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ABSTRACT Paracetamol (PCT) in aquatic environments has become a global concern due to its potential harm to humans and environments. However,
conventional water treatment was only able to degrade PCT partially. It was necessary to treat PCT contaminated water with tertiary technologies in
particular by combination approach, such as Fenton oxidation and membrane filtration process. This combined approach enabling mitigation of large
chemical footprint and iron residue associated with Fenton oxidation, as well as reducing fouling tendency of the membrane. The aim of this study was
to evaluate the PCT removal efficiency by hybrid technology Fenton oxidation andmembrane filtration. Themembrane performance during the filtration
process was also analyzed. As an important parameter for Fenton process, concentration of H2O2/Fe

2+ with ratio of 1:0.5 resulted in optimal removal of
45% PCT in terms of COD removal. However, separation using flat sheet Polyethersulfone Ultrafiltration (UF) with constant flux of 120 L/m²·h resulted
in insignificant of COD removal. Nevertheless, the UF process was able to remove up to 54% of Fe2+ at pH in alkaline condition with 8.5. In addition, a
decrease in membrane permeability down to 0.2 L/m²h/bar over time, according to the filtered specific volume during the UF process, indicates fouling
of the UF membrane during the 120 minutes of filtration. While the combined approach does not show significant improvement in COD removal, it does
help to reduce the chemical footprint of the process, which is an important factor for the applicability of the selected water treatment method.
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1 INTRODUCTION

Recently, contaminated water by medical substance
happened due to detection of traces paracetamol (PCT)
in Jakarta Bay area. PCT substances was detected at
two locations with 610 ng L-1 in Angke and 420 ng L-1

in Ancol, respectively (Koagouw et al., 2021). In gen-
eral, contaminated surface water by PCT across aque-
ous matrices was found around the world. However,
this phenomenon was occurred first time in Indonesia.
A comparison from various countries, China andAmer-
ica were detected the highest concentration of PCT in
their wastewater. As for surface water, its concentra-
tion was also found various in Asia, Europe, and Amer-
ica with a concentration range of 9.8 ng L-1 to 300 μg L-1

(Phong Vo et al., 2019). Despite the low concentrations
observed, the detection of PCT on surface water ma-
trices raised concerns regarding its potential negative
impacts on human health and organisms. The pres-
ence of PCT had a potential cause for damaging genetic
code, lipid oxidation degradation, and protein denatu-
ration in cells. The toxicological profile of PCT ranging
fromminimal to moderate in severity, depending on its
dosage and time of exposure (Phong Vo et al., 2019).

Exhibiting a similar characteristic like other pharma-
ceutical pollutants, PCT’s only can be partially removed
by conventional water treatment technologies with ef-

ficiencies as low as 10% (Alessandretti et al., 2021; Hu-
sain Khan et al., 2023). The limitations of conventional
water treatment explained the necessary for tertiary
water treatment process to increase PCT removal ef-
ficiency in across water matrices. Related to the ba-
sic principle, the application of membrane technology
has become a promising technology and found in com-
mercial as an alternative to flocculation, purification
techniques, adsorption, and distillation. Furthermore,
membrane operation was considered as a flexible pro-
cess that can be applied to treat various water matri-
ces, including industrial wastewater. As additional ad-
vantage, application of membranes was considered to
be simple and requires relatively low energy in partic-
ularly by employing ultrafiltration membrane. Despite
promising, the disadvantage of this process is the ten-
dency for fouling,which results in decreasedmembrane
performance in water treatment (Rosman et al., 2018).

