Fenton 

https://tj-es.com/
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reaction can also be destroyed by the light 
absorbing species that produce another radical 
•OH while the initial Fe2+  as in  Eq. (2) [38]. 

 (1) 

 (2) 

The constraints of traditional Fenton reactions 
can be overcome by utilizing heterogeneous 
catalysts with low iron concentrations, hence 
improving the system's oxidation capacity [39]. 
Various materials, including silica [40], carbon 
compounds [41], zeolites [39], and clays 
[42,43], have been examined as potential 
supports for Fe-based catalysts [44–48]. 
Synthetic zeolites are highly preferred within 
this category of materials due to their 
economical nature and distinctive structural 
attributes, including a significant surface area, 
stability, and the capacity to selectively adsorb 
organic molecules. Additionally, iron-silica has 
been evaluated owing to its highly porous 
structure, adequate pore size, and expansive 
surface area [49]. Moreover, the ease with 
which the utilized catalyst may be separated 
and reused is recognized as one of the critical 
benefits of the heterogeneous process. The 
primary challenge in a heterogeneous process is 
immobilizing iron species as catalysts for the 
Fenton or photo-Fenton process, enabling their 
use without forming Fe(OH)3 sludge. Another 
difficulty involves the stability of the 
immobilized iron species, which must not 
undergo leaching. Researchers have aimed to 
generate catalysts of exceptional stability using 
a particular approach [50]. The present 
research aims to study the phenol degradation 
from petroleum refinery wastewater by 
photocatalytic Fenton reaction coupled with 
UV. The effect of several parameters, such as 
pH, initial phenol concentration, temperature, 
and irradiation time, was investigated. In 
addition, the kinetic modelling of the 
photocatalytic Fenton reaction for phenol 
degradation was studied based on the quasi-
steady approach using the kinetic data obtained 
in the batch reactor. 
2. EXPERIMENTAL WORK AND 
KINETICS MODEL 
The kinetic data was obtained by measuring the 
phenol concentration initially and every 10 
minutes by withdrawing the treated sample. 
The reaction was conducted at different 
operating temperatures (20 and 40 °C). The 
wastewater samples containing phenol were 
analyzed using UV measurements visible 
spectrophotometer (Spectrophotometer DR 
6000, Germany). All the experiments were 
conducted at an initial phenol concentration of 
200 mg/L, with an iron-doped zeolite catalyst 
(FeX) amount of 0.07 g and treated solution 
volume, i.e., v=100 ml. 
 
 

2.1.Materials  
The chemicals utilized in the present 
experiments were Ferrous sulfate heptahydrate 
(FeSO4.7H2O, CDH-India), hydrogen peroxide 
(H2O2,50%, Merck-Spain), hydrochloric acid 
(HCl, 36.5%, Sigma Aldrich- USA), sodium 
hydroxide pellets (NaOH, Loba Chemie-India), 
and sulphuric acid (H2SO4,98%, Thomas Baker 
-India) used to adjust the reagent grade 
solution pH. Synesthetic phenol (200 mg/L, 
Thomas Baker, India) solutions were prepared 
from phenol dissolved in distilled water. 
2.1.Experimental Setup 
The photoreactor experiments were conducted 
on a batch reactor consisting of a bottom Pyrex 
with three necks, placed in a wooden box and 
held by metal climbed, as shown in Fig.1 (a and 
b). Two ultraviolet lamps (365 nm, each 
intensity 8 W) were set on the inside wall of a 
wooden box around the Pyrex reactor. A water 
bath was used to control the reactor's 
temperature under continuous stirring 
(Thermo Fisher Scientific Inc, US,350 rpm) 
with a speed controller with a digital display to 
ensure complete mixing in the reactor. 

 
(a) 

 
(b) 

Fig. 1 Reactor Setup (a) Image of the Reactor 
(b) Schematic Diagram of the Reactor. 

