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ab s t r ac t
Paracetamol has been remarked as one of the most heavily used and prescribed drugs nowadays. 
The presence of paracetamol in the sewage effluent with the average concentration of 0.01 mg/L 
has been reported in this paper. This study investigated the removal of paracetamol from syn-
thetic pharmaceutical wastewater using titanium dioxide (TiO2) photocatalysis treatment method 
under natural solar irradiation. Compound parabolic collecting reactor was used as a treatment 
medium. The effect of each variable (pH, concentration of TiO2 and initial concentration of parac-
etamol) on the photocatalytic degradation efficiency of paracetamol was investigated by using the 
single-variable-at-a-time method. Central composite design based on the response surface methodol-
ogy was used to optimize TiO2 and paracetamol concentrations. Experimental results and analysis of 
variance analysis showed that the model was significant with the high coefficient of determination (R2) 
of 0.9883. The optimum conditions of 1.0 g/L of TiO2 concentration and 0.06 g/L of paracetamol initial 
concentration were predicted for the maximum removal efficiency of 88%. Finally, the performance of 
UV lamp and natural sunlight in the photocatalytic degradation of paracetamol was compared and 
discussed in detail. The in situ experimental results in this study have proven the reliability of the solar 
operation on the photocatalysis treatment process.
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1. Introduction

One of the most rising issues in the global concern is the 
occurrence of the pharmaceutical compounds in the aquatic 
environment. Various types of pharmaceuticals have been 
detected in the water compartments such as surface water, 
groundwater, effluents of sewage treatment plant, seawater 
and even in drinking water [1–4].

There are two main problems which contribute to the 
increment of pharmaceutical compounds in the natural 

water sources. The first problem is the malfunction of the 
conventional wastewater treatment system in removing 
the retained pharmaceutical compounds. Most of the 
pharmaceutical compounds are found to be polar, 
predominantly water soluble in nature, chemically stable 
in water, not photodegradable, hydrolysis resistant, neither 
volatile nor biodegradable [5–8]. Besides, they are lipophilic, 
biologically active and persistent, to maintain their 
therapeutic activity until the specific physiological function 
(on both human and animals) has been performed [9–12]. 
The aforementioned properties enable them to release from 
the sedimentation and biological treatment processes in the 
sewage treatment plants [13].
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The other problem is the lack of baseline data regarding 
the occurrence of pharmaceutical compounds in the aquatic 
environment. Pharmaceutical pollution has not been given a 
significant attention despite pharmaceutical is increasingly 
and extensively applied for different purposes throughout 
the world. Ignorance of this matter is due to the fact that 
pharmaceutical products are not regulated as environmental 
pollutants and not listed as pollutants in the World Health 
Organization (WHO) guidelines for drinking water quality 
[14]. This, in turn, prohibits the evaluation of public exposure 
and the subsequent effects [15–17].

Among the pharmaceutical compounds, paracetamol 
(acetaminophen) receives the major concern due to its high 
global consumption rate and wide-spread nature in the 
aquatic environment [18,19]. Throughout the years, the 
treatment processes of photolysis, sorption, hydrolysis, 
biodegradation, ozonation and H2O2 photolysis have been 
applied for the elimination of paracetamol [20–23]. Results 
showed that these methods may remove the parent com-
pound of paracetamol, but none of them are able to attain the 
complete mineralization of intermediates which are generated 
during the treatment process [24,25]. In recent years, plenty 
of the biorecalcitrant pollutants including some of the phar-
maceutical compounds have been successfully eliminated by 
using heterogeneous-photocatalytic treatment method. This 
treatment method is one of the most promising advanced oxi-
dation processes, which is able to destruct the organic pol-
lutants and achieve the complete mineralization without any 
residual left at the end of the treatment process [26–29].

