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In this study, TiO2-polyethersulfone films with different TiO2 loadings, prepared by the phase inversion
method were tested as photocatalysts for degradation of acetaminophen in aqueous solution. The pre-
pared films were characterized by XRD, SEM-EDX, AFM, and XPS. The successful incorporation of the tita-
nium dioxide nanoparticles was confirmed by the XRD and SEM-EDX. SEM images revealed a much
smoother surface for the pristine PES as compared to the TiO2-PES films, while EDX result confirmed
the immobilization of titanium, as increasing amounts of titania were detected with increased loading
of titanium dioxide. The SEM cross sectional images also show that the prepared films transformed into
porous structures with tear-like pores and the porosity increased from 0.06%, for pristine PES, to 0.35% for
the (14 wt%) TiO2-PES, and then dropped slightly to 0.32% in (17 wt%) TiO2-PES due to the onset of aggre-
gation. The TiO2-PES photocatalyst film with 14 wt% content of TiO2 exhibited 51% degradation efficiency
for a film surface area of 80 cm2, and a maximum efficiency of 80% at 320 cm2 film surface area. However,
an increased TiO2 loading up to 17 wt% led to a decline in efficiency which is attributed to agglomeration
and possible defective pore structure of the films. The reactivity of the acetaminophen molecule, mod-
elled using the density functional theory (DFT), enabled identification of the acetamido group and the
aromatic ring as the regions most prone to electrophilic and radical attack, respectively.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

The penetration of pharmaceutical residues into the environ-
ment has generated a lot of attention in recent years [1–3]. These
compounds typically find their way into the environment via exc-
reta in sewer systems, as the body metabolizes just a small per-
centage of ingested pharmaceuticals. Pharmaceutical industries
and hospitals are also potent sources of such contaminants, which
have been detected in their wastewater streams. These compounds
are stable and non-biodegradable and therefore are not easily
removed by conventional waste water treatment methods, which
ab initio where mostly not designed with such category of contam-
inants in mind [4–6]. Acetaminophen, an over-the-counter medi-
cation, is amongst the most widely used and prescribed drugs for
pain and fever relief the world over. It was ranked as one of the
top three drugs prescribed in England, and the mass of acetamino-
phen through prescription alone totalled more than 400 tons in the
year 2000 [22]. Acetaminophen has been detected at concentra-
tions up to 10 mg/L in wastewater treatment plant effluents [54],
and in the range of 10–100 ng/L in surface water [55]. Likewise,
Ternes et al., [56] reported acetaminophen concentrations up to
6 lg/L in European STP effluents and up to 10 lg/L in natural
waters in USA. Acetaminophen has as well been detected in drink-
ing water at concentrations ranging from 0.5 to 45 ng/L, and in
freshwater reservoirs at concentrations ranging from 4.1 to
73 ng/L [57]. Indeed, the presence of trace amounts of acetamino-
phen and other xenobiotic compounds in drinking water raises
pronounced public health concerns, particularly because there is
insufficient information to enable prediction of the long-term
effects when ingested by humans. Untreated acetaminophen is
hardly biodegradable owing to its complex molecular structure
and chemical persistence [22,54].
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Fig. 1. Molecular structure of acetaminophen.

Table 1
Compositions of TiO2-PES casting solution.

PES wt% TiO2 wt% NMP wt%

15 0 85
15 8 77
15 11 74
15 14 71
15 17 68

M.O. Chijioke-Okere, Z. Adlan Mohd Hir, C.E. Ogukwe et al. Journal of Molecular Liquids 338 (2021) 116692
In a bid to curb the environmental accumulation of pharmaceu-
tical residues and consequent toxicity to terrestrial and aquatic
biodiversity, various novel wastewater treatment techniques have
been developed to specifically target such emerging pollutants.
One of such techniques is semiconductor photocatalysis using
some metal oxides [7–9,47]. In this regard, TiO2 is commonly
employed in photocatalysis because of its photoactivity, non-
toxicity, low cost and broad-spectrum efficacy on a wide range of
organic contaminants [10–12]. TiO2 is activated by UV light (with
corresponding energy higher than the band gap of TiO2 3.2 eV),
causing excitation of electrons from the valence band to conduc-
tion band, thus generating electron-hole pairs (e� and h+). The
holes have a high oxidation potential, and thus can oxidize aceta-
minophen adsorbed on the catalyst and/or react with �OH and
H2O to produce �OH which participates in the degradation process.
The conduction band electrons can also by reductive reaction, cre-
ate superoxide radical anions (�O2