( )2 3

2 2

UV energyhv
Fe H O Fe HO OH−+ + • −+ ⎯⎯⎯⎯→ + +

( )3 2

2

UV energyhv
Fe H O Fe HO H−+ + • ++ ⎯⎯⎯⎯→ + +
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2.2.Experimental Procedure 
The FeX catalyst, previously prepared and 
characterized [22,51–53], was used as a 
heterogeneous catalyst. The photoreactor tests 
were conducted using a batch glass reactor with 
three necks placed in a wooden box (width=33 
cm, depth=44 cm, and height=66 cm) 
containing two UV lamps (365 nm), each with 8 
W intensity, as shown in Fig. 1. The experiments 
were conducted under different operating 
temperatures (20 and 40 °C) and maintained 
using an external jacket under continuous 
stirring (Thermo Fisher Scientific Inc, US, 350 
rpm) for up to 2 h. The pH of the sample was 
first adjusted using 0.1 N HCl (or 0.1 N NaOH) 
until the intended pH value was obtained. In 
each experiment, the reaction mixture was 
supplemented with a distinct catalyst load of a 
FeX (particle size less than 75 µm). 
Additionally, a stoichiometric quantity of H2O2 
was introduced to the reaction mixture at the 
beginning of each run, and the lights of the 
photoreactor were switched on. At the end of 
the run, a specific quantity of the reaction 
mixture was extracted and quickly stopped by 
adding 0.15 ml of NaOH. The FeX catalyst 
particles were separated from the treated 
solution via a membrane filter paper (0.45 µm). 
The solution that had undergone filtration was 
transferred into a glass vial. The phenol 
concentration was promptly calculated using a 

visible UV spectrophotometer 
(Spectrophotometer DR 6000, Germany), and 
the phenol removal was calculated by Eq. (3). 

 (3) 

where pho and ph are the initial and final phenol 
concentrations, respectively. 
2.3.Kinetics of Phenol 
Photodegradation  
The photodegradation of phenol in UV light 
over FeX heterogeneous catalyst surface is 
displayed in Fig. 2. The reaction mechanism of 
phenol degradation consisted of three steps: 
adsorption,  Eq.(4), surface reaction, Eq.(5), 
and desorption, Eq.(6) and Eq.(7) [54] after 
generating •OH free radicals, according to Eq. 
(1) and Eq. (2). 
Adsorption 

 (4) 

Surface reaction: 

 (5) 

Desorption: 

 (6) 

 (7) 

where S• represents the active site on the 
catalyst surface. The adsorption reaction was 
assumed to be the rate-controlling where 
phenol adsorbed on the catalyst surface. 

 
Fig. 2 Photocatalytic Step for the Phenol Oxidation Reaction on the Catalyst Surface. 

2.3.1.Kinetic Model Assumptions  
The present study examined the kinetics model 
of the four-step reaction catalyzed by solid FeX. 
This reaction's stoichiometric equation can be 
expressed in Eqs. (4) to (7). In general, 
heterogeneously catalyzed oxidation is a highly 
complex reaction involving a liquid-liquid-solid 
three-phase system in which reactions occur on 
the surface of a solid catalyst. Consequently, the 
chemical reaction rate on the catalyst's surface, 
the external and internal mass transfer rates of 
reactants and product molecules, the 

absorption rate of reactant molecules on active 
sites of the catalyst, and the desorption rate of 
product molecules may influence the overall 
rate. One or more of these rates could serve as 
the maximum rate. Consequently, the kinetics 
analysis of this liquid-liquid-solid system 
reaction in the current study will involve not 
only developing the overall reaction rate 
expression but also identifying the rate-limiting 
step. Certain assumptions were made to 
develop the kinetics model: 

Phenol Degradation, % = 100
ph ph

ph

−


6 5 6 5 .C H OH S C H OH S• •+ →

6 5 2 2. . 6 . 17 .C H OH S H S CO S H O SO • • •• •+ → +

2 2.CO S CO S •• → +

2 2.H O S H O S •→ +

https://tj-es.com/
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1- The reaction rate is neither limited by the 
external mass transfer of phenol to the 
catalyst surface nor by internal diffusion 
of HO• to active sites, indicating ideal 
mixing and small particle size. 

2- The chemisorption of phenol molecules 
on active sites follows the first-order 
Langmuir adsorption isotherm. Since an 
excess quantity of phenol is used and its 
rapid adsorption by FeX is assumed, the 
fraction of surface covered by phenol 
remains constant. 

3- The oxidation reaction occurs between 
adjacent chemisorbed phenol molecules 
and HO• molecules. 

4- The overall oxidation reaction on the 
catalyst surface follows pseudo-first-
order kinetics concerning phenol. 

5- No temperature variations occurred 
throughout the pore channel of the 
catalyst due to the limited reaction heat, 
and catalyst particles were nano-sized. 

6- The equilibrium between the adsorption-
desorption of reaction products, CO2, and 
H2O is reached rapidly and does not 
affect the overall rate. 