To date, heterogeneous-photocatalytic treatment pro-
cess often associated with the application of commercial UV 
lamp or solar simulator as the UV source [9,12,30–33]. Zhang 
et al. [9] have conducted the photocatalytic degradation of 
paracetamol under a 250 W metal halide lamp. About 95% 
of paracetamol was decomposed under the treatment con-
ditions of 1 g/L of titanium dioxide (TiO2) concentration, 
100 μmol/L of paracetamol initial concentration as well as 
100 min of UV irradiation. In addition, Aguilar et al. [12] 
applied the long-wave UV–Vis lamps (λmax = 365 nm, Cole-
Parmer E-09815-55) to initiate the photocatalytic degradation 
process of paracetamol. 100% of paracetamol removal effi-
ciency was achieved under the treatment conditions of 2 g/L 
of TiO2 concentration, 120 mg/L of paracetamol initial con-
centration as well as 300 min of UV irradiation. Lately, Rytwo 
et al. [33] carried out the photocatalysis experimental work 
by using a continuous-flow device which was equipped with 
four 8-W RMR-1849/253.7 nm lamps. Based on their study, 
2 ppm of paracetamol was completely removed within 1 h of 
UV irradiation in the presence of TiO2. So far, there are only 
two studies conducting the TiO2 photocatalysis treatment 
process of paracetamol under the natural sunlight irradiation 
[34,35]. Yet, both of these studies focused more on the prepa-
ration of immobilized TiO2 and its performance (in terms of 
photocatalytic activity, stability and reusability). Notably, 
there is a lacking part regarding the performance of natural 
sunlight in the photocatalysis degradation process although 
it has been introduced as a promising alternative UV source 
[11,29,36]. Besides, Spasiano et al. [37] had mentioned that 
the lack of “in situ” experiments on the long-term reliability 
of solar operation is one of the barriers, which needs to be 
overcome in the near future.

In the present study, characterization towards the efflu-
ent from a selected hospital sewage treatment plant located 
at the north-east of Peninsular Malaysia was first done, tak-
ing into account the macro-pollutants and micro-pollutants. 
Next, experiments were conducted to investigate the effects 
of the variables (pH, concentration of TiO2 and initial concen-
tration of paracetamol) on the photocatalytic degradation of 
paracetamol under the natural sunlight irradiation. In the last 
stage of the study, optimization process was conducted using 
the central composite design (CCD) based on the response 
surface methodology (RSM), followed by the comparison 
of performance between the UV lamp (previous studies 
[9,12,30,35,38,39]) and natural sunlight (present study) in the 
photocatalytic degradation of paracetamol.

2. Materials and methods

2.1. Wastewater sampling and characterization

Wastewater sampling was conducted to determine the 
baseline data regarding the concentration of paracetamol in 
the sewage effluent and to prove the ineffectiveness of the con-
ventional treatment plant in removing the micro-pollutants. 
Samples were collected from the outlet point of the selected 
hospital sewage treatment plant. This sewage treatment plant 
is designed to cater 5,000 population equivalent. The existing 
treatments in the treatment plant are aeration and sedimenta-
tion. Grab samples were collected at 8 am and 6 pm, for two 
consecutive days. The sampling, preservation and analysis of 
wastewater samples were conducted according to the stan-
dard methods for the examination of water and wastewater 
provided by APHA et al. [40].

2.2. Equipment (photoreactor)

Photoreactor is a specific device which plays an important 
role in the solar photocatalytic treatment process. Photoreactor 
can efficiently bring solar photons and chemical reagents into 
contact with the photocatalyst such as TiO2. It also generates a 
continuous circulation of flow to create a good homogeneous 
concentration and suspension of TiO2 throughout the vol-
ume. Unlike the classic chemical reactors, photoreactors are 
more concerned on the physical geometry to collect the solar 
radiation effectively for the optimal photocatalytic treatment 
process. In this regard, compound parabolic collecting reac-
tor (CPCR) is often recognized as a better option among the 
available photoreactors (such as parabolic trough reactor and 
thin-film fixed-bed reactor). This is mainly due to its geomet-
ric design of the platform which is able to concentrate both 
direct and diffuse solar radiation to the reactor tube as illus-
trated in Fig. 1 [41]. This subsequently maximizes the usage of 
solar radiation for the photocatalytic activity.

