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Abstract. Traces of Paracetamol (PCT) as a micropollutant in the 

environment, particularly in seawater (SW), have become a global concern 

in recent years due to the toxicity effect on humans and environment. Due 

to special characteristics, conventional wastewater treatment plants are able 

to degrade PCT partially. Therefore, an alternative treatment was necessary 

to treat PCT substance. Homogeneous Fenton oxidation is an efficient 

process to degrade PCT at various levels. Nevertheless, separation of 

dissolved iron by-products in the effluent caused a problem. Combination of 

Fenton oxidation and ultrafiltration treatment presents a promising 

opportunity as one of the alternative treatments for PCT removal across 

aqueous matrices and removal of iron residue. Despite promising, 

information related to combine Fenton and membrane process was lacking. 

Therefore, this study aims to evaluate the efficiency of the hybrid processes 

to remove PCT, represented in Chemical Oxygen Demand (COD), for both 

distilled water (DW) and seawater. In this study, crucial parameter Fenton’s 

reagent with H2O2/Fe2+ ratio (w/w) was observed. In the DW matrix, optimal 

1:0.5 ratio resulted 45% COD removal, whereas 1 :1 ratio exhibited 37% 

COD removal in SW. Flat sheet Polyethersulfone (PES) with pore size of 30 

nm and 7 nm (50 kDa) membrane was employed with a constant flux of 120 

L/m²·h. A lack of contribution of COD removal in DW and 37% in SW was 

observed during the ultrafiltration process, respectively. Furthermore, 54% 

and 92% removal of Fe2+ residue was observed during ultrafiltration at 

adjusted pH 8.5 in both water matrices using different membrane pore sizes, 

respectively.  

1  Introduction  

Micropollutants are currently gaining attention for further study due to their unregulated 

composition, and their presence in aquatic environments that can only degrade partially by 

conventional water treatment technologies. Various studies have been conducted to evaluate 

further the occurrence of diverse micropollutants in the environment. Previous various 

studies conducted on micro-pollutants in different countries, stating that the three main 
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priorities for micro-pollutants are Pharmaceutical and Personal Care Products (PPCs), 

pesticides, and industrial waste chemicals [1], [2].  

Paracetamol (PCT) is one of the predominant PPCs commonly encountered in various 

environment matrices. As a non-steroidal anti-inflammatory drug (NSAID) class, PCT 

functions predominantly as therapeutic agent for mild to moderate pain conditions such as 

headaches, menstrual pain, toothaches, and muscle aches and is available in various forms, 

such as tablets, syrups, drops, and infusions [3].  As a micropollutant, PCT in the aquatic 

environment is found in relatively low concentrations. and was reported that in seawater 

worldwide, PCT’s concentration varies in range of 3.2 ng/L to 200 ng/L [4]. In 2021, 

Indonesian society was alarmed by the discovery of PCT in the coastal area of Jakarta, Ancol 

and Angke with a concentration of 420 ng/L and a concentration of 610 ng/L, respectively 

[5].  

Nonetheless, this discovery has raised concerns among the public about the potential 

impact of PCT on human health. In accordance with another investigation, PCT has a high 

potential for toxicity, affecting both human and aquatic organisms. Its presence could lead to 

genetic code damage, lipid oxidation degradation, and protein denaturation within cells. This 

toxicity can range from low to moderate, depending on the duration of exposure to 

paracetamol itself [2].  

The nature of PCT, which can only be partially degraded by conventional technologies, 

leads to the necessity for reliable tertiary technologies. Oxidation technology along with 

filtration are some of the most extensively researched technologies due to their effectiveness 

in pharmaceutical removal across water matrices [6]. One prominent type of oxidation is 

Advance Oxidation Process (AOP). AOP utilized the presence of hydroxyl radicals to 

degrade recalcitrant pollutants that can only be impaired partially by biological processes, 

making it suitable for removing PCT across water matrices. AOP comprises various types 

depending on the operational processes and catalysts used to accelerate the formation of 

hydroxyl radicals, such as Fenton, which utilizes iron as a catalyst. 