�) with sufficient reduction poten-
tial to degrade organic contaminants. The relevant reactions
proceed as follows [40]:

�hv + TiO2 ! TiO2 (hþ e�) ð1Þ

hþ + OH� ! �OH ð2Þ

hþ + H2O ! �OH + Hþ ð3Þ

e� + O2 ! �O2
� ð4Þ

hþ + Org ! products ð5Þ

�OH + Org ! products ð6Þ

�O2
� + Org ! products ð7Þ
The major setback associated with the use of titanium dioxide

in slurry form is the post-treatment filtration, which is necessary
to recover the photocatalyst, with associated humungous cost
and time implications. Interestingly however, some technologies
have in recent times been developed for immobilizing the photo-
catalyst on a suitable support, thereby circumventing the problem-
atic filtration step [13,14]. Several photocatalyst support materials
have been reported in literature, such as glass, silica materials, car-
bon, optical and woven cloth fibers as well as organic membranes
[10,13–15]. Some organic membranes like polyacrylonitrile,
polypropylene, polyvinylidene difluoride, cellulose acetate, poly-
sulfone and polyethersulphone have also found use as support
for photocatalysts [16]. The key physicochemical attributes of suit-
able support materials include good thermal stability and resis-
tance to degradation by reactive oxidant species. In this regard,
polyethersulphone is proving to be a membrane of choice
[17,18]. Titanium dioxide and other metal oxides have as well been
used to improve the antifouling performance of membranes used
in water filtration. TiO2 also confers increased hydrophilicity and
mechanical stability on membranes [19–21]. Such symbiotic inter-
actions between PES membranes and TiO2, have been usefully
exploited in PES-supported TiO2 photocatalysts [22,23].

In this report, we present what we consider to be the first
attempt at photocatalytic degradation of acetaminophen (Fig. 1),
in aqueous solution using a TiO2-PES composite film photocatalyst.
Operational parameters which play crucial role in the photodegra-
dation of acetaminophen such as pH, concentration and scavengers
have been considered. The kinetics of the acetaminophen removal
is also reported. Quantum chemical computations were employed
for identification of the potential sites on the acetaminophenmole-
cule where electrophilic attack would be initiated.
2

2. Materials and methods

2.1. Chemicals and reagents material

TiO2 nanoparticles (˃99% purity, primary particle size of 1–
150 nm), acetaminophen, polyethersulfone (PES Ultrason E6020P,
Mw = 75,000 g/mol) and N-methyl-2-pyrrolidone were purchased
from Sigma Aldrich, Guardian chemicals, Solvay Specialty Polymers
and Merck, respectively. All chemicals were of analytical grade and
were used as source without further purification. Distilled water
was used for all solution preparations.

2.2. Synthesis of TiO2-PES photocatalytic films

The TiO2/PES photocatalysts were fabricated via phase inversion
method [24]. Polyethersulphone (Fig. 2) was dissolved in N-
methyl-2-pyrrolidone under stirring until the solution became
clear. Requisite amounts of TiO2 were added and the setup was
maintained under constant stirring at room temperature for 24 h.
The homogenous TiO2-PES solution was then cast on a smooth
glass plate measuring 10 cm � 8 cm with an adjustable film appli-
cator set at 100 mm coating thickness [23]. The resulting membrane
was soaked in distilled water for 24 h to make for complete phase
separation and then air dried before use [25]. The compositions of
the component casting membrane solutions used in this study are
presented in Table 1.

2.3. Characterization of membranes

The morphology of the prepared membranes was studied with
the aid of a scanning electron microscope coupled with an electron
dispersive X-ray analyzer for the analysis of local chemical compo-
nents (SEM-EDX, HITACHI TM3000). The surface topography was
obtained with an atomic force microscope (Seiko SPI 3800N). Crys-
tal structure investigation was carried out with X-ray diffractome-
ter (PHILIPS PW 3040/60) with CuKa radiation ƛ= 1.540 Ǻ, at a
scanning speed of 2� per minute in 2h, from 20 to 60 �C. Identifica-
tion of elements and chemical states of the membranes was done
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Fig. 2. Polyethersulphone polymer.