Alongside membrane technology, Advance Oxidation
Processes (AOPs) have become one of the alternative
treatment options for pharmaceutical residue. AOPs
rely on the production of hydroxyl radicals to de-
grade refractory contaminants, e.g. pharmaceuticals
that cannot be degrade fully by conventional processes.
Hence, AOPs is suitable for PCT removal treatment
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Figure 1 Experimental Setup

from across water matrices. One promising AOPs tech-
nology is Fenton oxidation, which utilize iron as cata-
lyst and hydrogen peroxide to accelerate the formation
of hydroxyl radicals (Ziembowicz and Kida, 2022). Fen-
ton oxidation shows a broad spectrum of effectiveness
in treating pharmaceuticals, sensitive to various opera-
tional factors such as pH, pollutant concentration, type
and dosage of catalyst and other parameters. (Mirzaei
et al., 2017). Therefore, study showed that Fenton ef-
ficiency ranged from 35% to 99% in treating pharma-
ceuticals substances (Ganiyu et al., 2015). On the other
hand,Fentonprocess has significant chemical footprint
and the potential for residual contamination of iron
residue, requiring downstream water treatment (Ziem-
bowicz and Kida, 2022).

Integrating Fenton oxidation and membrane filtration
overcomes their individual limitations, paving the way
for a high-performance PCT treatment solution. Fen-
ton oxidation, placed as the initial treatment to de-
grades the target pollutant, breaking down the complex
molecules into simpler and harmless molecules. Fol-
lowed by membrane separation as the processing unit
to remove simple molecules. Therefore, installation of
Fenton as a pre-treatment for membrane process pro-
vides better advantages such as minimize fouling and
prolong membrane performance during the separation
process. For the main advantages, the membrane can
retain unoxidized pollutants and resulted better water
quality. This provides a flexible system inwhich the by-
products produced can be further oxidized by immobi-
lizing the catalyst which later can be separated by the
filtration process (Rosman et al., 2018). Therefore, this
study aims to evaluate the PCT removal efficiency in
terms of COD removal by hybrid technology combining
Fenton oxidation and membrane filtration as well as
the membrane performance during the filtration pro-
cess.

2 METHODS

PCT solutions were prepared by dissolving predeter-
mined amount of PCT in distilled water, where the PCT
used in this study had a purity of more than 98%. For
Fenton experiment, H2O2 30% w/w and FeSO4.7H2O
was employed as reagent. Furthermore, the pH of the
PCT solutionwas purposely adjusted to 3 using aH2SO4

1M. For membrane experiment, flat sheet Polyether-
sulfone (PES) membranes with an average molecular
weight cut-off of 30 nm and a diameter of 47 mm (sur-
face area= 1,735.64 mm2), purchased from Sterlitech
Corporation, were used for the ultrafiltration (UF) ex-
periments. After the filtration process, the fouled PES
membrane was characterized through SEM images and
FTIR analysis to identify the influence of the filtration
process on themembrane’s properties. All experiments
were conducted at laboratory scale in batch mode, with
each experiment replicated twice.

Fenton experiments employed a 1000 mL reactor con-
taining 500 mL of 100 mg L-1 PCT solution (Figure 1).
In the reactor, a constant ratio of COD/H2O2 1:1 was
also maintained. Furthermore, H2SO4 1M was added to
adjust the solution’s pH into 3 followed by additional
various dosages of FeSO4.7H2O based on H2O2/Fe

2+ ra-
tio. Moreover, a magnetic stirrer agitated at 150 rpm
at room temperature for 60 minutes was placed in the
reactormedia. As an analytic parameter,CODwasmea-
sured as an indicator for PCT’s presence. Addition-
ally, iron residues were measured and collected after
the one hour of Fenton process. Thereafter, the effluent
from the Fenton process (Figure 1) was filtered through
UF membrane at a constant flux of 120 L m-2 h-1 and
the filtration was achieved by using a peristaltic pump
(Longer pump type BT300-2J) at a flow rate of 2 rpm.
Subsequently, the membrane permeates were also col-
lected to test for COD and iron residue. Subsequently,
NaOH 1Mwas also used as a pH adjustor on later exper-
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iment of iron residual removal.

PCT removal in Fenton oxidation was assessed by com-
paring COD concentration after the addition of H2O2

and after the 60 minutes of oxidation. Conversely, for
UF process, the removal was determined by comparing
COD in the feed solution with the membrane perme-
ate. This was measured through Equation 1, where R is
membrane retention, Cp is substance concentration in
the permeate streamandCf is substance concentration
in the feed.