A comprehensive study showed promising results in removing pharmaceutical substances 

through the Fenton processes [6]. These investigations conclude that the efficacy of 

pharmaceutical removal across diverse aqueous media fluctuates on the specific Fenton 

operational configuration, pollutant concentration, catalyst type and dosage, pH levels, and 

other pertinent parameters. Consequently, the removal efficiency under these operating 

conditions spans from 35% to 100% [6]. Fenton’s ability to degrade pharmaceutical 

substances is as a result of hydroxyl radical exposure that formed through Fenton’s reagent 

H2O2 and Fe2+ [7].  

Conversely, a limitation of the Fenton process lies in the requirement for a significant 

amount of the chemicals and the need for effluent characterization due to the presence of the 

reagents used after the oxidation process [8]. This issue raises concerns because in Indonesia 

there are regulations for the allowable iron concentration in water matrices, that is should not 

be above 0.3 mg/L [9].  

Next in line is the physical removal technology, known as filtration, which is commonly 

executed utilizing membrane-based systems. Membranes are a treatment system that utilizes 

the separation of contaminants in water based on Molecular Weight Cut-OFF (MWCO). The 

very small particle size of paracetamol can be separated by this membrane system [3]. On 

the other hand, the drawback of this system is its high energy requirement and susceptibility 

to fouling phenomena. 

Each treatment technology has its own set of dis- and advantages. Hybrid technology is 

employed to achieve the desired treatment results while minimizing the shortcomings of the 

technology used. In this study, the removal of paracetamol was evaluated using a hybrid 

technology combining Fenton oxidation and membrane filtration, as well as how the 

membrane removes residual iron from the AOP reactor effluent. 
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2 Material and methods  

Paracetamol (C8H9NO2) with purity of more than 98% obtained for research purposes. 

Paracetamol solutions were prepared by dissolving predetermined amount of PCT in 

ultrapure water. Homogenous Fenton reagent, H2O2 30% w/w and FeSO4.7H2O was used as 

a source of Fe2+. H2SO4.7H2O 1M was used to adjust the solution pH to 3. Ultrafiltration 

Polyethersulfone (PES) membranes with average Molecular Weight Cut-off 30 nm from 

Sterlitech corporation and 7 nm (50 kDa) developed membrane prototype were employed.  

Paracetamol degradation experiments by Fenton oxidation and membrane filtration were 

performed in a lab scale reactor at batch operation mode for both DW and SW (Figure.1). 

The Fenton experiments were carried out in a 1000 mL glass reactor filled with 500 mL of 

PCT solution at concentration of 100 mg/L with a constant ratio of COD/H2O2 1:1. The 

solution pH was adjusted to 3 by adding H2SO4 1M. Then, various FeSO4.7H2O dosage and 

H2O2 (30% w/w) were added to the reactor by the ratio mentioned above. The reactor placed 

on a stirrer and agitated at 150 rpm at room temperature (30℃) for 60 minutes. After the 

reaction time, samples were collected to be measured for iron residue as well as COD. After 

sample collected from the Fenton reactor, the rest of the effluent then filtered through the flat 

sheet PES membrane that vary in MWCO (30 nm and 50 kDa) with surface area of 1,735.64 

mm2. Membrane filtration process was operated at constant flux of 120 L/m2h. 

Simultaneously, water permeate were also collected to test for iron residue and COD.  

 
Fig. 1. Experimental set-up 
 

The effect of catalyst dosage was investigated by applying a constant dose of H2O2, 

obtained through a ratio of COD/H2O2 1:1 for both DW and SW after the addition of 100 

mg/L PCT. Therefore, different matrix resulted for different additional concentration of 

H2O2, such as 198 mg/L and 818 mg/L for DW and SW, respectively.  The variation in the 

H2O2/Fe2+ ratios were as follows: 1:0.33; 1:0.5; 1:1; 1:2, or equivalent to Fe2+ of 66 -396 

mg/L for DW and 273-1,636 mg/L for SW.  