2.3.2.Mathematical Kinetics Model 
According to the quasi-steady state 
assumption, the quantity of phenol (ph) 
molecules adsorbed can be expressed as the 
combined total of the number of desorbed 
molecules and the portion of phenol consumed 
by chemical reactions occurring on the surface. 
Based on assumptions (2), (3), and (4), the 
reaction rate can be characterized as: 

 (8) 

where Cph represents the concentration of 
phenol in the bulk liquid phase, ks represents 
the rate of chemical reaction constant on the 
surface of the catalyst, θs represents the fraction 
of active sites occupied by HO•, and Cph,s 

represents the phenol concentration on the 
catalyst surface. 
Based on the assumed reaction mechanism, it is 
suggested that the rate-limiting step is the 
adsorption of ph. The net rate of adsorption-
desorption of pH is equivalent to the reaction 
rate on the catalyst's surface, as in Eq. (9). 

 (9) 

where Rads-des represent the net rate of phenol 
adsorption-desorption, kads and kdes represent 
the rate constants for adsorption and 
desorption, respectively, and Σθ represents the 
total fraction covered by all species in the liquid 
mixture. To obtain the non-measurable Cph,s in 
terms of measurable Cph, Eq. (9) needs should 
be rearranged. 

 (10) 

Substituting Eq. (10) into Eq. (9) yields Eq. (11). 

 (11) 

where keff expression is represented in Eq. (12). 

 (12) 

 (13) 

where ζ is the effectiveness factor represented 
in Eq. (14). 

 (14) 

Substituting Eq. (12) into Eq. (11) yields Eq. 
(15). 

 (15) 

By integration method, Eq. (15) gives Eq. (16). 

 (16) 

where keff represents the effective rate constant 
that reflects the chemical reaction and surface 
adsorption-desorption resistance. 
3.RESULTS AND DISCUSSION 
The FeX photocatalyst was used to obtain 
kinetic data for the degradation of aqueous 
solution containing phenol and kinetics 
parameters in a batch reactor. The catalyst used 
in this study, FeX, was prepared, and its 
properties were previously characterized 
[22,51,53]. 
3.1.Effect of pH 
In heterogeneous photo-Fenton processes, the 
pH significantly affected the activity of iron. 
The impact of the initial pH on the phenol 
degradation experiments was conducted at pH 
3 and 5. The experimental conditions were an 
initial phenol concentration of 200 mg/L, 
stochiometric amount of H2O2, 0.7 g/L of FeX, 
and irradiation time of up to 120 min. Table 1 
shows the influence of pH on the phenol 
removal after 60 min using a stoichiometric 
amount of H2O2. At pH 3, the phenol removal 
reached 83.06 and 100% at 20 and 40 °C, 
respectively. Meanwhile, the phenol removal at 
pH 5 was 9.79, and 23.61% attained at T= 20 
and 40 °C, respectively, as shown in Table 1. 
The experiment findings have shown that the 
best pH was 3 caused at a higher pH, Fe3+ 
precipitates as ferric hydroxo complex as sludge 
Fe(OH)3, resulting in decomposing H2O2 into 
O2 and H2O, as in Eq. (17) [55]. The test was 
conducted in the acidic range (3-5) through the 
literature; the H2O2 was composite and 
unstable in a higher pH range and lost its 
oxidation ability [56]. The results agree with 
those previously studied [37,57]. 

 (17) 

 

,

ph

ph s s ph s
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dt
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Table 1 Effect of pH on the Removal of Phenol 
After 60 Minutes and Different Temperatures. 

pH, - Temperature, °C   Phenol removal, % 

3 20 83.06 
3 40 100.00 
5 20 9.79 
5 40 23.61 

3.2.Initial Phenol Concentration 
Under operating conditions with UV irradiation 
(pH=3, 0.17 cm3 of H2O2 was added to 100 ml 
of the phenol solution with 0.07 g of FeX at 40 
°C), Degrading phenol as a function of reaction 
time is depicted in Fig. 3. The variation of 
solution phenol concentrations with irradiation 
time was observed under the initial 
concentrations 50, 100, and 200 mg/L. 

