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H I G H L I G H T S  
 

A B S T R A C T  

 A rectangular bubble column was used for the 
photodegradation of paracetamol in synthesis 
wastewater. 

 Maximum COD removal (78%) was achieved 
by introducing air bubbles at a flow rate of 1 
L/min. 

 pH affected pollutant adsorption, with the 
optimum pH for photocatalysis found to be 7. 

 Surface water, wastewater, and drinking water have all been found to contain 
paracetamol and its toxic breakdown products. Effective ways to degrade these 

products must be discovered to lessen their harmful effects on aquatic 
microorganisms and human health. The study focuses on finding effective 
methods to degrade harmful products, specifically paracetamol, to mitigate their 
negative impact on aquatic microorganisms and human health. To achieve this, 
the research investigates a photocatalytic process enhanced by introducing air 
bubbles, aiming to improve the degradation of paracetamol. The experiments 
were carried out in a batch reactor and a semi-batch rectangular bubble column, 
which measured 1500 mm in height, 30 mm in depth, and 200 mm in width, all 

under UV light. Titanium oxide (TiO2) served as the catalyst. The study 
examined the impact of various operating conditions, pH levels (ranging from 3 
to 10), airflow rates (0 to 2 L/min), and irradiation times (0 to 240 minutes) on 
the removal of paracetamol the results show that changes in pH values affected 
the photodegradation of paracetamol, and using pH 7 gives higher COD removal 
percentage values. Indeed, using air bubbles improves the COD removal 
percentage to 78%. The degradation of paracetamol was investigated using 
HPLC analysis, and the maximum removal of paracetamol was 91.2% using 

optimum operating conditions of pH=7, flow rate 1 L/min, after 240 min. The 
kinetic study is consistent with the pseudo-first-order reaction model. 
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1. Introduction 

Pharmaceuticals can be considered one of the types of organic pollutants present in wastewater and surface water in all 

world countries [1-3]. A large variety of these organic pollutants, including analgesics, blood lipid regulators, anti-
inflammatories, antimicrobials, and others, are present at very low rates of approximately one microgram per liter, not only in 

wastewater and surface water but even in drinking water and soil [4-12]. These low levels have been linked to several negative 

consequences, including acute and chronic harm, tissue accumulation, reproductive damage, suppression of cell growth, and 

behavioral abnormalities [2,13]. Several emissions from production facilities, consumer use and disposal, and medical waste 

regularly introduce these developing contaminants into the aquatic ecosystem [14]. 

Paracetamol is a general analgesic and antipyretic medicine increasingly widely used worldwide [15-16]. According to a 

prior study, nearly 58-68% of paracetamol and its metabolites are eliminated from the body following therapeutic usage [17]. 

At the same time, other researchers have stated that the proportion of paracetamol eliminated from the body is between 85 and 

95% [18, 19]. However, most pollutant paracetamol sources are from production waste [20]. 

Currently, chemical oxidation techniques such as electrochemical are used to detoxify paracetamol effluent [21], ozonation 

[22], H2O2/UVoxidation [20,22], TiO2 photocatalysis [15,23], and solar photoelectron-Fenton oxidation [24]. Although various 
chemical treatments are available for treating these pollutants, the severe reaction conditions, additional pollutant production, 

and high operational costs have frequently rendered them unappealing [24-25]. General pharmaceutical component 

https://etj.uotechnology.edu.iq/
http://doi.org/10.30684/etj.2025.157410.1902
http://creativecommons.org/licenses/by/4.0
mailto:asawer.a.alwasiti@uotechnology.edu.iq
https://orcid.org/0000-0002-9654-9545
https://crossmark.crossref.org/dialog/?doi=10.30684/etj.2025.157410.1902&domain=pdf&date_stamp=2025-08-11


Ashwan H. Khalil et al. Engineering and Technology Journal 43 (09) (2025) 756-765 

 

757 
 

 

biodegradation is being investigated as an ecologically beneficial and low-cost approach, potentially eradicating medicines by 

decomposing them into harmless end products such as CO2 and H2O2 [25, 26]. 

