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Abstract 

Among the several ways used in wastewater treatment, the photocatalysis process is a more novel and alternative 

process that is increasingly employed in recent years. This work aims to improve the performance of the photo-

catalyst process by using air bubbles in removing the BTEX from produced water as an indicator of process effi-

ciency. The study also shows the effect of influencing factors (pH and residence time) on the photocatalysis pro-

cess. The study was done in a rectangular column with dimensions of 200 mm width, 30 mm depth, and 1500 mm 

height. Commercial titanium oxide (TiO2) coated on a plate by the varnish was used as a source of the photocata-

lyst. The experiment was carried out under different values of gas flow rate (0-3 L/min) to evaluate its effect on the 

photocatalyst process, the effect of other variables of pH (3-11), and irradiation time (30-120) min was also studied. 

A new method of the coating was adopted by using an alumina plate with varnish as an adhesive. The characteris-

tics results show that the coated plate has hydrophilic properties and that there is no significant change in the 

crystal structure of the TiO2 nanoparticles and the varnish before and after 60 h of the photocatalytic process, in-

dicating that the plate is still effective after 60 h usage under different conditions. The results also show that the 

introduction of air bubbles enhances the removal efficiency of BTEX significantly and the best removal effective-

ness of BTEX was 93% when pH = 5 after 90 min and 90% when pH = 3 after 120 min. The removal rate also 

reached 86% when pH = 7 after 120 min all at a flow rate of 3 L/min. The percentage of removal decreased at pH = 

9 and 11, reaching 64% and 50%, respectively after 120 min and a flow rate of 3 L/min .  

 

Copyright © 2022 by Authors, Published by BCREC Group. This is an open access article under the CC BY-SA   

License (https://creativecommons.org/licenses/by-sa/4.0). 

 

Keywords: Photocatalytic process; air bubbles; coating; varnish; TiO2; BTEX 

 

How to Cite: M. Al-Nuaim, A.A. Al-Wasiti, Z.Y. Shnain, A.K. Al-Shalal  (2022). The Combined Effect of Bubble 

and Photo Catalysis Technology in BTEX Removal from Produced Water. Bulletin of Chemical Reaction Engineer-

ing & Catalysis, 17(3), 577-589 (doi: 10.9767/bcrec.17.3.15367.577-589) 

 

Permalink/DOI: https://doi.org/10.9767/bcrec.17.3.15367.577-589 

bcrec_15367_2022 Copyright © 2022, ISSN 1978-2993; CODEN: BCRECO 

Available online at BCREC website: https://bcrec.id 

Research Article 

1. Introduction 

       Produced water PW is defined as any 

water that exists in a reservoir that contains a 

hydrocarbon resource [1]. BTEX (benzene, tolu-

ene, ethylbenzene, and xylene) and low molecu-

lar weight hydrocarbons are the most abundant 

hydrocarbons in PW. The concentration of 
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BTEX in untreated PW is around 600 mg/L un-

der various storage conditions [2]. BTEX are 

volatile aromatic hydrocarbons. They are very 

toxic to both humans and the environment. The 

EPA (Environmental Protection Agency) classi-

fies benzene (C6H6) as a hazardous aromatic hy-

drocarbon [3]. As a result, the oil and gas sector 

around the world has been pushed to advance 

water treatment technologies [4]. There are sev-

eral therapy options for PW treatment. These 
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approaches, which included physical, mem-

brane, biological, chemical, and thermal treat-

ments, enhanced oxidation processes and were 

offered as a result of their benefits [5]. The pho-

tocatalytic process is a novel and alternative 

method that is increasingly employed in water 

treatment due to its low cost, minimal interme-

diate product creation, and lack of secondary 

waste [6,7]. When the photocatalyst TiO2 is at-

tacked with photons from UV light, photocatal-

ysis begins (from an artificial source or solar 

light). If the energy of these photons exceeds 

the band gap, the electrons (e-) on the surface 

photocatalyst become "stimulated" in the val-

ance band and move up into the conduction 

band (see Figure 1). A positive hole (h+ VB) is 

created on the valence band once the e- has 

been absorbed into the conduction band (e- CB) 

(Equation (1)) [8]. In the conduction band (e- 

CB), the excited electrons combine with oxygen 

(O2) to form superoxide radicals (•O2-) or hy-

droperoxide radicals (•HO2), (Equation (2)) [9]. 