 
Fig. 3 The Effect of Time on Phenol Removal 

at Various Phenol Initial Concentrations (pH = 
3, FeX = 0.7 g/L, Temperature =40 ℃, 0.17 

cm3 of H2O2). 
Figure 3 shows that the initial phenol 
concentration of 50 mg/L reached total 
elimination significantly in the first 30 min 
while taking longer reaction time (40 and 50 
min) in the same conditions with higher 
concentrations (100 and 200 mg/L). The 
greater the initial phenol concentration, the 
longer it takes to degrade completely. Initial 
concentrations exhibited a high rate of phenol 
degradation, which progressively decreased 
over time and eventually resulted in a state of 
equilibrium. The reported negative influence at 
higher phenol concentrations resulted from the 
fact that for smaller phenol concentrations, the 
molar ratio oxidant/ phenol compound was 
more significant (since the amount of H2O2 
molecules initially present in the reactor was 
the same). The results showed that several 
researchers observed the same effect [57,58]. In 
the present study, the nearest and the hardest 
concentration was considered to study the 
kinetics of phenol degradation. 
3.3.Effect of Reaction Temperature  
The reaction temperature and time of 
heterogeneous photo-Fenton were significant 
factors. Figure 4 shows the phenol 
concentration at 20 and 40 ℃. Experiments 

were conducted at acidic pH because the 
highest phenol degradation was obtained at pH 
3. 

 
Fig. 4 The Effect of Time on Phenol 

Concentration at Different Temperatures at 
pH= 3. 

Figure 4 shows that the phenol concentration 
was eliminated after 60 min of reaction. In 
contrast, the phenol concentration at room 
temperature was 33.89 mg/L at the same 
period. Enhancing reaction temperature 
improves the energy of the interacting 
molecules and the number of collisions between 
them, which dramatically corresponds to 
increasing the reaction rate [59]. At lower 
temperatures, the rate of HO• production rate 
was limited, decreasing the catalyst's removal 
efficiency. During the early stages of the 
reaction (30 to 40 minutes), phenol degraded at 
higher rates because of the abundance of 
hydroxyl radicals produced by redox reactions 
of H2O2 with Fe active sites on the catalyst 
surface and UV irradiation that promoted 
converting H2O2 toward HO•. Slower 
degradation rates were noticed after that (more 
than 40 minutes) due to phenol concentration 
reduction as time passed. The findings reported 
corresponded with [60,61] finding that, within 
a specific range, the phenol degradation 
increases with temperature. 
3.4.Kinetics Study and Mass Transfer 
Effect 
The keff rate’s constant can be calculated from 
the slop of [ln (Cpho/Cph)] versus time of 
irradiation (t) at various temperatures plot, 
using Eq. (16). Figure 5 represents the phenol 
concentration for the period up to 120 min with 
using the optimum conditions. The keff obtained 
from the slopes is displayed in Table 2. 

Table 2 Effective Reaction Constants for 
Phenol Degradation. 

Temperature, ℃ keff, min-1 
20 0.0296 
40 0.1030 
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Fig. 5 First Order Plot for Phenol 

Degradation. 
The photodegradation of phenol, including 
H2O2 catalyzed by FeX, involved a liquid phase 
and a solid catalyst. Therefore, the significance 
of interphase mass transfer in determining the 
reaction rate is of utmost importance. In 
particular, intraparticle diffusion may serve as 
the rate-limiting step for several reactions, 
particularly those occurring on microporous 
catalysts [62]. The Thiele modulus (MT) (Eq. 
(18)) is a dimensionless quantity commonly 
employed in quantitative estimation of the 
effect of internal mass transfer on the reaction 
rate [59]  

 (18) 

The effective diffusivity coefficient (Deff) is 
represented by Eq. (19). 

 (19) 

where n is the reaction order, L is the 
characteristic length of the catalyst particles, m 
L=R/3 for the sphere, keff is the pseudo-first-
order effective rate constant for the reaction, s-

1, Deff is the effective diffusivity coefficient of the 
limiting reactant into the pores of the catalyst, 
m2.s-1, DAB (m2.s-1) is the molecular diffusion 
coefficient of the limiting reactant, εp is the 
porosity of the catalyst particles, which equals 
0.4764, and 𝝉p is the tortuosity of the catalyst 
pores, which equals 1.5 [63,64]. The diffusion 
coefficient of phenol molecules in water is 
determined using the Wilke-Chang empirical 
equation [65]. 

 (20) 

where DAB is the diffusion coefficient of phenol 
(A) in water (B) in m2/s, T is the temperature in 
Kelvin (K), µ is the dynamic viscosity of the B in 
kg/m·s, and M1 and M2 are the molecular 
weights of the phenol and water, respectively, in 
g/mol. Table 3 shows all DAB values and Deff in 
m2/s at different temperatures. Table 4 displays 
the calculated values at various reaction 

temperatures of MT,  , and Wagner-Weisz-

Wheeler modulus (Mw). 