Fig. 3. X-ray diffractograms of polyethersulfone (PES) with different wt % of TiO2 (a)
0%, (b) 11%, (c) 14%, (d) 17%.
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with the aid of an X-Ray photoelectron spectrophotometer (Kratos
Analytical Axis Ultra DLD).

2.4. Photocatalysis experiments

Batch photocatalysis experiments were conducted in an immer-
sion well reactor as described previously by Hir et al [23]. Constant
supply of oxygen was maintained by the means of an air pump. For
each experiment, the photocatalytic film was used to encircle a
specified surface area of the quartz tube. Thereafter, 1000 mL of
the acetaminophen solution was introduced into the reactor and
allowed to stand for 30 mins without radiation impingement, to
enable attainment of adsorption–desorption equilibrium. The sys-
tem was subsequently irradiated with a UV-A light source with
wavelength and intensity of 365 nm and 30 W m�2 respectively,
for 420 mins. About 10 mL aliquot of the sample was withdrawn
at 1 h intervals to determine residual concentration via absorbance
measurements using a Perkin Elmer Lambda 35 UV–Vis spec-
trophotometer (at ƛmax = 243 nm). Initial and residual concentra-
tion after irradiation were obtained based on the already
determined calibration curve. The removal efficiency and amount
degraded were obtained from equations (7) and (8) respectively.

Removal efficiency R%ð Þ ¼ C0 � Ct

C0
� 100 ð7Þ

Amount of Ace degraded ðmg=gÞ

¼ C0 � Ct
mg
L

� �� volume ðLÞ
Weight of TiO2 � PES film ðgÞ ð8Þ

where Co (mg/L) is the concentration of acetaminophen solution at
initial time t = 0 (min) and Ct is the concentration of the acetamino-
phen at time (t), after adsorption–desorption treatment or irradia-
tion with a light source.

The analyses of intermediates and identification of the chemical
structures of reaction products from the photocatalytic degrada-
tion were carried out with a Thermo Scientific UHPLC-ESI-Q-
Exactive Focus-MS/MS system. The chromatographic separation
was achieved using Thermo Scientific Hypersil gold column (2.1
mm � 100 mm � 1.9 lm) maintained at 25 ͦC. Gradient elution
was carried out with 0.1% formic acid in water (A) and 0.1% formic
acid in acetonitrile, delivered at a flow rate of 0.400 mL/min. The
detection was carried out by an electrospray ionization source
(ESI).

The ESI-MS analyses were conducted on Thermo Scientific Q
Exactive Focus Orbitrap mass spectrometer with the following con-
ditions: spray voltage values of 4 kV and �3.7 kV in positive and
negative modes, respectively, capillary temperature was 300 �C.
The sheath gas and auxillary gas were set at 80 and 40 arbitrary
units, respectively. The Orbitrap analyzer scanned over a mass
range of 50–500 m/z for full scan with a mass resolution of
70,000. Non data-dependent experiments were performed with
collision-induced dissociation (CID) scan.

3. Results and discussion

3.1. XRD analysis

The X-ray diffraction patterns of the pristine PES and the TiO2/
PES film photocatalysts with different TiO2 loadings are shown in
Fig. 3. Addition of TiO2 to the polymer imparted corresponding
peaks, characteristic of anatase TiO2, with diffraction peaks located
at 2h = 25.24� (1 0 1), 37.84� (0 0 4), 48.13� (2 0 0), 53.88� (1 0 5),
55.02� (2 1 1) and 62.82� (2 0 4). A peak indexed to rutile TiO2 with
JCPDS No. 00-021-1276, located at 2h = 27.44� (1 1 0) was observed
for the TiO2-PES film photocatalysts. No peaks were observed for
3

the pristine PES, suggesting product purity and proper immobiliza-
tion of TiO2 into the polymer network. Similar results were
reported by Zanrosso et al. [48] in the photodegradation of methy-
lene blue using TiO2 immobilized on poly(vinylidene fluoride).
3.2. Photocatalyst morphology