PCT’s concentration was characterized by employing chemical oxygen demand (COD) 

according to HACH Method No. 8000. Removal of PCT in Fenton oxidation was measured 

by comparing COD concentration after the addition of H2O2 and COD concentration after 60 

minutes reaction. Whereas the removal measurement from ultrafiltration was done by 

comparing the feed and membranes permeate COD. The pH solution was determined by pH 

meter. Post filtration PES membrane’s characterization was done through scanning electron 

microscopy and energy dispersive X-ray spectroscopy (SEM-EDS) and fourier transform 

infrared (FTIR).   

3 Result and discussion 

This section discussed the performance of the hybrid processes to treat PCT from the 

perspective of Fenton oxidation and membrane separation process.  
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3.1 Fenton oxidation: effect of H2O2/Fe2+ ratio 

 
As shown in Figure 2, the removal efficiency did not increase proportionally with increasing 

catalyst dosage. It can be seen through when the H2O2/Fe2+ COD ratio was at the highest, 1:2, 

the COD removal efficiency achieved was only 27.5% and 19.7% for DW and SW 

respectively. On the other hand, at lowest dosage, a comparable removal of COD with 28.5% 

in DW and 20,7% in SW was observed. A similar report also indicated that the highest dosage 

of Fe2+ resulted in lowest COD removal of PCT within 60 minutes of Fenton reaction in DW 

matrix, whereas highest dosage of catalyst was achieved through H2O2/Fe2+ ratio 1:3 that was 

equal to 300 mg/L Fe2+ with a 33% COD removal [10]. The phenomenon that was observed 

in both matrices can be explained through the presence of the hydroxyl radical. When the 

Fe2+ was at a low concentration, insufficient Fe2+ resulted in low formation of OH∙ . 

Moreover, theoretically, the addition of Fe2+ will boost the chances of the formation of 

hydroxyl radicals to oxidize pollutants into CO2 and H2O [11]. Nevertheless, excess amounts 

of Fe2+ can resulted in OH∙ scavenging, that is when OH∙ react with Fe2+ and lead to the 

formation of less destructive products [7]. 

 
Fig. 2. PCT’s degradation at various H2O2/Fe2+ DW matrix  

 

Consequently, the optimal H2O2/Fe2+ was identified for both matrices. In DW, 1:0.5 

H2O2/Fe2+ ratio yielded the highest COD removal of 45.4%. Whereas in SW, 1:1 H2O2/Fe2+ 

ratio resulted in 37% COD removal. The difference in the optimal H2O2/Fe2+ ratio and the 

lower removal percentage in SW, compared to DW matrix was due to the salinity of seawater. 

Seawater naturally contained NaCl, and it can lead to the decrease of Fenton process 

efficiency. This was caused by the Cl- anions reacting with hydroxyl radicals as shown by 

equations 4 and 5 [12].  

A comparative experiment was also conducted in SW without the addition of 

paracetamol. The experiment was done with a ratio of H2O2/Fe2+ 1:1, which showed that 

Fenton oxidation can reduce COD up to 55%. This indicated that the reduction of COD in 

SW with the addition of paracetamol, conceivably from the reduction of seawater pollutants. 

Therefore, specific tests are needed to detect the actual content of paracetamol, such as high 

performance liquid chromatography (HPLC), to determine the reduction of paracetamol. 

Furthermore, HPLC could also detect PCT intermediate by-products formed during the 

destruction of complex PCT molecules due to the presence of hydroxyl radicals from Fenton 

reaction. These subject molecules include aromatic derivatives and carboxylic acids, as 

reported in [13]. Given the characteristics of these by-products, the possibility that the COD 
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level of the Fenton's effluent in DW and SW consisted of them, rather than the original PCT, 

cannot be ruled out. 

3.2 Membrane performance  

A further process employing membrane was performed as a post treatment of Fenton 

oxidation for respective catalyst dosage applied for both DW and SW. Moreover, the removal 

of paracetamol and iron in both matrices was discussed. 

3.2.1 PCT removal of varied catalyst dosage  

As shown in Figure 3, initial COD for both DW and SW varied for every H2O2/Fe2+ ratio. It 

could be explained due to contribution of the feed originated from Fenton’s effluent that has 

different COD concentration (Figure 2). For DW’s lowest H2O2/Fe2+ ratio, 1:0.33, permeate’ 

s COD was 176 mg/L, or equivalent to a COD removal of 4.6%. In parallel, Comparable 

results was observed at higher H2O2/Fe2+ ratio with insignificant COD Removal. On the other 

hand, membrane PES 30 nm retention showed better performance in SW’s COD retention. 