Table 3 Diffusivity Coefficient Calculation for Phenol in Water at Different Temperatures. 

Temperature, K µ, kg/m.s DAB, m2/s Deff, m2/s 

293 0.001002 1.3692 0.4349 
313 0.000653 2.3584 0.7389 

Table 4 Thiele Modulus, Effectiveness Factor, Weisz Modulus for Phenol Degradation at Different 
Temperatures. 

Temperature, ℃ Deff., m2/s keff, min-1 MT   Mw ks, min-1 

20 0.4419 0.0296 2.52* 10-5 1 6.38* 10-10 0.0296 
40 0.7389 0.1030 3.61* 10-5 1 1.30* 10-9 0.1030 

Therefore, the obtained keff, according to Eq. 
(13), is the same as ks. If the value of MT was 
less than 0.4 and Mw was less than 0.15, then 
the particle is in the diffusion-free regime. The 
findings indicate that the influence of internal 
mass transfer on the total reaction rate can be 
disregarded, and it is reasonable to attribute the 
findings to the decreased pore diffusion 
resistance resulting from the small particle size. 
Eventually, these findings support the 
explanation provided in assumption (1). The 
activation energy could be calculated from the 
reaction rate constant and reaction 
temperatures (listed in Table 4) according to 
Arrhenius's equation (Eq. (21)). 

 (21) 

where Ao (min-1) is the pre-exponential factor, 
and E (J/mol) is the reaction’s activation 
energy. The activation energy and pre-
exponential factors were determined using Eq. 
(21), and their values were 8841791 min-1 and 
47.54 kJ/mol, respectively. This finding 
indicates that temperature influences the 
chemical reaction step more than the phenol-
adsorption step. Furthermore, the obtained 
activation energy value is consistent with that 
reported in [37,66]. 
4.CONCLUSIONS 
This study reveals the optimum conditions for 
the photocatalytic process on phenol 
degradation. Organic pollutants were more 
degraded in an acidic solution; at pH 3, the 
phenol was removed after 60 min at 40 ℃. 
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Moreover, when studying the effects of 
temperature between 20 and 40℃, the phenol 
degradation after 60 minutes was decreased 
from 33.89 mg/L at 20℃ to zero mg/L at 40 ℃, 
respectively. Therefore, the best conditions for 
removing 200 mg/L of phenol using FeX 0.7 
g/L as a catalyst with a UV irradiation time of 
60 min, at pH 3 and temperature 40 ℃. The 
study presented the kinetic modelling of a FeX 
catalyst by heterogeneous photocatalytic 
oxidation reaction of phenol. The MT, 
effectiveness factor, and Mw values were also 
calculated at different reaction temperatures. 
The results of the reaction kinetics data fitted 
with a first-order kinetics model. The mass 
transfer calculation outcomes indicated the 
negligible influence of internal mass transfer on 
the reaction rate. The reaction rate’s constants 
values were 0.0296 and 0.1030 min-1 at 20 and 
40℃, while the values of the effectiveness factor 
were equal to one, indicating no resistance to 
mass transfer affecting the reaction rate. The 
activation energy of oxidating phenol via 
photocatalytic reaction was calculated and 
reported to a value of 47.54 kJ/mol.  
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NOMENCLATURE 
Ao pre-exponential factor, min-1 

Cph Phenol concentration in the bulk liquid phase 

Deff Effective diffusivity coefficient, m2/s 

DAB Molecular diffusion coefficient, m2/s 

E Activation energy, J/mol.K 

ks Chemical reaction rate constant, 𝑠−1 

keff Effective reaction rate constant, 𝑠−1 

L Characteristic length of the catalyst particles, m 

M1 Molecular weight of phenol, g/mol 

M2 Molecular weight of water, g/mol 

MT Thiele modulus 

Mw Wagner-Weisz-Wheeler modulus 

n Order of the reaction 

R Gas constant, J/mol.K 

R Radius, m 

t Time, min 

T Temperature, ℃ 

Greek symbols 

𝜇 Dynamic viscosity, kg/(m s) 

𝝉 Tortuosity, kg/m3 

𝜀 Porosity 

  
Effectiveness factor 

θs Occupied fraction of active sites. 

Subscripts 

s Surface of catalyst 

o Initial  
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