Due to its low cost, limited intermediate product generation, and absence of further waste, the photocatalytic process has 

become more prevalent in water treatment. Photocatalysts are a fast-growing technology for removing refractory and harmful 

organic contaminants from water, such as colors, insecticides, and medicines [27-29]. The efficiency of these ecologically 

friendly photochemical wastewater treatment systems is related to the in situ creation of highly oxidizing hydroxyl radicals 

(OH−) [30], which oxidize a broad spectrum of organic contaminants that may be present in water and wastewaters [31-33]. 

The photocatalytic process begins when the photocatalyst titanium dioxide TiO2 is exposed to ultraviolet (UV). When the 

energy of incoming photons surpasses the band gap of the material, electrons (e-) at the surface of the photocatalyst become 

"excited" and shift into the conduction band refer to Figure 1. This transition forms a positive hole (h+ VB) in the valence 

band, as illustrated in Equations (1-3). 

 𝑇𝑖𝑂2 + ℎ𝑣 → ℎ+
𝑉𝐵 + 𝑒-

C𝐵  (1)   

 𝑒−  + 𝑂2 → ∙ 𝑂-
2  (2) 

 ℎ+
𝑉𝐵 + 𝐻2𝑂 → ∙ 𝑂𝐻 + 𝐻+  (3) 

Some researchers have used different methods of treating paracetamol, and some of them used the electrocoagulation 

process as a method of paracetamol removal from synthetic and real industry wastewater [34], the results of the TOC and COD 

tests were 63.2 and 60.8%, respectively for synthetic wastewater, and 66 and 62.5%, respectively for real wastewater. Some 
used the Fenton process for paracetamol removal, and the results of COD, TOC, and BOD were 92.7, 92.7, 95.5, and 99.1, 

respectively [35]. In 2012, Pei Xiong et al. [36], investigated the degradation of acetaminophen (paracetamol) by the 

UVA/LED/TiO2 process. The findings indicated that the selected UVA/LED resulted in a minimal degradation of Ace, 

whereas when TiO2 was included, there was a significant reduction in the concentration of Ace. Paracetamol oxidation is 

studied utilizing ozonation and H2O2 photolysis, where it was found that both systems can convert part of the first carbon into 

carbon dioxide with a degree of decomposition up to 30 and 40% by ozonation and H2O2 photolysis, respectively [22]. The 

photocatalytic destruction of the growing pollutant paracetamol in an aqueous solution was applied with the presence of four 

commercial TiO2 powders, namely sub-micrometric anatase and rutile, and nanometric brookite and P25, the rutile powder had 

modest activity. However, the anatase and brookite powders exceeded P25 in total paracetamol conversion to carboxylic acids, 

which end products of its breakdown [37]. Stoyanova et al. [38], study synthesizes and analyzes pure and La-doped TiO₂, 

evaluating their photocatalytic and antibacterial activities. Nanopowders were prepared using a non-hydrolytic sol-gel method, 

with La content of 0.4, 1, and 5 mol%, and characterized by XRD, IR, and UV–Vis analysis. Results showed that La doping 
reduced particle size, maintained anatase as the dominant phase, and enhanced photocatalytic degradation of paracetamol 

under UV light. Mohammed et al. [39], study focused on the synthesis of TiO₂ nanoparticles and the formation of 

nanocomposites by varying the loading of graphitic carbon nitride (GCN). Characterization results confirmed successful 

modification, while photocatalytic tests indicated that loading of 2 wt.% GCN achieved the highest degradation rate of 0.0364 

min⁻¹ under specific conditions. The synergistic effect between TiO₂ and GCN significantly enhanced photocatalytic activity, 

positioning these nanocomposites as promising candidates for treating pharmaceutical wastewater. 

Although many researchers have studied pharmaceutical waste removal using the photocatalyst process, the need to 

improve this process is still under investigation. Hence, unlike other research, this work aims to improve the efficiency of the 

process and reduce its time by using air bubbles in a rectangular bubble column. Accordingly, the work aims to study the 

effectiveness of air bubbles in the degradation of paracetamol in a UV-photo catalyst, where it was done under flow rates (0-2) 

L/min and different variables of the pH (3-10) by conducting COD and HPLC analysis.  