Fig. 2 shows the schematic diagram of the CPCR applied 
in this study. This CPCR was modified from the original CPCR 
at the Plataforma Solar de Almeria in Spain (PSA), manufac-
tured by Industrial Solar Technology Corporation, Denver, 
Colorado (USA) [26]. Basically, the CPCR was modified in 
terms of the number of compartments and the arrangement 
of the main components. The original and modified CPCR 
composed of eight and four similar connected compart-
ments, respectively. Unlike the original CPCR, all the main 
components (such as the water tank, water pump, flow rate 
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controller, reactor tube, reflector, etc.) were equipped within 
the modified CPCR. It is noticeable in Fig. 2 that the CPCR 
composed of two major parts: the stand and the platform, 
where the platform was equipped with an angle adjuster for 
the gradient adjustment. In addition, each of the compart-
ments in the CPCRs platform consisted of reflector and reac-
tor tube. The reflector made from polished aluminium was 
high in UV–solar reflectivity to concentrate the UV radiation 
to the reactor tube. As for the reactor tube, it was made from 
polyvinylidene fluoride with the thickness of approximately 
2 mm. This material was capable of withstanding harsh ther-
mal, chemical and ultraviolet conditions, as well as transpar-
ent to UV for the excitation of TiO2. During the photocatalysis 
treatment process, CPCR was placed at the open space and 
the platform was adjusted to 37° to maximize the illumina-
tion of sunlight.

2.3. Photocatalytic procedure

In this study, synthetic pharmaceutical wastewater was 
applied in the TiO2 photocatalysis treatment process. All 
chemicals used for the preparation of synthetic wastewater 
were of analytical grade: the commercial Panadol (containing 
500 mg of paracetamol per tablet) and TiO2 powder (uncoated 
anatase form with particle size of 0.15 μm, supplied by R & M 
Chemicals Essex, UK). For each run, 15 L of TiO2 suspension 
(a mixture of deionized water, paracetamol and TiO2) was 
freshly prepared. The pH of the suspension was adjusted 
by using 3 M of NaOH and H2SO4 solution. By utilizing MS 
Horizontal Centrifugal Pump, the TiO2 suspension was con-
tinuously circulated between the water tank and reactor tube 

of the CPCR at a constant flow rate of 40 L/min, to prevent 
the deposition of particles in the hydraulic circuit. Based on 
the trial experimental runs (results on this part were not dis-
cussed), the suitable sunlight exposure period was 6 h (from 
10 am to 4 pm, with the peak UV intensity ranging from 500 
to 4,000 μW/cm2), in order to achieve the maximum degrada-
tion of paracetamol. The treated solution was channeled into 
a sedimentation tank to allow the suspended TiO2 particles to 
settle down. The supernatant in the sedimentation tank was 
collected on the next day. Both of the untreated and treated 
samples were analyzed by using high-performance liquid 
chromatography (HPLC, Agilent Technologies, Series 1200) 
which associated with a UV-diode array detector to quantify 
the initial and final concentrations of paracetamol. The pho-
tocatalytic degradation efficiency was evaluated based on the 
removal percentage of paracetamol as shown in Eq. (1):

Removal efficiency (%) = (Co – Ce)/Co × 100%� (1)

where Co and Ce are the initial and final concentrations of 
paracetamol (g/L), respectively.

2.4. Preliminary study

During the preliminary study, the effects of the selected 
variables (pH, concentration of TiO2 and initial concentration 
of paracetamol) on the photocatalytic degradation of 
paracetamol were studied independently through the 
single-variable-at-a-time method. The ranges for these 
selected variables are shown in Table 1.

2.5. Batch study

A multivariable experimental design was done by CCD 
based on RSM in the Design-Expert software (Version 6.0.6, 
Stat Ease, Inc., MN, USA) to determine the interaction effects 
of the selected variables on the photocatalytic degradation of 
paracetamol [42]. Among the selected variables, only TiO2 and 
paracetamol concentrations (1–2 g/L and 0.02–0.08 g/L, respec-
tively) were applied for the multivariable experimental design. 
pH adjustment for the sample was not carried out in this stage 
of study because the natural pH of the suspension was favour-
able for the treatment process (as explained in the preliminary 
study). Besides, De la Cruz et al. [43] had mentioned that the 
acidification and neutralization of a large amount of waste-
water were not practical, thus should be avoided in the real 
large-scale wastewater treatment application. In this study, 
13 experimental runs were involved and the experimental 
results were analyzed systematically by using the ANOVA 
analysis. In the optimization process, numerical optimization 
was used to determine the maximum removal of paracetamol 

Fig. 1. Behaviour of solar radiation on a reflector of CPCR [37].