R = 1− Cp

Cf
(1)

UF membrane performance was assisted by observing
the changes in membrane’s permeability to the perme-
ate volume. Accordingly, every 5 minutes the pressure
gauge readings and filtrate volume were recorded to
identify membrane flux and transmembrane pressure.
Thereafter, membrane permeability measured through
Equation 2, where W is membrane permeability (L m-2

h-1.bar), J is water flux (L m-2 h-1), and ΔP is transmem-
brane pressure (bar).

W =
J

P
(2)

As for J, water flux (L m-2 h-1), is identified by Equation
3. Q is filtered water flow (L h-1), and A is the surface
area of the membrane (m2). Consequently, Vsp filtered
specific volume(Lm-2) was identified through Equation
4, where Vp is permeate volume (L) and A is membrane
surface area (m2).

J =
Q

A
(3)

Vsp =
V p

A
(4)

3 RESULTS

In this section, hybrid processes for PCT treatment
were evaluated through Fenton oxidation and mem-
brane filtration perspective.

3.1 Effect of H2O2/Fe
2+ ratios

The assessment of Fenton oxidation to treat PCT was
done through various FeSO4.7H2O dosages obtained
through H2O2/Fe

2+ ratios. Ranging from 1:0.33 to 1:3,
the amounts iron added were equivalent to 66-396
mg/L of Fe2+. The results shown in figure 2, revealed

Figure 2 PCT’s Removal (Represented in COD) From Fenton Oxi-
dation

that each ratio resulted in a variety of PCT removal lev-
els from the initial 100mg L-1 PCT’s COD plus the addi-
tion of 198mg L-1 H2O2 resulted in COD of 261 mg L-1.
The lowestH2O2/Fe

2+ ratio of 1:0.33, exhibitedminimal
PCT removal efficiency, achieving only 28%. However,
at the highest ratio of H2O2/Fe

2+ 1:3, did not result in
a substantial improvement in PCT removal, unexpect-
edly 4% lower than the lowest ratio at 26% of PCT re-
moval. On the other hand,Moderate efficiencies of 39%
and 27% were observed at H2O2/Fe

2+ ratios of 1:1 and
1:2, respectively. In contrast, the optimal removal of
45% was observed at the ratio of 1:0.5. Consequently,
the increase of catalyst dosage did not increase removal
efficiency proportionally.

3.2 Membrane Performance

The UF performance was assisted by its efficiency to re-
move PCT and iron residue, and its operation perfor-
mance.

3.2.1 UF for PCT Removal

Figure 3 shows the results of the UF permeate. Due to
the UF process feed being the effluent of the Fenton ox-
idation process (Figure 2), the initial COD values varied
with each H2O2/Fe

2+ ratio. Notably, at the lowest ratio
(1:0.33), the permeate COD remained high at a 176 mg
L-1. indicating only 4,6% removal by UF.This negligible
COD removal was also observed at higher H2O2/Fe

2+.
At the H2O2/Fe2+ ratios of 1:0.5; 1:1; 1:2; and 1:3 UF
membrane only able to remove COD less than 5%, lead-
ing to the permeate COD concentration that closely re-
sembled the initial feed COD concentration. These re-
sults demonstrated the lack of UF process contribution
to PCT removal.
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Figure 3 PCT’s Removal (Represented in COD) at Various Catalyst
Dosages from UF

Figure 4 UF to Remove Iron Residue

3.2.2 UF for Iron Residue Removal

UF performance was also assisted through the effi-
ciency of the filtration process to remove iron residue,
from Fenton’s catalyst at pH 3. As shown in figure 4,
the permeate’ s iron residue concentrations were pro-
portional to the feed’s iron concentrations. For all the
H2O2/Fe

2+ ratios (1:0.33; 1:0.5; 1:1; 1:2 and 1:3) UF
showed a removal rate subject to a 15% threshold. Sim-
ilarly, to the UF performance in removing PCT, UF also
demonstrated the lack of contributions to remove iron
residue. This results in iron concentrations in the per-
meates ranging from 61 mg L-1 to 530 mg L-1.