The COD removal result was approximately similar, in the range of 20-30% for each 

H2O2/Fe2+ ratio. Generally, different H2O2/Fe2+ ratio revealed ineffective on membrane 

performance of PCT removal. The retention for all variations of catalyst resulted in the same 

trend for both DW (<4.6% removal) and SW (21-33.4%), respectively. These findings 

correspond to a prior study that concluded ultrafiltration membrane was unable to remove 

PCT. The rejection of PCT from the ultrafiltration process was ranged between 3.54 and 

8.79% [14]. The phenomenon can be explained through the  membranes pore diameter that 

was larger than the size of paracetamol molecules. Pollutant removal by membranes is based 

on pore size, with the goal of separating molecules of different sizes based on their molecular 

weight cut-off (MWCO). Micropollutants typically have an MWCO of less than 1 kDa, 

which is a unit of atomic mass units [15]. The MWCO of PCT is ranged from 0.1 to 0.3 kDa 

and membrane PES 30 nm has a MWCO of 30 nm (600 kDa) [14]. Therefore, the PES 30 

nm membrane is unable to remove paracetamol because the paracetamol molecules were 

microscopic to be retained by the membrane pores. 

Nonetheless, the removal of pollutants with MWCO smaller than the membrane's own 

MWCO is still possible. This is explained by the electrostatic interaction mechanism. Various 

studies have shown that most polymer membranes have a negative charge. This is measured 

using the zeta potential parameter and varies in value from membrane to membrane and is 

highly dependent on the chemical bonding with the feed water. Studies that examine the 

electrostatic interaction between the membrane surface and negatively charged 

pharmaceutical pollutants demonstrate good rejection results. This rejection can be explained 

by electrostatic repulsion between the membrane and negatively charged pollutants [7]. PCT 

solution has been identified as negatively charged [16],  therefore the filtration process allows 

rejection due to this electrostatic interaction. However, the MWCO of paracetamol (0.1-0.3 

kDa) which is 6,000 times smaller than the PES 30 nm membrane (600 kDa) is the main 

factor that prevents paracetamol from being retained by the membrane. 

In addition to the MWCO rejection mechanism, the low rejection of paracetamol by 

ultrafiltration membranes can also be caused by adsorption from the membrane surface. This 

adsorption mechanism is influenced by the octanol/water partition coefficient (Log Kow) of 

the pollutant [7]. The partition coefficient of PCT is 0.46 [13], which indicates that 

paracetamol has a very low Log Kow because it is below 2.6. The low Log Kow makes 

paracetamol very hydrophilic, so there was no adsorption on the membrane surface, which 

resulted in minimal COD rejection in this study.  
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Nevertheless, in SW with 100 mg/L PCT, up to 33.4% COD retention was observed. a 

comparison of filtration experiment was also carried out from the Fenton oxidation effluent 

with a seawater matrix without the addition of PCT. Seawater that has undergone the Fenton 

oxidation process, initially had a COD value of 285 mg/L, after undergoing the filtration 

process the COD value decrease to 130 mg/L or equivalent to 54% COD removal. COD 

removal by ultrafiltration process in seawater matrix is in accordance with study that 

conclude ultrafiltration membranes in processing seawater was able to reject COD of 

35%[17]. This comparison experiment result can be an indication that in the removal of COD 

in seawater with the addition of PCT, the removed organic substances was contributed from 

seawater pollutants instead of PCT. Therefore, specific tests are needed to detect the actual 

content of paracetamol, such as HPLC, to determine the removal precisely. 