Fig. 4 shows the SEM images of the pristine PES and the TiO2/
PES film photocatalysts, in addition to their respective EDX pro-
files. The corresponding elemental compositions are outlined in
Table 2. In comparison, the pristine PES showed a much smoother
surface than the TiO2-modified PES photocatalysts, which pre-
sented evidence of proper dispersal of the TiO2 nanoparticles
within the PES matrix. However, beyond 14 wt% TiO2, we observed
an increase in the viscosity of the casting solution and associated
TiO2 aggregation. Such aggregation has been reported to lead to
reduced photocatalytic activity [23,26]. In-depth study of the pho-
tocatalyst morphology and surface roughness was achieved using
AFM imaging. The surface roughness of the photocatalyst films
was obtained via AFM visualization of 2 lm � 2 lm samples
(Fig. 5). The surface mean roughness can be seen to increase from
0.92 nm in the pristine PES, to 2.18 nm in TiO2-PES 14% wt. These
results show that addition of TiO2 to the polymer matrix led to an
increase in surface roughness and hence hydrophilicity, which
invariably should increase the interaction of water, pollutant, and
oxygen with the photocatalyst and is consistent with the findings
of Hir et al [23].

The cross-sectional micrographs of the as prepared photocata-
lysts are shown in Fig. 6. The morphology of the polymer films is
characterized by an almost regular array of macro voids. The vol-
ume and regularity of the macro voids increased clearly with
TiO2 loading up to 14%, beyond which the macro voids start
becoming denatured and shunted [23,27,28]. This is further rein-
forced by the calculated porosity of the films; the pristine PES



Table 2
EDX analysis of TiO2-PES film photocatalysts for different weight percent of TiO2.

Element (0%) Pristine PES 11% TiO2-PES 14% TiO2-PES 17% TiO2-PES

Weight% Atomic% Weight% Atomic% Weight% Atomic% Weight% Atomic%

Carbon 68.29 74.25 40.84 56.16 36.12 52.30 31.53 47.95
Oxygen 31.38 25.62 32.22 33.26 32.06 34.84 32.44 37.04
Sulphur 0.32 0.13 7.58 3.90 7.28 3.96 6.77 3.85
Titanium 0.00 0.00 19.36 6.68 24.54 8.91 29.26 11.16

Fig. 4. SEM-EDX analysis of TiO2-PES film photocatalysts for different weight percent of TiO2 (a–b) 0%, (c–d) 11%, (e–f) 14%, (g–h) 17%.
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Fig. 5. Three-dimensional AFM images of the top layer of (a) Pristine PES and (b) TiO2-PES 14%.
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had initial porosity of 0.06%, which increased to 0.25% for TiO2-PES
of 14% wt but decreased to 0.21% for TiO2-PES 17% wt.

The reason behind the slight decrease in porosity is attributed
to an agglomeration of nanoparticles which can cause pore block-
age, as seen clearly in the bottom segment of Fig. 6d. Other reasons
include distortion of the polymer chain and ultimately, inhibition
of movement which results in a less porous microstructure
[25,28]. These observations are in agreement with the findings of
Rajabi et al. [50].
3.3. Elemental state

Evaluation of the chemical states of the TiO2-PES photocatalyst
films was accomplished via XPS analysis (Fig. 7). The XPS of TiO2-
PES 14 wt% photocatalyst film shows the presence of Ti, C, S and O
elements (Fig. 7a), in agreement with the EDX data. The C 1 s
(Fig. 7b) showed two peaks with binding energies of 284.6 eV
and 286.2 eV which are mainly assigned to adventitious carbon
contamination species from XPS measurements and CAS groups
in the polymer respectively [29,30]. The O 1 s spectrum was fitted
into a total of four peaks (Fig. 7c). The peak at 529.5 eV corresponds
to TiAOATi (lattice O) species, while peaks 531.4 eV and 532.9 eV
correspond to the O@S@O and CAO species of the PES film respec-
tively, the peak at 533.6 eV was assigned to surface hydroxyl spe-
cies (TiAOH) or chemisorbed oxygen [31].
Fig. 6. Cross sectional SEM Images of TiO2-PES film photocatalysts
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To investigate the state of the sulfur in the TiO2-PES film photo-
catalyst, S 2p core levels were measured using XPS as shown in
Fig. 7d. Two peaks are observed at binding energies 167.4 and
168.6 eV, which is in agreement with [23]. However, only the peak
at 168.6 eV associated with the (O@S@O) species was observed by
Liu et al. (2011) for pristine PES [32]. The peak identified at
167.4 eV could be attributed to hydrogen bonding interaction
between superficial hydroxyl group (AOH) from TiO2 and sulfone
(O@S@O). The hydrogen bonding interaction could also be respon-
sible for the proper dispersal of the TiO2 on the PES as seen on the
SEM images. Ti as shown in Fig. 7e had binding energies at Ti 2p3/2