Fig. 2. Schematic diagram of CPCR. (a) Water tank; (b) control 
valve; (c) water pump; (d) flow rate controller; (e) angle adjuster; 
(f) reactor tube; (g) reflector and (h) sampling point.

Table 1
Selected variables with their respective range of study

Variable Range Interval

pH 5 and 11 –
TiO2 concentration, g/L 0.5–3.0 0.5
Initial concentration of 
paracetamol, g/L

0.02–0.20 0.02
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with the minimum usage of TiO2 and the maximum initial 
concentration of paracetamol. The experimental result was 
compared with the predicted value to determine their correla-
tion as well as the reliability of the model. 

3. Results and discussion

3.1. Sampling and characterization of hospital sewage

Table 2 shows the characteristics of effluent from the hos-
pital sewage treatment plant. As presented in Table 2, it is 
noticeable that the conventional parameters of the effluent 
such as COD, pH and temperature were under the acceptable 
conditions of sewage discharge of Standard B, in the Second 
schedule of Environment Quality (Sewage) Regulations, 2009 
(as stated in DOE [44]). 

Next, paracetamol with the average concentration 
of 0.01 mg/L has been detected in the effluent samples. This 
detected paracetamol concentration (mg/L) was found to be 
higher as compared with the previously detected concentra-
tions (μg/L) in other countries [45]. As mentioned by Gómez 
et al. [46], the high concentration of paracetamol is not sur-
prising as this pharmaceutical is extensively applied in the 
hospital. Besides, different production and usage patterns 
of pharmaceuticals in different countries may contribute 
to the different distribution tendencies in wastewater [15]. 
Overall, the results in Table 2 have proven that the conven-
tional sewage treatment plant was effective to degrade the 
conventional parameters to the acceptable conditions. Yet, 
it was unable to remove the micro-pollutants such as parac-
etamol [47,48].

3.2. Preliminary study

3.2.1. Effect of pH

As mentioned by Dalrymple et al. [49], pH is able to affect 
the surface charge of the compound. Therefore, it exerts a 
significant impact on the adsorption of substrate onto the 
surface of catalyst, thereby the degradation efficiency. Fig. 3 
illustrates the surface charges of paracetamol and TiO2 at dif-
ferent pH levels. As shown in Fig. 3, TiO2 has a point of zero 
charge at pH 6.3, where it is positively charged at pH < 6.3 
and becomes negatively charged at pH > 6.3; whereby parac-
etamol possesses a pKa value of 9.5, where it is neutrally 

charged at pH < 9.5 and negatively charged at pH > 9.5 
[19,23,35]. 

In this study, the effect of pH was studied based on the 
different surface charges of paracetamol since the substrate 
exhibited the similar adsorption behaviour on the surface of 
catalyst when it was under the same surface charge. For the 
neutrally charged zone, the natural pH of the suspension (pH 
= 5.0 ± 0.1) was selected; whereby pH 11 was chosen for the 
negatively charged zone. 

Fig. 4 illustrates the effect of pH on the photocatalytic deg-
radation of paracetamol. As shown in Fig. 4, the degradation 
of paracetamol was more favourable at the neutrally charged 
zone. This can be explained that at pH < 9.5, no electrostatic 
interaction occurred between the neutrally charged parac-
etamol and negatively charged TiO2. Meanwhile, the amount 
of hydroxyl ions on the surface of TiO2 increased with the pH 
of the suspension up to pH 9.5, subsequently contributing to 
a higher formation rate of hydroxyl radical for the degrada-
tion of paracetamol [19,30]. At the higher pH of > 9.5, both the 
surfaces of paracetamol and TiO2 were negatively charged, 
causing the development of electrostatic repulsive force that 
significantly reduced the degradation of paracetamol [9,35,50]. 
Besides, the formation of superoxide radical anion may also 
be suppressed due to the oxygen reduction by the electron 
was being inhibited [30]. Overall, the experimental results 
showed that the neutrally charged surface of paracetamol can 
yield a better degradation efficiency of paracetamol.