2. Materials and methods 

2.1 Materials 

Table 1 shows the materials utilized in this study, which are all of analytical quality. 

Table 1: Materials and source 

2.2 Experimental apparatus 

The photocatalytic experiments were carried out in two stages, the first in a batch system equipped with a beaker and 

stirrer and the second in a semi-batch system equipped with an air compressor and UV light, as shown in Figure 1. The semi-
batch system includes a rectangular glass column with dimensions of 200 mm in width, 30 mm in depth, and 1500 mm in 

Chemical Manufacturing Purity 

Hydrochloric acid ( HCl) Austria 99% 
Sodium hydroxide (NaOH) India 98% 
Titanium Oxide Nanoparticles/ Nanopowder 

(TiO2 99.5% purity) (diameter 10-30 nm) Anatase 
USA More than 99.5% 

Paracetamol  Samaraa  SDI/Iraq  
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height, featuring a thickness of 6 mm. Air bubbles are injected at the base of the column via a gas distributor positioned at the 

center of the bottom plate. This distributor comprises 21 needles, each with a square cross-section measuring 5 mm and an 
inner diameter of 1 mm. A gas compressor is utilized to compress the air, while a flow meter controls the flow rate. The glass 

bubble column was irradiated with an ultraviolet lamp (UVC 100-280 nm, ev 4.43-12.4). This lamp was 60 cm long and 

mounted on a stand 15 cm from the glass column. The glass column was insulated, and ultraviolet radiation was radiated with 

aluminum foil to avoid interference [40]. The photocatalysis process was carried out at room temperature. The experiments 

were repeated three times, and the average results were adopted with standard deviation as (mean ±2sd.dev) 

A solution for wastewater was created by incorporating 300 mg of powdered paracetamol into a beaker filled with 1 liter 

of distilled water. The mixture was stirred for 5 minutes. Next, 0.5 mg of TiO2 homogenate was added to the solution, which 

was then left to sit for 4 hours. To adjust the pH of the solution to 3, 7, and 10, hydrochloric acid (0.1 M) was added for the 

acidic medium, while sodium hydroxide (0.1 M) was used for the basic mediums. The pH-adjusted solution was transferred to 

a bubble column, where air was pumped through at 1 and 2 L/min rates. The solution was exposed to ultraviolet radiation for 

60, 120, 180, and 240 minutes. The removal method's effectiveness was assessed by measuring the chemical oxygen demand 
(COD) at each irradiation duration. 

High-performance liquid chromatography (HPLC) was used to detect the intermediates and the end products of the 

paracetamol degradation. The analysis was carried out using the high-performance liquid chromatography technique (HPLC), 

and the operating conditions were as follows: mobile phase ashitonatimutyl, mobile phase velocity (10 ml/min), detector (UV), 

and wavelength (245 nm). Where the analysis was done for the standard (active) paracetamol drug, and the retention time (2.3 

min) was accurate. For the analysis of the unknown sample (after 240 minutes of photocatalysis), the peak appears at the same 

time (2.3 min) as indicated by the analysis of the unknown sample. The TiO2 was characterized using an FTIR 

spectrophotometer [Type, IRAffinity-1-SHMADZo Origin: Germany] with ATR technology.  

 

Figure 1: The schematic apparatus 

3. Results and discussion 

3.1 The FTIR characterization 

FTIR (Fourier-transform infrared spectroscopy) identifies the functional groups and chemical structures of TiO2 particles. 