and Ti 2p1/2 equivalent to 458.2 eV and 463.9 eV respectively. A
splitting that is consistent with the standard value typical of
TiO2. This is indicative of the presence of Ti4+, a similar observation
was made by Zhang and co-workers [33].

3.4. Photocatalytic degradation of acetaminophen by TiO2-PES
photocatalysts

The photocatalytic degradation of acetaminophen by TiO2-PES
was monitored by absorbance measurements, using UV–vis spec-
troscopy. The obtained results are presented in Fig. 8(a–c). In the
control experiment, photocatalytic degradation of acetaminophen
by the pristine PES (without TiO2 photocatalyst) was monitored
for 30 mins initially and subsequently for 420 mins. The result
showed that PES was unable to degrade acetaminophen, whereas
for different amounts of TiO2 (a) 0%, (b) 11%, (c) 14%, (d) 17%.



Fig. 7. XPS analysis of the TiO2-PES film photocatalyst containing 14 wt% TiO2 (a = Survey, b = C 1 s, c = O 1 s, d = S 2p, e = Ti 2p).
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addition of TiO2 to the PES film yielded removal efficiencies that
increased steadily with degradation time and with amounts of
TiO2, up to 14 wt% (Fig. 8a and c). Enhanced values of the degrada-
tion efficiency with increasing TiO2 content results from the
increase in the population of active photocatalysis sites on the
PES film. Further increase in amount of TiO2 up to 17 wt% reduced
the degradation efficiency, as anticipated from the observed slight
decrease in porosity, due to agglomeration of nanoparticles.

The Langmuir-Hinshelwood (L-H) kinetic model (Eq. (9)) was
used to model the photocatalytic degradation of acetaminophen
by the TiO2-PES film photocatalysts.

r ¼ � dC
dt

¼ kobsCt ð9Þ

The integration of equation (9) gives a pseudo-first-order equa-
tion as follows:

lnCo=Ct ¼ kobst ð10Þ
Fig. 8. (a) Degradation profiles of acetaminophen by TiO2-PES film photocatalysts with di
kinetics (c) first order rate constant. Acetaminophen = 10 mg/L; pH = 7.8; T = 25 �C; TiO

6

where kobs represent the apparent pseudo-first-order rate constant
(Fig. 8c) obtained from the slope of the plot of ln (Co/Ct) against irra-
diation time t, Co and Ct are the initial concentration and concentra-
tion at a specified time t, respectively. The linear plot of ln (Co/Ct) vs.
degradation time (Fig. 8b) shows that the experimental data for the
degradation of acetaminophen by TiO2–PES film photocatalyst fol-
lowed the Langmuir-Hinshelwood kinetic model. immobilized up
to 14 wt%. These results are consistent with the report of Zanrosso
and co-workers in the study of the immobilization of different pho-
tocatalysts on PVF and subsequent degradation of methylene blue
under ultraviolet and visible light [48].

3.5. Effect of initial pH

The initial pH of a contaminant in solution plays a key role in
photocatalysis and significantly affects the rate of degradation.
Accordingly, the influence of initial solution pH on the
photocatalytic degradation of acetaminophen by TiO2-PES film
fferent amounts of TiO2: (a) Time evolution of degradation efficiency (b) degradation
2-PES film area = 160 cm2.
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photocatalysts was assessed by carrying out experiments within
the pH range 4–10. The obtained results illustrated in Fig. 9 show
a steady increase in degradation efficiency, going from pH 4 to pH
8, then decreased going from pH 8 to pH 10 [2]. The increasing
Fig. 9. Effect of initial pH on the degradation of acetaminophen by TiO2-PES film pho
Acetaminophen = 10 mg/L; pH = 7.8; T = 25 �C; TiO2-PES film area = 160 cm2.