These reactive oxygen species are subsequently 

employed to break down contaminants into car-

bon dioxide (CO2) and water (H2O), as well as 

other secondary degradation processes. At the 

positive hole in the valance band (h+ VB), 

where this reaction is happening, water is be-

ing oxidized. Equation (3) shows that this reac-

tion produces hydrogen ions (H+) and hydroxyl 

radicals (•OH). The presence of contaminants 

causes the •OH to react, forming H2O and CO2 

[10].  

 

  (1) 

 

   (2) 

 

         (3) 

 
Several materials were used as a photocata-

lyst, these materials should be triggered by 

light, and exhibit a certain degree of thermal 

stability, low toxicity, and cheap cost. TiO2 and 

ZnO are the most material that has such prop-

erties, they were extensively investigated and 

exploited in heterogeneous photocatalysis 

[11,12]. TiO2 converts organic contaminants in-

to CO2, H2O, and reactive oxidizing species 

such as oxygen or air during the photocatalytic 

process [13]. Figure (2a) depicts the number of 

papers on various semiconductors in the field 

of photocatalysis demonstrating the dominance 

of these two semiconductor oxides in this field 

of research. Additionally, various metals are 

connected with photocatalysis Figure (2b) to 

enhance photocatalyst performance. Aluminum 

and copper are the most often reported [14,15]. 

Some researchers have worked on removing 

the BTEX, the researchers [16] focused on UV-

based advanced oxidation. In their work, they 

used batch reactor systems with UV/H2O2 to 

determine the removal efficiencies and the best 

conditions for photodegradation, The operating 

parameters for H2O2 (0.42, 0.72, 1.11, 1.34, and 

1.736 g/L), pH ( 3-11), UV lights are 0.0001, 

0.0002, and 0.0003 J/min.mL, The greatest 

rate of deterioration was seen after 30 minutes, 

and elimination was 98% at a pH of 3.1 under 

three UV lamps, BTEX (550-210 mg/L) [16]. 

In the work of Sheikholeslami et al. [17] 

Maghemite nanoparticles were utilized to elim-

inate the contaminants for the first time. By 

using a wet chemical process, maghemite was 

created as a semiconductor photocatalyst. 

Their study was done on the effects of the pri-

mary variables, such as pH (3-7), catalyst con-

centration (0-250 mg/L), and UV light intensity 

(0-100 W). Their results showed that the great-

est BTEX removal effectiveness (82%) was 

achieved in 90 minutes at pH = 3, 170 mg/L of 

nanoparticles, and 100 W of UV radiation [17]. 

The same researcher uses the γ-Fe2O3 nanopar-

ticle-based nano photocatalytic method, which 

2
 +    + 

VB CB
TiO hv h e+ −→

2 2
 +   

CB
e O O− −→

2
 +    + 

VB
h H O OH H+ +→

Figure 1. Photocatalytic mechanism [8]  
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has a high removal and degradation efficiency 

under different operating conditions. They 

found that the greatest BTEX removal effec-

tiveness (90.94 %) was recorded at 3.64 pH, 167 

mg/L of nanoparticle concentration, and 180 W 

of light intensity [18]. (S.A. Hasanova), deter-

mined how well BTEX from wastewaters de-

grades when exposed to ultraviolet (UV) and 

visible light (VIS). TiO2 Nanopowder was the 

photocatalyst in this work. N-Doping, which re-

quired 97 % diethyl amine solution, was made 

from 20 % of that substance. The procedures 

were run at 293–323 K, with an irradiation du-

ration range of 0–360 min, an initial pH range 

of 2–12, and a catalyst dosage of 0.1–2 mg/L. 

The 1 mg/L N-doped TiO2 catalyst produced the 

best degradation of 91.6 % under the conditions 

of pH 3.5 after two hours [19]. Lotfi et al. [20] 

used a sol-gel approach to create the         

UiO66-NH2/TiO2/ZnO (UTZ) nanocomposite as a 

photocatalyst to remove BTEX. Their results 

showed that the removal efficiency was 90.03 % 

under optimum conditions of pH = 7, concentra-

tion of 0.11 g/L, and 15 W light power. 