Figures 2a and 3b display tests on TiO2 powder before and after the process, showing the powder's filtering post-reaction. The 

FTIR spectra were collected over a range of 4000 to 400 cm-1. The FTIR analysis demonstrates the adsorption process of 

paracetamol on the TiO2 powder after 240 minutes of decomposition. The FTIR spectrum of a sample of PAM as shown in 

Figure 2a reveals several bands indicative of an aromatic ring presence. This suggests that a mixture of trans-alkene molecules 

has modified part of the aromatic system, yielding significant out-of-plane bending signals for C=C–H in the 1319.31 to 

1400.32 cm-1 range. Additionally, multiple C=C stretch bands are observed between 1508.33 and 1543.05 cm-1, further 
confirming the presence of an alkene mixture. A C–H stretch band associated with aromatics or alkenes is identified at 3394.72 

cm-1. 

After four hours of irradiation, Fourier Transform Infrared (FTIR) analysis (illustrated in Figure 2b) reveals a significant 

increase in carboxylic acids within the sample extract. This is evidenced by the prominent C=O stretching band observed at 

1535.34 cm-1, a hallmark of this particular functional group. Additionally, a broad -OH stretching band is detected, spanning a 

range from 2850.79 to 2920.23 cm-1, further confirming the presence of these acids. A chemical transformation occurs 

throughout the irradiation as carboxylic acids and alkenes use reactions that substitute the amide groups on the aromatic ring. 

After these four hours, the aromatic amide is converted into a complex mixture primarily comprising p-aminophenol and p-

nitrophenol. Meanwhile, only minimal alkane and alkene carboxylate salts are observed, indicating a selective transformation 

process during irradiation. 
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In conclusion, the IR investigations show that paracetamol is oxidized via photocatalysis and transforms into various 

organic molecules.  

 
(a) 

 
(b)  

Figure 2: FTIR test of TiO2, a) before test, b) after test (240 min) 

3.2 The photocatalytic reaction process 

3.2.1 Effect of pH 

The pH value is a key operational parameter that might influence photocatalytic processes. The impact of pH on the 

paracetamol photodegradation was assessed at pH (3,7, and 10) with an initial paracetamol concentration of 300 mg/L. The 

results are shown in figures (3-5) under different flow rates in terms of COD removal percentage. The figures show that in the 

batch process (Q=0 l/s), the maximum removal efficiency of COD was at pH value 7, with a removal rate of approximately 

55%. The removal percentage decreased after 240 min at pH values of 3 and 10, reaching 32 and 12%, respectively. 

In the semi-batch system, the same trend of pH effect on COD removal, in which the highest removal percentage was at 

the neutral pH=7, where it was 78 and 60 % at 1L/min and 2L/min respectively. Indeed, the removal percentage decreased at 
the acidic pH =3 to reach 54 and 29 % at 1L/min and 2L/min respectively. Likewise, at an alkaline solution pH=9, the removal 

rates were 26 and 18 % at 1L/min and 2L/min respectively.  

The pH influence on the catalyst particles' charge, the aggregate size of the catalyst, and the positions of the conductance 

and valence bands all have different effects on paracetamol removal. In addition, there is the isoelectric point, which plays a 

significant and influential role in photocatalysis. The isoelectric point or surface charge of the photocatalyst is known to be 

affected by changes in operating pH due to the nature of the TiO2 catalyst used. The point of zero charges (PZC) of TiO2 has 

been used in numerous studies to examine how pH affects photocatalytic oxidation efficiency. The PZC (point of zero charge) 

condition for TiO2 occurs when its surface charge is neutral, with a pH range of approximately 4.5 to 7, depending on the 

specific catalysts used. In this study, the pH value of the isoelectric point for the TiO2 employed is approximately 7, as 

indicated by previous research [41].  

Titanium dioxide surface charge is positive in acidic environments (pH < 6.7) from TiOH2+ species and a negative charge 
in alkaline conditions (pH > 6.7) from TiO2 species [15,42]. These results are due to several factors, including the influence of 
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cations and anions in the solution, the distribution of paracetamol, and the state of the TiO2 surface relative to the pH levels, 

affecting the photodegradation efficiency. Paracetamol is predominantly an anion in alkaline solutions (pH = 9). These anions 
are highly soluble and, therefore, are not significantly adsorbed onto the TiO2 surface. Consequently, the electrostatic attraction 

between the TiO2 surface (pHPZC = 7) and paracetamol (pKa = 10) becomes a factor, as the negatively charged paracetamol at 

high pH levels hinders its adsorption. As a result, the degradation of paracetamol is lower in alkaline conditions, which can be 

shown in COD removal parentage values.   