Fig. 10. Effect of initial acetaminophen concentration on the degradation of acetaminop
efficiency; (b) kinetics of the removal: pH = 7.8; T = 25 �C; TiO2-PES film area = 160 cm

0 100 200 300 400 500

0

20

40

60

80

100

D
eg

ra
da

tio
n 

Ef
fic

ie
nc

y 
(%

)

Irradiation Time (Min)

80 cm
2

160 cm
2

240 cm
2

320 cm
2

ln
 C

o/
C

t

(a)                                
Fig. 11. Effect of photocatalyst surface area on the degradation of acetaminophen by TiO2

Acetaminophen = 10 mg/L; pH = 7.8; T = 25 �C.

7

trend of degradation efficiency with pH is related to the presence
of more hydroxide ions on the TiO2 surface, yielding increased
amounts of �OH species, which consequently enhances degradation
rates of acetaminophen. The subsequent decrease in degradation
tocatalysts (a) pH dependence of degradation efficiency; (b) kinetics of removal

hen by TiO2-PES film photocatalysts (a) concentration dependence of degradation
2.

0 100 200 300 400 500

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4
80 cm2

160 cm2

240 cm2

320 cm2

Irradiation Time (Min)

                        (b)              
-PES film photocatalysts (a) effect on degradation efficiency; (b) kinetics of removal



Fig. 12. Effect of radical scavengers on the acetaminophen degradation efficiency of
by TiO2-PES film photocatalysts Acetaminophen = 10 mg/L; pH = 7.8; T = 25 �C;
TiO2-PES film area = 160 cm2.
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efficiency at pH 10 is related to surface ionization of TiO2. Indeed,
TiO2, with point of zero charge of 6.2, maintains a positive surface
charge in acidic media (pH < 6.2), and negatively charged at alka-
line conditions (pH > 6.2). Hence, increasing the pH (up to pH
10) increases the electrostatic repulsion between TiO2 surface
and acetaminophen with pka = 9.5, which is negatively charged
at pH above 9.5 [34,53]. This finding is consistent with the findings
of Shourong et al. [35] in studying dye photo removal in TiO2 sus-
pension .

Since polymeric films could become denatured and undergo
deterioration under certain pH conditions, the stability of the
Fig. 13. LC-MS spectra showing progress of the photocatalytic degradation
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TiO2-PES photocatalyst in the studied pH range was assessed by
weighing the films before and after the photocatalytic experi-
ments. Interestingly, the TiO2-PES film did not undergo any signif-
icant change in weight, which points towards the stability of the
photocatalytic film in both acidic and basic medium, in agreement
with a study by Adlan et al., [23].

3.6. Effect of initial pollutant concentration

The effect of acetaminophen concentration (5–30 ppm) on
degradation rate and degradation efficiency are presented in
Fig. 10 (a,b). Both degradation rate and degradation efficiency
decreased with increasing acetaminophen concentration. This could
be due to possible occlusion of active catalyst sites by excess aceta-
minophen, a phenomenon that has been described as screening/
shielding effect [36,49]. Such shielding effect was reported by Lei
and co-workers for the degradation of methyl orange by TiO2 immo-
bilized on PVA matrix [51]. There is as well the effect of reaction
intermediates in the system, which compete with the contaminant
for available active sites on the photocatalyst film [52]. Nonetheless,
the amount of acetaminophen degraded (as computed from Eq. (8))
increased with concentration up to 25.68 mg/g at 25 ppm and then
slightly decreased to 23.87 mg/g at 30 ppm acetaminophen.

3.7. Effect of catalyst film surface area

The effect of catalyst film surface area on acetaminophen degra-
dation was investigated by altering the number of films as allowed
by the reactor configuration, which can accommodate a maximum
of four films of 80 cm2 surface area. This configuration thus permits
of acetaminophen by PES-TiO2/UV before (a) and after treatment (b).



Fig. 14. Proposed mechanism for the degradation of acetaminophen by TiO2-PES/UV.
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investigation of catalyst film surface areas of 80 cm2 to 320 cm2.
Fig. 11 (a-b) show that the degradation efficiency and rate of
degradation increased steadily as the surface areas of the catalyst
film increased, up to a maximum of 80% at 320 cm2, due essentially
to increased availability of TiO2 particles for the degradation of
acetaminophen. The trend of the results shows clearly that increas-
ing the catalyst film surface further would further increase the
degradation efficiency. This is in sharp contrast to what obtains
when TiO2 is used in slurry form, wherein higher amounts of
TiO2 particles reduced light penetration, in addition to the preva-
lence of particle agglomeration, all of which reduce the degrada-
tion rate [9,37,38].