Most of the above researchers used the cata-

lyst directly as a powder and despite its effec-

tiveness, the recovery of the catalyst requires 

the use of expensive membranes to separate 

the treated wastewater from the catalyst pow-

der. Therefore, this work intended to solve this 

problem by using a fixed catalyst coated on the 

surface of the aluminum plate. Indeed, to im-

prove the efficiency of the process and reduce 

its time, the air bubbles were examined at dif-

ferent flowrate. Accordingly, the aim of the 

work is to study the effectiveness of air bubbles 

in the removal of BTEX in UV-photo catalyst, 

where it was done under flow rates (0-3) L/min, 

as well as to study the effect of different varia-

bles of the pH (3-11) and irradiation time till 

two hours on the photocatalytic process by con-

ducting COD examination. 

 

2. Materials and Methods 

2.1 Materials 

All the materials used are in analytical 

grade as listed in Table 1. 

 

2.2 Experimental Setup  

The schematic experimental setup is shown 

in Figure 3. It consists of a rectangular column 

200 mm width, 30 mm deep, 1500 mm high, 

Figure 2. The number of publications about photocatalysts (a) and (b) metals used in photocatalysis. 

[14,15]  

Table 1. Materials of research 

Chemical Country 
Purity 

(%) 

Epoxy-type molto look German - 

Varnish coating UK - 

Hydrochloric acid ( HCl) India 35-38 

Sodium hydrox-

ide (NaOH) 

India 98 

Benzene UK 99.5 

Toluene India 99.5 

Ethyl Benzene Switzerland 99 

Xylene India 99 

Titanium Oxide Nano-

particles/ Nanopowder 

(TiO2 99.5% purity with 

diameter 10-30nm) Ana-

tase 

USA 99.5+ 

Aluminum plate Turkey  - 
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and 6 mm thick wall glass. At the bottom of the 

column, air enters through a gas distribution 

system comprising a total of 21 needles with a 

5 mm square placed in the middle of the col-

umn bottom plate [21]. The inner diameter of 

the needles was 1 mm, the distributor was con-

nected to the gas compressor (to supply the 

photo reactor with air) and the amount of air 

was controlled by the flow meter. The reactor 

was irradiated with a sterile tube with a UV 

lamp (tube-type germicidal UV light T5 (G5), W 

= 12 m2, tube length 60 cm). The outer surface 

of the reactor and the UV lamp is covered with 

aluminum foil to prevent the interference of 

UV rays. 

 

2.3 Plate Coating Method 

An aluminum plate (dimensions 0.75 m 

long, 0.18 m width) was used as a base for cata-

lyst coating. The plate was cleaned well using 

water and cleaning materials and left to dry, 

then it was sanded using sandpaper at 120 de-

grees to form grooves on it. Two methods were 

used to coat the plate, the first one was to coat 

the plate with epoxy by using a paintbrush 

evenly along with the plate and left to warm for 

one hour at room temperature, after the second 

layer of paint was added and left for half an 

hour. Titanium dioxide was prepared with an 

aqueous solution [5:1] of water and was mixed 

with a magnetic stirrer for 40 minutes.  Then 

the plate was sprayed with a solution and left 

to dry for 48 h [22]. When using this method, 

an increase in the proportions of (COD) was ob-

served. This is because epoxy contains organic 

materials, which led to an increase in the 

chemical need for oxygen. 

Therefore, a second method was adopted by 

using varnish instead of epoxy, where the sheet 

was cleaned from dust and left to dry, then it 

was coated with a layer of varnish diluted with 

benzene and left for (15 minutes). Then a solu-

tion of TiO2 was sprayed with distilled water 

and placed in the oven for (15 minutes) and left 

to cool for 4 h. After it was dried with hot air 

for 5 minutes, every four hours for two days. 

 

2.4 Method and Test 

The BTEX solution was prepared by adding 

(Benzene 0.33 g/L, Toluene 0.4 g/L, Ethyl Ben-

zene 0.46 g/l, and Xylene 0.45 g/l) to two liters 

of water. The solution was mixed well by Ultra-

sound for 30 min. The pH values of the solution 

were adjusted at (3, 5, 7, 9, and11) by adding 

HCl for the acidic medium and (NaOH) for the 

basic medium. After preparing the solution it 

was added to the system (glass column) and 

the air was bubbled through the using flow me-

ter at flow rate values of (1, 2, and 3) L/min. 