3.2.2. Effect of TiO2 concentration

Fig. 5 shows the effect of TiO2 concentration on the 
photocatalytic degradation of paracetamol. It is noticeable 

Table 2 
Characteristics of effluent from the hospital sewage treatment 
plant

Conventional parameter Average 
concentration

Standarda

A B

COD, mg/L 94 50 100
pH 6.9 6–9 5.5–9
Temperature, °C 33 40 40
TSS, mg/L 114 –
Turbidity, NTU 33 –
Pharmaceutical
Paracetamol, mg/L 0.01 –

aStandard – Environmental Quality (Sewage) Regulations, 2009.

pH
3 4 5 6 7 8 9 10 11

Paracetamol (pKa value = 9.5)

TiO2 (point of zero charge = 6.3)

 negatively charged 

at pH > 9.5 

neutrally charged 

at pH < 9.5

 positively charged 

at pH < 6.3

 negatively charged 

at pH > 6.3 

Fig. 3. Surface charges of paracetamol and TiO2 at different pH 
levels.

Fig. 4. Effect of pH on the photocatalytic degradation of 
paracetamol (initial concentration of paracetamol = 0.1 g/L, 
concentration of TiO2 = 1.5 g/L, sunlight exposure period = 6 h).
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in Fig. 5 that the degradation efficiency of paracetamol 
increased with the TiO2 concentration from 0.5 to 1.5 g/L. 
This may due to the higher availability of catalyst active sites 
that has promoted the formation of hydroxyl radicals which 
take part in the degradation process [9]. The paracetamol 
degradation efficiency reached a plateau at the TiO2 concen-
tration of 1.5 g/L. Beyond the optimum TiO2 concentration of 
1.5 g/L, a decreasing tendency of degradation efficiency was 
observed. According to Dalrymple et al. [49], Yang et al. [30] 
and Borges et al. [19], this decrement is attributed to the 
superfluous of catalyst that may induce three main unfa-
vourable conditions:

•	 Agglomeration and sedimentation of TiO2 particles; this 
will cause the decrement of available catalyst surface 
which is able to absorb the photons for the generation of 
reactive oxygen species (ROSs).

•	 High turbidity of TiO2 suspension; this will cause the 
increment of opacity and reduction of light transmissivity 
of the TiO2 suspension.

•	 Deactivation of the originally activated TiO2; at a higher 
photocatalyst loading, the ground-state catalyst may 
deactivate the originally activated TiO2 by collision. 

3.2.3. Effect of initial concentration of paracetamol

Fig. 6 displays the effect of paracetamol initial concen-
tration on the photocatalytic degradation efficiency. As 
shown in Fig. 6, the initial concentration of paracetamol 
under 0.04 g/L was able to attain the 100% removal effi-
ciency. This is because, at a lower initial concentration of 
paracetamol, TiO2 may provide a higher amount of active 
sites to receive a larger amount of photons as well as in con-
tact with the substrates [51]. At a higher initial concentra-
tion of paracetamol (>0.04 g/L), a decrement tendency on 
the paracetamol removal efficiency was observed due to 
some unfavourable conditions. First, a higher initial con-
centration of paracetamol may occupy the active surfaces 
of a large number of TiO2 particles, where the generation of 
ROSs will be suppressed. Besides, a higher initial concen-
tration of paracetamol will absorb more photons and cause 
the shortage of available photons for the activation of TiO2 
particles [30]. 

3.3. Batch study

3.3.1. ANOVA analysis

Table 3 tabulates the experimental data in CCD for the 
photocatalytic degradation of paracetamol. A quadratic 
equation (as shown in Eq. (2)) of the model for paracetamol 
removal efficiency was formed as a function of the indepen-
dent variables to identify the highest removal efficiency of 
paracetamol:

Y = 96.14 + 2.50*A – 15.17*B – 1.98*A2 – 9.98*B2 + 3.25*A*B 
� (2)

where Y, A and B symbolize the response value (%), the 
concentration of TiO2 (g/L) and the initial concentration of 
paracetamol (g/L), respectively.

Fig. 7 illustrates the plot of predicted (Ycal) vs. actual 
values (Yexp). The straight line represents the predicted values 

Fig. 5. Effect of TiO2 concentration on the photocatalytic 
degradation of paracetamol (initial concentration of 
paracetamol = 0.1 g/L, pH = natural pH of suspension 
[pH = 5.0 ± 0.1], sunlight exposure period = 6 h).