Following the previous findings of the insignificant role
of UF to treat iron residue, series of experiments of ad-
justed membrane’s feed pH were conducted. The ex-
periments were done using the catalyst ratio of 1:0.5,
the optimal ratio yielded from Fenton oxidation pro-
cess. The initial feed’s pH was adjusted to pH 3; 5; 6.5;
and 8.5 through the addition of NaOH 1M.As shown in
Figure 5, a direct correlationwas observed between feed
solution pH and iron removal efficiency through UF.
At pH 3, the removal efficiency was demonstrably low,
achieving less than 10%. Conversely, increasing the
feed solution pH to 5 and 6.5 resulted in improved re-
moval efficiencies of 33% and 38.1%, respectively. The
highest removal efficiency of 58.1% was achieved at a

feed solution pH of 8.5.

3.2.3 Filtration Cycle

Membrane performance was able to be evaluated
through the filtration curve by comparing the normal-
ization of membrane’s permeability decline with the
specific filtered volume (Vsp) during the 120 minutes of
filtration (Figure 5). As shown from figure 55 in gen-
eral, the UF permeability decreased as the filtration of
water increased. Furthermore, in order to understand
the performance, membrane filtration curve could be
observed by divided the performance curve into several
section (Abdelrasoul et al., 2013). Despite decreasing
over filtration time, different decline of membrane per-
formancewas found. It could be seen at the early stages
a steep membrane permeability decline was observed
Figure 5 (region (I)) with the decrease of membrane
permeability of 0,6 (L m-2.h-1)/bar at specific filtered
volume of 50 L m-2. Furthermore, at a second stage
(Figure 5 region (II)), a less steepmembrane permeabil-
ity declines of 0,2 (L m-2.h-1)/bar was occurred during
filtration process at specific filtered volume between 50
–100 Lm-2. In the later stages ((Figure 5 region (III)) of
filtration between filtered specific volume of 100 – 340
L m-2, the linier membrane permeability decreases of
0,15 (L m-2 h-1)/bar was revealed. Although compara-
ble membrane permeability declines between the later
stages and second stageswas found, the filtered specific
volume was found to be different with 240 L m-2 and 50
L m-2, respectively. Therefore, the less filtered specific
volume represented a severe membrane fouling.

3.3 Membrane Characterization

Membrane characterizationwas done through SEM im-
ages to identify the surface characteristic of the mem-
brane and FTIR to identify the functional groups and
chemical species of themembranes. As shown in figure
6b, SEM images of used UF membrane displays parti-
cle accumulation than the pristine membrane (Figure
6a). Based on the scale provided in the SEM images
(Figure 6b), the particles covering the membrane sur-
face exhibit a wide range of sizes, as exemplified by the
particles circled in red. It was estimated that the small-
est particles occluding the membrane pores have a size
of 0.167 μm, the upper particle also circle in measures
0.32 μm and the largest measures 2.67μm. These par-
ticles can be retained on the membrane and detected
during characterization due to size exclusion mecha-
nisms, where the particle size far exceeds the mem-
brane pore size of 30 nm. As for the FTIR results (Fig-
ure 6c and Figure 6d), showed wavelength peaks rang-
ing from 3385 cm-1 to 551 cm-1. Pristine membrane
FTIR result (Figure 6c) showed prominent wavelength
peaks at 3362.18 cm-1; 1638.53 cm-1; 1485.27 cm-1;
and 1148.52 cm-1. Similarly, the FTIR result for used
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(a) UF to Remove Iron Residue at Adjusted pH (b) Filtration Cycle

Figure 5 Figures demonstrating UF to Remove Iron Residue and Filtration Cycle

membrane (Figure 6d) did not show significant wave-
length difference from pristine membrane. The used
membrane showed wavelength peaks at 3385.50 cm-1 ;
1638.82 cm-1 ; 1484.61 cm-1 ; and 1146.85 cm-1. How-
ever, the intensity of the functional group peaks (Y-
axis) in the spectrum of the used membrane (Figure
6d) exhibits a slight increase. Compared to the pris-
tine membrane (Figure 6b), the intensity has risen by
approximately 10%. This suggest a foulant layer might
be present on the surface of the membrane.