The ultraviolet ray was irradiated for a certain 

time of (30, 60, 90, and 120) min. Samples were 

taken for each irradiation time to calculate the 

Figure 3.  Experimental setup. (1) Air compressor. (2) Flow control valve. (3) flow meter. (4) lamp UV 

250 nm. (5) Distributor (6) Column glass. (7) Aluminum plate fixed on it titanium dioxide (TiO2). (8) 

stand 
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percentage removal of BTEX by measuring 

chemical oxygen demand (COD). The tests are 

carried out according to the restrictions of the 

Iraqi environment, where the allowable rate of 

COD is 100 ppm (Public Water and Rivers Con-

servation Law No. 25 of 1967) [23].  

The coated plate was characterized by water 

contact angle (WCA), FTIR, and XRD tests. 

The water contact angle of TiO2 particles and 

the coated plate was measured using the 

Standard Contact Angle Goniometer with 

DROP image [Model 200 Standard (p/n 200-

U1), USA], the test was done by dripping a 5 

μL drop of deionized water onto the catalyst 

particle (titanium dioxide/Anatase). The profile 

of the droplet placed on the substrate using a 

syringe and a mobile plate was recorded by a 

camera and analyzed by a computer to record 

the contact angle using Young's relationship 

FTIR spectra were recorded in the scope of 

4000 – 400 cm−1 by utilizing FTIR spectropho-

tometer [Type, IRAffinity-1-SHMADZo Origin: 

Germany] with ATR technology.  The XRD test 

was carried out with XRD analyzer (type: 

Philips PW1730/Netherlands) under the follow-

ing specification; X-ray tube: Cu (1.54060 A), 

Voltage: 40.0 kV, Cu rent: 30.0 mA, Scan 

range: 10.000 <-> 90, 0000°, Step size: 0.2000°, 

Count Time: 1.20, DS Aperture Seconds: 1.00°, 

SS: 1.00°, RS: 0.30 mm.  

 

3. Results and Discussion 

3.1 Characterization of the Titanium Dioxide 

3.1.1 Contact angle measurement  

A contact angle measurement test was done 

to examine the hydrophilicity of the surface of 

the produced TiO2 with varnish. The water 

contact angle (WCA) was measured by dripping 

a 5 μL drop of deionized water onto the cata-

lyst particle. A contact angle of 0o indicates to-

tal wetness which is the same angle that was 

recorded in Figure (4-a), which represents tita-

nium dioxide/Anatase. Figure (4-b) illustrates 

the contact angle after the coating process us-

ing varnish and titanium at 69.9320° as a re-

sult of the hydrophilic surface of the plate with 

low surface energy and proper microstructure. 

The literature shows that a solid surface is hy-

drophilic if the water contact angle is less than 

90 degrees. The solid surface is hydrophobic if 

the contact angle with water is more than 90 

degrees. A contact angle of 0o indicates total 

wetness whereas a contact angle of 180o indi-

cates total non-wetting [24]. When TiO2 of the 

Anatase form is subjected to UV radiation, 

very low contact angles (less than 1o) are pro-

duced. These materials have the unusual abil-

ity to "attract" water rather than reject it 

(super-hydrophilicity). Instead of creating 

droplets, the water spreads out into flat sheets 

on the surface. The super-hydrophilic behavior 

of the TiO2 surface is maintained for around 

two days if the illumination is interrupted. 

Furthermore, titanium dioxide exposed to UV 

light creates potent agents capable of oxidizing 

and decomposing a wide variety of microorgan-

isms, organic compounds, and inorganic sub-

stances [25]. 

3.1.2 Fourier Transform Infrared Spectroscopy 

(FTIR)  

The FTIR is used to clarify the TiO2 parti-

cle's functional groups as well as its chemical 

structures. The test was done on the coating 

   (a)       (b) 

Figure 4. Contact angle test, (a) the contact angle of TiO2 nanoparticle/Anatase, (b) the contact angle 

of the coated plate with a layer of varnish and TiO2  
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plate before and after the photocatalyst process 

as shown in Figures (5 (a) and (b)), respective-

ly. The FTIR spectra were recorded in the scope 

of 4000–400 cm−1. The spectra showed 3745.76 

cm-1, the peak observed around are due to the 

stretching vibration of the O–H group in figure 

(5a), while in Figure 5 (b) after using a plate for 

60 h, the peaks identified at 3687.9 cm-1 are 

due to the stretching and bending vibrations of 

(O–H), indicating no change between them. The 

peaks in the plate (3282.85, 3167.12, and 

3062.96 cm-1) are the strong broad correspond-

ing to the hydroxyl group's symmetric and 

asymmetric stretching vibrations due to water 

molecules. is related to the O–H stretching 

mode of the hydroxyl group, indicating the 

presence of moisture in the sample [26]. 