Conversely, in acidic solutions and natural media, paracetamol's water solubility is reduced due to its nonionic form, while 

the positively charged TiO2 enhances its adsorption on the surface. This increased adherence leads to a higher degradation rate 

of paracetamol. However, this finding contrasts with the results of [29], which suggested that pH 9 is the best in paracetamol 

degradation and is not favored in acidic media. This discrepancy may arise from differences in catalyst type and other 

experimental conditions. 
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Figure 3: The COD removal efficiency with time at a batch  

          system ( Q=0 L/min) 
Figure 4: The COD removal efficiency with time at flow rate =  

         1L/min 
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Figure 5: The COD removal efficiency with time at flow rate = 2 L/min 

3.2.2 The flow rate effect 

The impact of air bubbles on the degradation of paracetamol at flow rates between 0 and 2 L/min was evaluated in terms of 

COD removal, as illustrated in Figures (6–8). The results demonstrate that the addition of air bubbles significantly improves 

the efficiency of COD removal. At a pH of 7, the COD removal rate was as much as 25% greater than that of a batch process 

conducted at the same pH. Comparable enhancements in COD removal efficiency due to air bubbles were noted at pH levels 3 
and 10, where the efficiencies were 54 and 26%, respectively. The influence of air bubbles can be attributed to two main 

factors. The first reason is that introducing air bubbles, combined with turbulent flow, increases the velocity, enhancing the 

diffusivity of paracetamol molecules towards the TiO2 active sites, thereby accelerating the degradation rate. 

The second cause is that the airflow rate serves as a promoter by delivering oxygen molecules through the air bubbles into 

the system. These oxygen molecules interact with free electrons generated at the catalyst's active sites due to UV radiation, 

forming additional hydroxyl radicals as part of the proposed degradation process see Figure 9.  

Consequently, the flow rate significantly impacts the degradation of paracetamol. However, when the flow rate is 

increased to 2 L/min, Chemical Oxygen Demand (COD) removal efficiency decreases. This decline can be attributed to the 

escalating flow rate, which causes the gas bubbles to coalesce, resulting in larger bubbles. Such larger bubbles disrupt the 

bubble column's uniformity, leading to a heterogeneous pattern. This heterogeneous behavior reduces the interaction between 

the nanoparticles and the UV light. 
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Figure 6: The COD removal efficiency with time at different  

          gas flow rates and pH=3 
Figure 7: The COD removal efficiency with time at different gas  

          flow rates and pH=7 
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Figure 8: The COD removal efficiency with time at different gas flow rates and pH=10 

 

Figure 9: Paracetamol oxidation mechanism [43] 

3.2.3 The HPLC analysis 

To conduct a quantitative analysis and estimate the concentration of paracetamol in the unknown sample, we prepared 

various concentrations of the standard substance: 5, 10, 25, 50, and 100 ppm. These concentrations were used to develop a 

calibration curve by plotting the concentration against the peak area. This process resulted in the following straight-line 

Equation (4): 

 λ = 0.0054 X + 2.4457   (4)          

where λ represents the concentration value, and X represents the peak area. 
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The HPLC analysis on a solution with a paracetamol concentration of 300 ppm revealed optimal conditions for achieving a 

high COD removal efficiency. The best results were observed at a pH of 7, a flow rate of 1 L/min, and a UV irradiation time of 
240 minutes. The chromatogram displayed in Figure 10 illustrates the state of paracetamol following treatment. The 

paracetamol standard peak appeared at 2.3 minutes, with an area of 4435.3, indicating a concentration of 26.4 ppm. 

Consequently, under these operating conditions, it can be inferred that a complete degradation of paracetamol, amounting to 

91.2%, was achieved. Compared to previous studies, such as those by Dalmazio et al. [43], Yang et al. [15], both reported a 

degradation rate of 90% in 160 minutes using TiO2/UV, and our results demonstrate a significant enhancement in degradation 

efficiency. 