3.8. Photo catalysis mechanism

A radical scavenging test was done to determine the active spe-
cies responsible for the observed degradation of acetaminophen
9

and thus propose a mechanism for the TiO2-PES degradation of
acetaminophen. This was done using ethylenediaminetetraacetic
acid (EDTA), as scavenger for holes (h+), tertbutyl alcohol (tBuOH)
as scavenger for hydroxyl radicals (�OH), and 1,4-benzoquinone
(p-BQ) for superoxide radical anions (�O2

�). In this investigation,
20 mL of 0.1 M of each scavenging agent was added into
1000 mL of 10 mg/L of acetaminophen solution and the system
exposed for 420 mins under UV light. Fig. 12 compares the degra-
dation efficiencies obtained without and with the scavenging
agents and shows 42.05% reduction in degradation efficiency on
addition of EDTA, while tertbutyl alcohol and 1,4-benzoquinone
yielded reduction of 15.39% and 10.23% respectively. The implica-
tion is that holes (h+) exert the predominant influence on acetami-
nophen degradation and their elimination from the system notably
hindered the degradation reaction. This is not unexpected since
holes are involved directly in steps (2), (3) and (5) of the TiO2

degradation.



Table 3
Mulliken values of radical and electrophilic Fukui indices for acetaminophen.

No/Atom Electrophilic Attack (F�) Radical Attack (F0)

C (1) 0.039 0.020
C (2) 0.039 0.066
C (3) 0.035 0.071
C (4) 0.034 0.016
C (5) 0.032 0.053
C (6) 0.040 0.073
O (7) 0.104 0.074
N (8) 0.066 0.022
C (9) 0.008 0.018
C (1 0) �0.011 �0.019
O (1 1) 0.126 0.101
H (1 2) 0.074 0.085
H (1 3) 0.071 0.083
H (1 4) 0.061 0.074
H (1 5) 0.075 0.085
H (1 6) 0.043 0.038
H (1 7) 0.058 0.047
H (1 8) 0.042 0.035
H (1 9) 0.011 0.005
H (2 0) 0.054 0.053

Fig. 15. Reusability test: Acetaminophen = 10 mg/L; pH = 7.8; T = 25 �C; TiO2-PES
film area = 160 cm2.
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It is important to note that, although many reactants in the
system can indirectly degrade acetaminophen by contributing to
�OH, �OH is the most dominant specie directly degrading acetami-
nophen [39,41].

3.9. Degradation pathway

The chemical structures of potential intermediates from the
TiO2-PES/UV degradation of acetaminophen were identified by
UHPLC-ESI-Q-ExactiveFocus-MS/MS, carried out in positive and
negative modes. The LC-MS/MS data was analyzed by viewing
the base peak chromatogram and the individual ions of interest
using the extracted ion chromatogram. By comparing the chro-
matographic and spectrometric data from this study with data
from databases and literature, it was possible to identify the degra-
dation products. Fig. 13 shows the LC-MS spectra for the degrada-
tion of acetaminophen. for the spectrum in Fig. 13a was obtained
prior to photocatalytic treatment of acetaminophen (at
t = 0 min), while Fig. 13b was following photocatalytic treatment
(at t = 420 min). The prominent peak with m/z 152 eluting at
1.70 min is attributed to protonated acetaminophen. The fact that
this peak diminished in size after photocatalytic treatment, with a
new peak eluting at 7.18 min, indicates breakdown of acetamino-
phen. The fragmentation of the [1 + H]+produced [1 + H – CH2CO]+-
with a mass fragment ion of m/z 110, this is in agreement with
[42]. The presence of other ions in the mass spectra obtained (spec-
tra not included) in the photocatalytic run could be an indication of
degradation products that were not verified, possibly due to very
low concentration of such compounds.

Several studies have been carried out to investigate the inter-
mediate products of acetaminophen degradation via UV/H2O2

[43], O3/H2O2/UV [44] and TiO2/UV [2,42] and based on the struc-
tures of the aromatic compounds detected in the early studies,
oxidative/hydroxylation pathways were proposed. The key reac-
tions involve HO� radical attack on the aromatic ring of acetamino-
phen with respect to the hydroxyl group.