The peaks observed on plate (a), 2920.23 

and 2854.65 cm-1, were due to the bending vi-

brations of the alkane (C–H) groups, the strong 

intensity of C–H peaks (2920.23 and 2850.80 

cm-1) becomes increased due to the increasing 

amount of modifying agent on its surface after 

60 h of work (plate b). The merged peaks  

(2349.30 and 2214.28 cm-1) are due to the 

stretching and bending vibrations in the 

(O=C=O), in the plate (a) became one peak 

stronger ( 2333.87 cm-1) in the plate (b) [27]. 

Meanwhile, the peak of ester (C=O) was identi-

fied at 1735.94 cm-1, and it did not change in 

plates (a and b). 

The gradual group merging of amide in the 

plate (a) (1639.5, 1616.35, and 1597.06   cm-1) 

to 1608.64 cm-1, in the plate (b), indicates a 

Figure 5. FTIR test for the coated plate, (a) Before using the plate, (b) after using the plate for 60 

working hours  

(b) 

(a) 



 

Bulletin of Chemical Reaction Engineering & Catalysis, 17 (3), 2022, 583 

Copyright © 2022, ISSN 1978-2993 

gradual removal and steep destruction of the 

amide group in the plate after 60 h [28].       

The peaks at the (1535.34–1265.31 cm-1) in the 

plate (a), and (1535.34–1273.02 cm-1) in the 

plate (b) region could be attributed to the car-

boxyl (C=O) and methylene groups. The carbox-

yl and methylene groups might be also resulted 

from residual organic species [29]. 

Broadband from 1000 to 400 cm-1 region is 

ascribed to the Ti–O stretching and Ti–O–Ti 

bridging stretching mode, For the pure TiO2 in 

the range of 400–800 cm-1, the peak at 462.92 

cm-1 in a plate (a)  and 435.92 cm-1 in a plate (b) 

should be attributed to the vibration of the   

Ti–O bond in the TiO2 (Anatase titanium) lat-

tice. The IR absorption band at 744.53 cm-1 in a 

plate (a)  and 729.10 cm-1 in a plate (b) is at-

tributed to the Ti–O–Ti stretching vibrations, 

This indicates that titanium dioxide is effective 

and present in the two plates, even after 60 

hours of work [30], while varnish bands from 

(1018.42–802.39 cm-1) in the plate (a)  signalize 

the condensation reactions of varnish compo-

site The reason of merging to (786.96 cm-1) in 

plate (b) could be associated with a terpenic 

varnish, because it presents a considerable rate 

of aging, making these areas merge. 

 

3.1.3 X-ray Diffraction (XRD) Characterization 

The structure plate before and after the pho-

tocatalysis process was examined by X-ray dif-

fraction, and the shape of the obtained XRD 

patterns revealed the state. The X-ray diffrac-

tion technique for the plate presented in Fig-

ures (6 a and b) was used to find out the amor-

phous and crystalline nature of the material of 

the coated plate before and after 60hr of the 

photocatalytic process, respectively. XRD pat-

terns of TiO2 nanoparticles and varnish are 

shown in Figure (6a) before using the plate 

showed firm diffraction peaks at 21, 25, 38.5, 

42.5, 44.5, 65, and 78 which correspond to 

(400), (500), (600), (800), (24000), (8000), and 

(2200) respectively of nanoparticle TiO2 Ana-

tase and varnish. 

After using the plate for 60 working hours 

under different operating conditions as shown 

in figure (6 b), it showed strong diffraction 

peaks at 22, 25.5, 38.5, 42, 45, 65, and 78  

which correspond to (700), (1400), (3600), (400), 

(60000), (24000), and (5000) respectively of the 

Anatase TiO2 nanoparticles and the varnish. 

The above results showed that after 60 work-

ing hours the crystal structure of TiO2 fixed 

with varnish did not change. 