4 DISCUSSIONS

4.1 Fenton Oxidation

Analysis of the Fenton experiment data indicates that
the dosage of catalyst had a significant effect on the
removal of PCT (Figure 2). In agreement with the re-
sult of this study, a previous study done by (Van et al.,
2020) also showed that at the FeSO4.7H2O dosage of
100 mg L-1 and H2O2 200 mg L-1 (H2O2/Fe2+ 1:0.5) re-
sulted in the optimal COD removal of PCT. This phe-
nomenon was caused by the presence of hydroxyl rad-
icals that react with the compound PCT. This non-
selective oxidation breaks down these molecules into
simpler intermediates products resulting the genera-
tion of some derivatives and carboxylic acids and con-
tinue the process until the organic compounds are en-
tirely mineralized to water and carbon dioxide (Sychev
and Isak, 1995; Adityosulindro et al., 2018; Pacheco-
Álvarez et al., 2022).The reaction formed through equa-
tion 5 and 6

Fe2+ +H2O2 +H+Fe3+ +H2O +OH− (5)

Fe3+ +H2O2 +H+Fe2+ +HO−
2 O +OH+ (6)

While the addition of Fe2+ theoretically enhances hy-
droxyl radical formation, excess Fe2+ leads to the hy-
droxyl radical scavenging. This is where these reactive

species of oxygen reacted this the excess Fe2+ resulting
in less reactive oxygen species (Van et al., 2020). There-
fore, at the H2O2/Fe2+ ratio of 1:0.5 was the optimum
ratio to generate hydroxyl radicals to break down PCT
compound.

4.2 Membrane Filtration

4.2.1 PCT Removal

The UF performance, as shown in Figure 3, exhibited
negligible retention of PCT across all catalyst varia-
tions. This limited removal efficiency stems from the
PES 30 nm membrane’s pore size (600 kDa) being sig-
nificantly larger than the target molecule, PCT (0.1-0.3
kDa), hindering size-based separation. These results
alignwith prior research concluding the ineffectiveness
of UFmembranes for PCT removal. This study confirms
these findings with a measured rejection range of 3-9
%, further highlighting the limitations of this approach
for this specific pollutant

In addition to the size exclusion mechanism, the lim-
ited rejection of PCT by UFmembrane can be attributed
to adsorption onto the membrane surface, influenced
by the octanol/water partition coefficient (Log Kow) of
the pollutant. PCT has a low value of Log Kow, 0.46, sig-
nifies its strong hydrophilic nature (Islam et al., 2024).
This condition resulting in minimal adsorption onto
the membrane and contributing to the low COD rejec-
tion (Ganiyu et al., 2015).

4.2.2 Iron Removal

UF performance, evaluated through the iron removal
also showed the inability of the UF process to remove
the Fenton catalyst (Figure 4). Inevitably, this phe-
nomenon was also caused by the size exclusion mech-
anism of the membrane to retain pollutant. During
Fenton oxidation, iron catalyst transformed into dis-
solved iron, characterized by an estimated sized 1 nm
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(a) Pristine Membrane (b) Used Membrane

(c) Pristine Membrane (d) Used Membrane

Figure 6 Membrane Characterization: 1 SEM Images. 2 FTIR

(Li et al., 2022; Pacheco-Álvarez et al., 2022). Hence,
the larger membrane pore size (30 nm) unable to re-
tain the dissolved catalyst. However, when the pH was
adjusted to 8.5, UF was able to retain the iron cata-
lyst up to 58% (Figure 5). As pH increases, Fe2+ under-
goes rapid oxidation, forming microscopic Fe3+ parti-
cles. These particles agglomerate over time by merg-
ing with one another, concurrently releasing hydrogen
ions. The growing particles attract more Fe2+, form-
ing ferrihydrite flocs. These flocs are responsible for
the larger particle sizes observed early in the reaction.
Higher pH allows faster transformation of Fe2+ to Fe3+,
leading to faster particle formation and complete oxi-
dation (Hove et al., 2008).