Fig. 6. Effect of paracetamol initial concentration on the 
photocatalytic degradation of paracetamol (TiO2 concentration = 
1.5 g/L, pH = natural pH of suspension [pH = 5.0 ± 0.1], sunlight 
exposure period = 6 h).

Table 3
Experimental data in CCD for the photocatalytic degradation of 
paracetamol (sunlight exposure period = 6 h and pH = natural 
pH of suspension, pH = 5.0 ± 0.1)

A Concentration of 
TiO2 (g/L)

B Concentration of 
paracetamol (g/L)

Yexp (%) Ycal (%)

2.00 0.05 95 96.66
1.00 0.08 62 63.26
1.50 0.02 100 101.32
1.50 0.05 95 96.14
1.50 0.05 95 96.14
1.50 0.08 72 70.99
2.00 0.02 100 98.59
1.00 0.02 100 100.09
2.00 0.08 75 74.76
1.50 0.05 98 96.14
1.00 0.05 93 91.66
1.50 0.05 98 96.14
1.50 0.05 95 96.14
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which are calculated through the approximating functions 
employed for the model, whereas the points are referred to 
the actual values which are obtained from the experimental 
study. As illustrated in Fig. 7, a good correlation between the 
actual and predicted values can be observed since the points 
were located near to the straight line. Besides, this good cor-
relation can also be proven through the coefficient of deter-
mination (R2), which is a measure of the degree of fit. The R2 

value of 0.9883 for the paracetamol removal efficiency was 
close to 1, indicating that the model fitted well with the actual 
experimental data.

According to the ANOVA analysis, the probability value 
(P value) was smaller than 0.05, indicating that the specific 
model term was significant. Table 4 presents the P values for 
the different variables. Based on Table 4, the variables A, B, B2 
and AB significantly affected the response factor. The model 
term of “Lack of Fit” was found to be insignificant. However, 
the insignificance of this model term was good as it indicated 
that the model was fit.

3D surface response and contour plots as shown in Fig. 8 
were used to identify the interactive relationship between 
the independent variables and the response. It is noticeable 
in Fig. 8 that the highest removal efficiency of paracetamol 
occurred at a lower initial concentration of paracetamol, 
regardless the concentration of TiO2. There was no significant 
difference in terms of removal efficiency at the initial con-
centration of paracetamol from 0.02 to 0.04 g/L. As the initial 

concentration of paracetamol increased from 0.04 to 0.08 g/L, 
the removal efficiency of paracetamol reduced dramatically. 
On the other hand, the removal efficiency of paracetamol 
increased slightly with the increase of TiO2 concentration, 
regardless of the initial concentration of paracetamol. This 
was followed by a slight drop in the removal percentage of 
paracetamol when the concentration of TiO2 was beyond 
1.75 g/L. As displayed in Fig. 8, the highest removal per-
centage of paracetamol was about 100% under the treatment 
conditions of 0.04 g/L of initial concentration of paracetamol 
and 1.70 g/L of TiO2 concentration. In short, the increment 
and decrement patterns of paracetamol removal efficiency in 
this experimental study have proven that the concentrations 
of TiO2 and paracetamol were greatly affecting the response. 
Next, optimization was conducted to determine the highest 
removal efficiency of paracetamol with the minimum usage 
of TiO2. 

3.3.2. Optimization of the operating parameters and 
comparison study

Table 5 presents the variables and their desired goals 
for optimizing the paracetamol removal efficiency. Based 
on the criteria in Table 5, the software has suggested the 
following optimal conditions: 1.0 g/L of TiO2 concentration 
and 0.06 g/L of paracetamol initial concentration with the 
predicted removal efficiency of 88%. The sunlight exposure 
period was fixed to 6 h and without pH adjustment. Here, 
82% of paracetamol removal efficiency was achieved under 

Fig. 7. Plot of predicted vs. actual values for the removal of 
paracetamol.

Table 4
P values for different variables

Term Variable P value

TiO2 concentration A 0.0104
Paracetamol concentration B <0.0001
Paracetamol concentration × paracetamol 
concentration

B2 <0.0001

TiO2 concentration × paracetamol 
concentration

AB 0.0078

Lack of fit 0.3760

Fig. 8. 3D surface response and contour plots.