The dispersion peak that appeared at 45 is 

attributed to the hydroxypropyl methylcellu-

lose content in the natrosol component of var-

nish. regarding the TiO2 nanoparticles in the 

varnish, the signals appeared weak at 25, 65, 

and 78.  The weak signals of TiO2 nanoparti-

cles in the varnish are attributed to the loss of 

the quantity of the nanoparticles. Thus, the 

possibility of interaction between nanoparti-

cles, resin, and new compounds is produced 

It is noted from the two XRD tests before 

and after using the plate that there is no sig-

nificant change in the crystal structure of the 

TiO2 nanoparticles and the varnish, which in-

dicates that the plate is still effective after 60 h 

of working under different conditions, and 

there is no reaction or change in the composi-

tion. of the coating material, which consists of 

TiO2 nanoparticles and varnish. 

 

3.2  Factors Influencing the Photocatalytic Re-

action Process 

3.2.1  Effect of gas flow rate 

To study the effect of airflow rate on the 

photocatalyst process, first, the behavior of the 

flow in the column should be understood. 

Figure 6. XRD test of the coated plate (a) before using the plate, (b) after using the plate for 60 work-

ing hours  

(a) (b) 
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Hence, Particle image velocimetry (PIV) is used 

to determine the flow and bubble behavior. A 

high-speed camera was fixed in front of the col-

umn and images were taken with a size of 

20x20 cm. The number of bubbles and the rate 

of their diameter as calculated using Adobe     

Illustrator 2022. The results are shown in Ta-

ble 2  and Figure 7. 

The table shows that the higher the flow 

rate, the higher the number of bubbles and the 

smaller the average diameter. This is because 

with increasing the gas flow rate the fluid 

tends to be in turbulent flow leading to higher 

collision frequency and kinetic energy which af-

fect the large bubbles by breaking up into two 

or more smaller bubbles. Bubble breakage gen-

erally depends on the balance between the ex-

ternal stresses that disrupt the bubble and the 

viscous stresses represented by the surface ten-

sion that resists bubble deformation. The ma-

jority of published breakup models are predi-

cated on the same assumptions [31]: (a) Turbu-

lent Eddies that strike the bubble surface and 

cause it to deform are what induce bubble 

breakup in a turbulent flow. The Eddies must 

possess enough energy to overcome the resist-

ing forces to break up; (b) The Eddies ought to 

be smaller or equivalent to the bubble's size, 

while the eddies larger than the bubble 

transport the bubble only.  

It was found from the visual observation 

that the bubbles are transported by the formed 

Eddies and vortices to their core. Meanwhile, 

due to the large dissipation energy of the tur-

bulent flow of these vortices, the bubbles break 

up into small ones and this continues till that 

the break up reached zero because eddies that 

are smaller than the bubbles do not have 

enough energy to break them. It was also no-

ticed that the smaller bubbles float up to the 

free surface due to buoyancy force.  

The above effect of the ultra-high velocity of 

scattered air on the degradation of BTEX in 

the range (0-3 L/min) was tested and the re-

sults are presented in figures (8-12). A signifi-

cant rise in the percentage of removal is ob-

served with the increase in the ultra-high ve-

locity of the air under the experimental condi-

tions used in the present investigation. The 

best removal rate was at a flow rate of 3 L/min, 

where the removal rate of BTEX was 90% at 

pH 3, while the removal rate was 93% at pH 5, 

and 86% at pH 7 all at 120 minutes, while the 

flow rate did not make a difference at the mean 

baseline pH (9-11). It is also noted that when 

there is no air in the system the removal rate 

is very little and sometimes constant during 

the time of the experiments, which requires 

more time to obtain a high removal. This is can 

be attributed to the high velocity causing tur-

bulent flow, as explained above and this led to 

enhancing the diffusivity of BTEX molecules to 

the active sites of the catalyst on the plate 

causing an enhancement in the rate of the deg-

radation. 

The other effect of the airflow rate is that 

those air bubbles function as a promoter by 

supplying molecular oxygen to the system. 

These oxygen molecules react with the free 

electrons, which are produced at the active 

sites on the catalyst surface under UV irradia-

tion. As a result, additional hydroxyl radicals 

are produced according to the suggested degra-

dation process (Equations (4)–(11) [32]. 