 

 
Fig. 3. PCT’s retention of membrane filtration process at different H2O2/Fe2+ Ratio 

 

As for the PES 7 nm (50 kDa) membrane, it exhibited a different trend in COD removal 

compared to the PES 30 nm membrane. At the same H2O2/Fe2+ ratio, the COD concentration 

in the permeate was consistently higher than the feed, up to 3 times higher. This might be 

explained due to degradation of PES 7 nm (50 kDa) membrane during the filtration, resulting 

in an increase in COD value. The degradation was due to the presence of hydroxyl radicals 

generated by the Fenton reaction. The hydroxyl radical’s abstract hydrogen atoms from the 

PES membrane, causing it to break down [18] In addition to the presence of hydroxyl 

radicals, H2O2 can also be attributed to membrane degradation. This is because H2O2 is a 

strong oxidizing agent (oxidation potential = 1.8 Volts). Membrane degradation due to H2O2 

is caused by the loss of the S=O chain, such as the conversion of the -SO2 group to -SO3, 

[18]. 

3.2.2 Catalyst retention effect of pH adjustment   

The evaluation of the performance of membrane as a post-treatment for Fenton oxidation was 

conducted not only to investigate the removal of PCT, but also the performance of the 

membrane in removing iron from FeSO4.7H2O used as a catalyst. Analysis of iron content in 

the permeation of a PES membrane with pore sizes of 30 nm and 7 nm (50kDa) showed that 

the quantity of catalyst added was proportional to the iron remaining in the permeate of both 

membrane variations when the pH was not adjusted in DW (Figure 4). Both membranes 

showed removal at a threshold of 15%.  
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Fig. 4. Iron removal at unadjusted pH 

 

Less than 15% of iron removal occurred due to the membrane mechanism in removing 

pollutants. Iron catalysts in Fenton oxidation are transformed into dissolved iron [13]. In 

general, metallic elements in the dissolved phase have a molecular weight cutoff (MWCO) 

of 10-10 to 10-9 meters or equivalent to 1 nm [19]. The membrane MWCO used in this study 

was 7 nm (50 kDa) and 30 nm. The larger MWCO of the membrane than the MWCO of iron 

is what makes iron particles unable to be removed by more than 15%. 

Moreover, pH adjustment was conducted for further evaluation of membrane 

performance in DW. This was carried out on the effluent of the Fenton oxidation process 

with the optimal catalyst dosage to remove PCT, which had been obtained from previous 

experiment (Figure 2). The effluent, which initially had a pH of 3, was adjusted to pH 3; 5; 

6.5; and 8.5 by adding NaOH 1M. As shown in Figure 5, pH that has been adjusted to 8.5 

yielded the highest iron removal of 58.1% and 92.7%. This Corresponded to the theory of 

the smaller MWCO membrane resulted in better rejection [20].  

 

 
Fig. 5. Iron removal at adjusted pH 

 

The mechanism of iron removal when adjustment of pH applied was due to the oxidation 

precipitation process of dissolved iron. This was observed in a study that investigated the 

mechanism of iron precipitation from FeSO4.7H2O at pH 6 and 9. The first stage of the 

process was a rapid initial oxidation rate of Fe2+ and the instantaneous formation of primary 

particles (nucleation) of Fe3+ known as polynuclear cationic species. The size of these 

particles increased through a condensation mechanism, resulting in the removal of hydrogen 

ions. The removal rate of this process tended to have a linear correlation with the pH increase. 
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The increment of pH resulted for formed particles reacted back with Fe2+ and through an 

adsorption mechanism formed flocs. When the pH was in a higher range, the reaction kinetics 

became faster so that the precipitation formed occurred in a short time. The last phase of the 

process was the aggregation of the formed particles. In this phase, the Ferrihydrite particles 

consumed traces of supersaturation through an aggregative mechanism at pH 6 and through 

crystalline phase transformation at pH 9. The aggregates formed at pH 9 had smaller particle 

sizes due to the higher nucleation rate at the beginning. Although they had smaller particle 

sizes, the stability of the precipitate produced was better than at pH 6 [21].  

As for SW experiment, the iron retention rate was in the range of 41% to 53%, with the 

remaining iron concentration ranging from 129 to 750 mg/L at pH adjusted to 8.5. These 

results were similar to the results of iron removal in synthetic water, which with a pH of 8.5 

was able to remove iron up to 58%. This indicated that there was no significant difference in 

iron removal by the membrane on different water matrices. All in all, ultrafiltration was most 

effective to retain iron when the feed’s pH is adjusted to 8.5 for both in DW and SW.  