Given the affinity of HO� for electron-rich aromatic compounds,
it is expected that the breakdown proceeded via further hydroxy-
lation and oxidation of phenolic compounds [43]. In monitoring
the intermediate products of acetaminophen degradation by
TiO2/UV, Dalmázio et al., [42] proposed a mechanism similar to
the latter which lends credence to the position that the reaction
proceeds through in situ generation of HO� radicals. Based on the
foregoing, a simplified pathway has been proposed. This involves
the breakdown of acetaminophen via the hydroxylation of the ben-
zene ring, thus, generating 3-hydroxyacetaminophen or hydroxy-
lation and subsequent cleavage of the bond between nitrogen
and carbon from the carbonyl group to form 4-aminophenol. The
elimination of nitrogen followed by further hydroxylation would
lead to hydroquinone and subsequently 1,4-benzoquinone. Similar
trends were reported by [2]. However, further oxidation of the
intermediates could lead to the breakdown of the aromatic struc-
ture, and subsequent conversion to acids and CO2/H2O. In this
study, trace amounts of p-aminophenol and benzoquinone were
detected as intermediate components. The electronic structures
of acetaminophen and key intermediates like 1,4-benzoquinone,
3-hydroxyacetaminophen, 4-aminophenol, nitrophenol and hydro-
quinone were modeled to obtain their heats of formation, which is
related to the stabilities of the intermediate products, wherein high
negative values correspond to more stable compounds [45]. The
experimental and computational results were thus taken into con-
sideration in proposing the degradation pathway in Fig. 14.

Further elucidation of the acetaminophen degradation mecha-
nism involved computational assessment of the reactivity of the
different functional groups that make up the acetaminophen struc-
ture to identify their susceptibility to attack by electrophilic and
10
radical species, and hence determine the sites where degradation
is initiated [46]. From the values of the Fukui functions for elec-
trophilic attack (F�) and radical attack (F�) given in Table 3, it
becomes clear that radical and electrophilic attack would be initi-
ated at the carbonyl group, since the carbonyl oxygen has the high-
est values for both functions. Interestingly, the computational
results support the degradation mechanism involving ‘‘hydroxyla-
tion and subsequent cleavage of the bond between nitrogen and
carbon from the carbonyl group”.
3.10. Reusability

The stability and reusability study of the photocatalyst film over
the degradation of acetaminophen was ascertained by using
10 mg/L of acetaminophen at the natural pH of 7.8 for 420 mins
of irradiation. The catalyst was washed with distilled water after
each degradation run before a new acetaminophen solution was
introduced into the reactor. Fig. 15 shows that the photocatalyst
film was stable for 5 runs with comparable degradation efficiency
before a slight drop in efficiency on the 6th run. This was so even as
the weight of the film was not compromised, which serves as a
confirmation of the strong attachment of the TiO2 to the polymer
via hydrogen bonding, thus, the films are germane for a possible
process scale-up.
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4. Conclusion

In this study, TiO2-PES photocatalyst films prepared via phase
inversion technique has been shown to degrade acetaminophen
(10 mg/L), a stable and non-biodegradable active pharmaceutical
ingredient. Due to reactor configuration, a maximum of four
TiO2-PES 14 wt% photocatalyst films were used which gave the
highest degradation efficiency of 80% at pH 7.8. Overall, pH plays
an important role in the degradation process; a slightly basic pH
was more favourable for the photocatalytic degradation. The main
reactive oxidant species were found to be holes (h+) due to the con-
siderable inhibition on the degradation of acetaminophen using
EDTA, which may react with H2O to form �OH. LC-MS analysis
result pointed to the formation of degradation products such as
p-aminophenol, and benzoquinone. These compounds formed
were suggestive of successive hydroxylation and consequent scis-
sion of the benzene ring of acetaminophen. This position was fur-
ther reinforced by our quantum chemical computation results. The
mechanism of the photocatalytic degradation of acetaminophen
was proposed which involves in situ formation of highly active
radical species as a result of the interaction of TiO2-PES and UV
light. The reusability study shows the photocatalyst films
remained stable and only dipped at the sixth photocatalytic run.
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