Table 2. The number of bubbles and their aver-

age diameter 

Flow rate  

(L/min) 

No .  

bubble 

Average diameter 

(cm) 

1 43 0.78 

2 54 0.63 

3 101 0.59 

Figure 7. Images of bubbles at gas flow rates: (a) 1 L/min, (b) 2 L/min, and (c) 3 L/min  

(a) (b) (c) 
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       (4) 

 

          (5) 

 

        (6) 

 

           (7) 

  

            (8) 

 

   (9) 

 

           (10) 

 

           (11) 

 

Hence, the flow rate has a clear impact on the 

process of deterioration and removal of the pol-

lutant, and the higher the flow rate, the less 

time necessary to scope the environmental limi-

tation and reduce the time required. 

 

3.2.2 Effect of pH 

The removal efficiency of COD at different 

gas flows can be seen in Figures (13-16). These 

figures show that the best removal effective-

ness was 93% when pH = 5 after 90 min, and 

90% when pH= 3 after 120 min. The removal 

rate also reached 86% when pH = 7 after 120 

min all of them are at a flow rate of 3 L/min. 

These results are consistent with those of earli-

er research [33]. Indeed, the percentage of re-

moval decreased at 9 and 11, reaching 64% and 

50%, respectively after 120 min and a flow rate 

of 3 L/min.  

The disparate effect of pH on the BTEX re-

moval can be attributed to the effect of pH on 

the charge of the catalyst particles, the aggre-

gate size of the catalyst, and the locations of 

the conductance and valence bands. Due to the 

Figure 8. Relationship between time and COD 

at pH of 3  

Figure 9. Relationship between time and COD 

at pH of 5  

( )2 2
TiO  +  (UV)  TiO  + 

CB VB
Egab e h− + →

+ -

2 2 2
TiO ( ) + H O  TiO  + H  + OH

VB
h+ →

-

2 2
TiO ( ) + OH   TiO  + OH

VB
h+ →

2 2 2 2
TiO ( ) + O   TiO  + O

VB
e+ −→

+

2 2
O  + H   HO− −→

2 2 2 2
2HO   H O  + O→

- -

2 2
H O  +   OH  + OHe →

BTEX + OH   degradation products→

Figure 10.  Relationship between time and COD 

at pH of 7  

Figure 11. Relationship between time and COD 

at pH of 9  

Figure12. Relationship between time and COD 

at pH of 11  
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nature of the TiO2 catalyst utilized, any change 

in the operating pH is known to influence the 

photocatalyst's isoelectric point or surface 

charge. Numerous studies have employed 

TiO2's point of zero charges (PZC) to investi-

gate the effect of pH on photocatalytic oxidation 

performance. The PZC condition is one in 

which the surface charge of TiO2 is zero or neu-

tral and its pH lies between 4.5 and 7.0, de-

pending on the catalysts utilized. Because of 

the absence of an electrostatic force, the contact 

between the photocatalyst particles and water 

pollutants is low at the PZC of TiO2. Since the 

pH PZC of TiO2 is about 6.7 [34], titanium diox-

ide has a positive surface charge in an acidic 

media (pH less than 6.7) with the species of Ti-

OH2+ and a negative charge in a basic media 

(pH greater than 6.7), with the species of TiO− 

as can be described by Equations (12) and (5) 

[35].   

 

    (12) 

 

        (13) 

 

Operating with pH < PZC (TiO2) (pH = 3, 5, 

and 7) the catalyst's surface charge becomes 

positively charged, exerting an electrostatic at-

traction force between TiO2 and the anionic 

charged of organic molecules and this enhances 

the adsorption onto the photon-activated TiO2 

surface, facilitating subsequent photocatalytic 

processes [36]. Whilst in the basic solutions (pH 

> PZC (TiO2) (pH = 9 and 11)), the catalyst's 

surface charge becomes negative, causing re-

pulsion between the TiO2 and anionic mole-

cules and this will reduce the degradation pro-

cess.  