 

Figure 10: The HPLC analysis (240 min. after photocatalysis) 

3.2.4 Kinetic study 

The kinetics of the reaction were studied to understand better the photodegradation of paracetamol aided by bubbles. The 

study was done at pH=7 and a different flow rate=1L/min, which gives the best COD removal percentage. Two models were 

employed: the first and second Lagergren pseudo-order models. Equations 5 and 6 give the Equations for pseudo-first-order 

kinetic models [44] and second-order [45].  

 log (𝑞𝑒 − 𝑞𝑡) = log ( 𝑞𝑒 ) − 
𝐾1

2.303
 𝑡  (5) 

 
𝑡

𝑞𝑡
=

1

𝐾2𝑞𝑒
2 +

1

𝑞𝑒
𝑡    (6) 

where qe and qt represent the amounts adsorbed (mg/g) at equilibrium and at time t (min⁻¹), respectively, while k1 and k2 

denote the rate constants for pseudo-first-order and pseudo-second-order kinetics (g mg⁻¹ min). 

The results are tabulated in Table 2. As shown in the Table for the pseudo-first-order model, the rate constant and sorption 

capacity were increased, respectively. As for the pseudo-second model, the rate increases constantly, but this trend is different 

for sorption capacity. The pseudo-first-order kinetic model fits well the experimental data due to the values of R2 (0.9648, 
0.996, 0.9757) and also from the values of calculated equilibrium adsorption capacity (qe, cal), which are close to the values of 

experimental values of qe (qe, exp.) While at the pseudo-second-order, the values are divergent between the calculated and 

experimental values of qe.  

Table 2: The first and second-order pseud kinetic parameters 

Q qe,exp Pseudo first order 

Equation R2 K1 qe, calc. 

0 380 y = -0.0001x + 2.5771 0.9648 2.303x10-4 377.66 
1 405 y = -0.0002x + 2.6037 0.996 4.606x10-4 401.51 
2 421 y = -7E-05x + 2.6191 0.9757 1.612x10-4 416 

Q qe,exp Pseudo second order 

0 380 y = 0.0004x + 0.3651 0.5714 4.382x10-7 2500 
1 405 y = 0.0004x + 0.207 0.8071 7.729x10-7 2500 
2 421 y = 0.0014x + 0.2773 0.8249 70.679x10-7 714.3 



Ashwan H. Khalil et al. Engineering and Technology Journal 43 (09) (2025) 756-765 

 

763 
 

 

4. Conclusion 

A photocatalytic process supported by air bubbles and UV light was used to evaluate the degradation of paracetamol 

through chemical oxygen demand (COD) testing and high-performance liquid chromatography (HPLC) analysis under various 

operating conditions, including pH, flow rate, and irradiation time. The results indicate that the aqueous solution's pH 

significantly affects the pollutant's adsorption on the photocatalyst surface, with an optimal pH of 7. This effect is partly due to 
the pH's impact on pollutant adsorption and the electrostatic repulsion between the TiO2 surface and paracetamol molecules. 

The findings reveal that introducing air bubbles into the solution at a flow rate of 1 L/min resulted in a 78% increase in 

COD removal efficiency. This improvement can be attributed to two main factors: first, air bubbles enhance the diffusion and 

mobility of paracetamol molecules toward the catalyst's active sites; second, they promote the generation of active hydroxyl 

radicals (OH). The highest degradation of paracetamol recorded was 91.2%, measured by HPLC analysis when the pH was set 

to 7, and the flow rate was 1 L/min after 240 minutes of treatment. The kinetic study aligns well with the pseudo-first-order 

reaction model. Given solar energy's status as a green and environmentally friendly energy source, intensifying efforts to 

expand its use within the photocatalytic process is imperative. Additionally, developing pilot plants that utilize actual industrial 

wastewater under real conditions is crucial for accurately assessing the treatment system's performance.  
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