4.2.3 Filtration Cycle

Membrane Based on Figure 5, the membrane’s perme-
ability value demonstrates a progressive decrease as
the filtered water volume accumulates. The foulant
on the membrane surface obstruction manifests as in-
crease flow resistance, observed in elevation in pres-
sure which leads to decreased in permeability in order
to keep a constant flux filtration system (Ahmed et al.,
2023). Related to the fouling mechanisms, the early
stages of filtration could be explained as a standard

blocking, a steep decline might occur due to internal
blocking, likely originates from precipitated iron in the
effluent of the Fenton oxidation process, after the pH
is adjusted to 8.5 and the PCT particles. At the second
stage,most of the foulants blocked internal and someof
the substances were precipitated on membrane surface
and indicate intermediate blocking phenomenon. At
later stages, the substances were deposited on the sur-
face and cake layer was formed. Furthermore, several
studies revealed that the standard blockingwas respon-
sible for irreversible fouling and influenced for shorter
lifespan of the membrane in real practical application
(Abdelrasoul et al., 2013).

4.3 Membrane Characterization

SEM images provide detailed information about the
surface morphology, shape, structure of the membrane
material and foulants (Alqaheem and Alomair, 2020).
Figure 6b depicts the visualized foulants, highlighting
the formation of particles subsequent to the filtration
process (Figure 6a). As mentioned in section 3.3, the
detection of the foulant layer occurs because of the size
exclusion mechanism where the foulant particle sized
nearly 100 times the membrane pores. The occurrence
of fouling is further supported by the FTIR results,
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which show that the membrane has a slightly higher
spectrum intensity after filtration, indicating an in con-
centration increase of the functional groups (Arahman
et al., 2022). This finding provides supporting evidence
that membrane permeability decreases due to the for-
mation of a foulant layer on the membrane surface (Al-
Sawaftah et al., 2021).

On the other hand, the FTIR result did not exhibit no-
table differences of the membrane before (6c) and after
filtration (6d). Spectroscopic analysis revealed peaks at
3.362 - 3.385 cm-1, consistent with N-H stretching vi-
brations. Furthermore, peaks observed at 1.638 cm-1

and 1.485 cm-1 were attributed to C=O and C-N stretch-
ing vibrations, respectively (Nandiyanto et al., 2019;
Kuttiani Ali et al., 2021).

The disparity of both characterization methods is at-
tributed to the analytical strengths of each technique.
SEM excels at high-resolution imaging of surface mor-
phology, enabling the detection of physical changes
such as the presence of foulants. In contrast, FTIR pri-
marily analyzes the bulk chemical composition of the
material. While foulants may not significantly alter the
overall chemical fingerprint of the membrane, they can
nonetheless impact its performance and surface prop-
erties (MacKeown et al., 2022).

5 CONCLUSION

In conclusion, Fenton oxidation demonstrated efficacy
in removing PCT in terms of COD reduction up to 45%.
Conversely, the UF membrane process exhibited mini-
mal impact on PCT owing to its size-exclusion mecha-
nism. However, the UF process was effective to remove
iron residue at an alkaline pH of 8.5 up to 58%. It’s im-
portant to note that even with efficient iron residue re-
moval, subsequent filtration analysis revealed the pres-
ence of fouling on the UF membrane. This fouling,
identified by decreased membrane permeability and
the presence of particulate matter on the membrane
surface through characterization techniques, is likely
caused by a standard blocking mechanism. Standard
blocking occurs when iron species or other Fenton oxi-
dation byproducts deposit within the membrane pores,
reducing its efficiency over time and potentially short-
ening its lifespan.

This study proposes an alternative method for un-
derstanding and managing PCT pollutants, opening
doors for further research. Fenton oxidation effectively
degrades PCT in simulated PCT wastewater, but fu-
ture studies might explore the underlying mechanisms
in complex environments like industrial or hospital
wastewater. Additionally,usingHigh-Performance Liq-
uid Chromatography (HPLC) techniques can improve
the accuracy of PCT identification. While UF retains the
iron catalyst during the process, exploring nanofiltra-

tion or reverse osmosis in combination with Fenton ox-
idation might lead to even better PCT removal. Further
research on byproduct toxicity, environmental impact,
economic feasibility, and large-scale implementation is
needed to solidify this process as a practical solution for
sustainable PCT removal from various water sources.
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