3.2.3 Membrane Characterization  

Membrane characterization was done for both variation through SEM-EDS to identify 

membrane’s surface morphology and FTIR to analyze membrane’s surface functional groups 

after the filtration of DW. As shown in Figure 6.1, the membrane PES 30 nm that has been 

used has particles build up on its surface compared to the pristine membrane. Whereas 

membrane PES 7 nm (50 kDa) showed different result for pristine and used membrane 

(Figure 6.2). As shown in Figure. 6.2b, after filtration membrane has a significant number of 

smaller pores compared to the pristine condition. This can be a supporting evidance to 

membrane degradation, which potentially caused by the presence of hydroxyl radical as 

explained in sec 3.2.1. 

 

Fig. 6. SEM-EDS images 1) membrane PES 30 nm 2) membrane PES 7 nm a) Pristine membrane; b) 

used membrane 

 

FTIR result of pristine and used membrane PES 30 nm is shown in Figure 7. The FTIR 

spectra of the two membranes were identical, indicating that the functional groups on the 

surface of the membrane were not affected by the filtration process. Both spectra exhibited 

peaks at 3.362–3.385 cm-1, corresponding to N-H stretch vibrations. Additionally, peaks at 

 

 

  

1b) 
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1.638 cm-1 and 1.485 cm-1 were assigned to C=O and C-N stretching vibrations, respectively, 

which corresponded with studies done before [22] [23]. The same result was also shown by 

membrane PES 7 nm (50 kDa), where there was no significant difference observed from the 

wavelength before and after filtration. Based on these results also, it can be shown that neither 

PCT nor its intermediate by-products were detected on the surface of the used membrane. As 

mentioned before, this phenomenon was potentially caused by MWCO rejection mechanism 

and adsorption mechanism that did not accur.  

a) b) 

  
 

Fig. 7. FTIR result used membrane PES 30 nm a) pristine membrane; b) used membrane 

a) b) 

  

Fig. 8. FTIR result used membrane PES 7 nm (50 kDa)  a) pristine membrane; b) used membrane 

4 Conclusion  

1. The highest paracetamol removal was found to be 45% and 37% represented in COD at 

H2O2/Fe2+ 1:0.5 and 1:1 for DW and SW, respectively. The presence of Hydroxyl 

radicals and salt contributed the most to the result obtained. 

2. Ultrafiltration PES 30 nm and 7 nm (50 kDa) membranes were insignificant to retain 

PCT as a post treatment to Fenton oxidation. Membrane PES 30 nm resulted in less than 

5% and maximum 30% of removal of COD in DW and SW respectively. Membrane PES 

7 nm (50 kDa) resulted in twice the amount of COD feed in its permeate due to the 

potential of the degradation of the membrane caused by the presence of hydroxyl radical 

and H2O2.  

3. Alkaline condition of pH 8.5 was found as the optimal pH in order to yield the highest 

iron retention. In DW, membrane PES 30 nm resulted in iron removal up to 58.1% and 

the PES 7 nm (50 kDa) membrane was able to remove 92%. Whereas in SW, membrane 

PES 30 nm was able to remove iron up to 53%. This was caused by the iron precipitation 

phenomenon at high pH.  

 

This study offers an alternative approach to understanding and managing PCT pollution, 

opening exciting avenues for further exploration. The Fenton process was proven to be 

effective in degrading PCT across various water matrices. Future research can delve deeper 
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into its mechanistic details within diverse environments, such as real industrial or hospital 

wastewater. Additionally, HPLC-based approaches can refine PCT identification for 

enhanced accuracy. While UF demonstrably retained the iron catalyst through pH 

adjustment, exploring the efficacy of nanofiltration or reverse osmosis processes within 

hybrid Fenton-membrane systems could lead to improved PCT removal. Furthermore, 

ecotoxicological studies on byproducts, investigations into their environmental fate, 

economic feasibility assessments, and potential large-scale implementation can solidify the 

process's practical contribution to sustainable PCT removal from various water matrices. 
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