Hence, the change in pH has a substantial 

influence on the efficacy of BTEX clearance. By 

lowering the pH of the solution, the removal ef-

ficiency rises. Each change in operating pH in-

fluences the catalyst's isoelectric point or su-

perficial load, the positive charge of the cata-

lyst attracts more anions, causing an increase 

in the removal rate [36]. The oscillations in the 

curves (Figures 13-16) indicate that the prima-

ry cause for this process is the transformation 

of BTEX into intermediate products. which re-

sults in a rise in COD during the test and re-

moval efficiency. Due to the varying test cir-

cumstances, several intermediate compounds 

are created and eliminated at varying periods, 

each with its unique COD. The efficiency of 

COD removal will be altered throughout the 

early hours of the test.  

Finally, in the acidic range, the removal ef-

ficiency was at its highest value, so the effec-

tive pH range was in the range of 3 to 7, and 

the residence time worked from 30 to 120 

minutes while the best removal rate was at a 

flow rate of 3 L/min. As for the basic medium, 

there is no removal, meaning that the photo-

catalytic process does not work in the pH range 

(9-11).  

 

3.2.3 Irradiation time  

The effect of irradiation time on the photoly-

sis of BTEX is represented in Figures (9-12). It 

is noted that with the increase in the irradia-

tion time up to 120 minutes, the rate of decom-

position increases. For pH of 3 and 5 and using 

air bubbles, the rate of decomposition, after 30 

min, was enough to reduce the BTEX concen-

tration under the Iraqi limitation. Increasing 

the time by more than 30 min causes an in-

crease in the removal rate from 83% to 93% at 

pH of 5 and 81% to 90% at pH of 3 and 71% to 

86% at pH of 7 and flow rate of 3 L/min. This is 

because with an increase in the irradiation pe-

riod the number of photons absorbed rises, cre-

+

2
At pH < PZC: TiO + H   TiOH+

2
At pH > PZC: TiOH + OH   TiO  + H O− −

Figure 13. Relationship between time and COD 

at flow rate of 0 L/min  

Figure 14. Relationship between time and COD 

at flow rate of 1 L/min  
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ating a larger quantity of OH• by promoting 

the oxidation of BTEX. 

Whilst the decomposition rate remains con-

stant at a time (30 - 90 - 120) in the operational 

conditions of pH of 3 and flow rate of 2 L/min in 

which the removal percentage reached 78%, 

while it stabilized at 80% at pH of 5 and flow 

rate of 1 L/min The reason for stability is due 

to the saturation of the surface This phenome-

non might be explained by the fact that the dis-

solved O2 molecules are supplied from the gas 

phase quicker than they are destroyed by diffu-

sion from the aqueous layer covering the cata-

lyst surface. 

Indeed, the reaction rate reduces with irra-

diation duration as a result of the pseudo-first-

order kinetics, and competition for degradation 

between the reactant and intermediate prod-

ucts. The challenges associated with reacting 

short-chain aliphatic with •OH radicals, as 

well as the photocatalyst's limited lifespan ow-

ing to active site deactivation by strong by-

products deposition, contribute to the degrada-

tion's sluggish kinetics after a certain time lim-

it [38].  

 

4. Conclusion 

In this work, the effective range of im-

portant parameters in the photocatalytic pro-

cess of BTEX degradation by TiO2 under ultra-

violet was studied via the COD test. A new 

coating method of TiO2 on the aluminum plate 

using varnish was adopted, the method is a 

simple and cheap in price for being easy to pre-

pare. The characteristics tests show that the 

plate was not damaged after 60 working hours.      

The results show that the higher the flow veloc-

ity, the greater the removal rate, as the largest 

removal rates occurred at 3 L /min. The en-

hancement in removing BTEX with increasing 

gas flow rate is attributed to two reasons, the 

first enhancing the mobility and diffusion of 

BTEX molecules towards the active sites of the 

catalyst. The second effect is to enhance active 

OH generation. The greatest removal efficiency 

was 93% when pH = 5 after 90 minutes, and 

90% when pH = 3 after 120 minutes. The re-

moval efficiency was highest in the acid range 

in which the effective pH range was 3 to 7, and 

the treatment process lasted 30 to 120 minutes 

at a flow rate of 3 L/min. While, there is no re-

moval in the basic media at pH (9 and 11).       

Finally, increasing the time increases the de-

composition rate till it remains constant with 

the progression of time as a result of surface 

saturation and a significant reduction in the 

concentration. The Iraqi environmental limita-

tion (than 100 ppm) was reached in most of the 

experiments after only 30 minutes from the 

start of the experiment, and with the progres-

sion of time, the percentage of removal in-

creased. 
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