Table 5
Variables and their respective desired goal for optimizing the 
paracetamol removal efficiency

Variable Goal Lower limit Upper limit

Concentration 
of TiO2

Minimum 1 2

Concentration 
of paracetamol

Maximum 0.02 0.08

Removal of 
paracetamol 

Maximum 62 100
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these suggested optimal conditions. The excellent correlation 
between the predicted and experimental values provided 
confidence in the model. In the present study, the achieved 
removal efficiency of 82% (equivalent to 0.049 g/L) is believed 
to be sufficient for the actual treatment process. In other 
words, the degradation of paracetamol in the real situation 
is likely to occur rapidly since the concentration of parac-
etamol detected in the sewage effluent (around 0.01 mg/L as 
discussed in section 3.1) is far lower than that in this study.

Table 6 summarizes the recent heterogeneous photocat-
alytic studies of paracetamol using UV lamp and natural 
sunlight irradiation. The performance of these UV sources 
was evaluated based on the removal rate of paracetamol 
(g/L/min). As shown in Table 6, the first column tabulates 
the types of reactors and light sources applied in each study, 
while the second and third columns present the treatment 
conditions and removal efficiency of paracetamol, respec-
tively. It is noticeable in Table 6 that some of the previous 
studies attained higher paracetamol removal rates as com-
pared with the present study which was 0.00014 g/L/min. 
These better achievements (0.00022–0.00042 g/L/min) might 
be due to the high and constant UV intensity supplied by the 
UV lamp, higher concentration of TiO2 as well as the design 
and geometry of different photoreactors which, in turn, 

provide a higher amount of photons for the photocatalytic 
activity [12,30,35,38]. 

Nevertheless, the UV radiation from the natural 
sunlight, which composed of a wider solar spectrum 
(λ = 290–390 nm) and UV intensity (500–4,000 μW/cm2) have 
also been used with much success for the photocatalytic 
degradation of paracetamol. For example, Jallouli et al. [35] 
applied both UV sources in the photocatalytic degradation 
of paracetamol. In their study, 0.00024 and 0.00022 g/L/min 
of paracetamol removal rates were attained under the UV 
lamp and natural sunlight irradiation, respectively. Besides, 
the present study has achieved the degradation rate 
(0.00014 g/L/min) as similar as Zhang et al. [9] under the 
similar treatment conditions (in terms of TiO2 concentration 
and without pH adjustment for the solution) but different 
UV sources irradiation. The excellent performance of natu-
ral sunlight can be further proven when the present study 
achieved a higher paracetamol removal rate as compared 
with Lin et al. [39] (0.000025 g/L/min), which applied the 
similar concentration of TiO2, but under a longer treatment 
period. Based on these findings, it can be observed that both 
UV sources were suitable to be applied for the excitation of 
TiO2 since no significant difference was observed in terms of 
their removal rates.

Table 6
Summary of heterogeneous photocatalytic studies on paracetamol

(a) Reactor
(b) Light source

Remark Reference
Treatment conditions (a) Removal efficiency of 

paracetamol
(b) Removal rate

(a) Photochemical reactor
(b) Metal halide lamp (λ ≥ 365 nm)

•	TiO2 concentration = 1.00 g/L
•	 �pH = 6.9, natural pH of the 

suspension
•	Irradiation period = 100 min

(a) About 95% of 0.015 g/L of 
paracetamol 
(b) 0.00014 g/L/min

[9]

(a) Annular cylindrical reactor (with a 
quartz sleeve)
(b) Black light blue UVA lamp (λ = 365 nm), 
UVC lamp (λ = 254 nm)

•	TiO2 concentration = 0.4 g/L
•	Irradiation period = 80 min

(a) More than 95% of 0.3 g/L of 
paracetamol
(b) 0.0036 g/L/min

[30]

(a) Pyrex glass tube reactor
(b) Long-wave UV–Vis lamp (λmax = 365 nm)

•	TiO2 concentration = 2.00 g/L
•	Irradiation period = 120 min

(a) 0.04 g/L of paracetamol
(b) 0.00033 g/L/min

[12]

(a) Annular cylindrical reactor (with a 
quartz tube)
(b) UV light (λmax = 365 nm)

•	TiO2 concentration = 2.00 g/L
•	Irradiation period = 240 min

(a) 0.1 g/L of paracetamol
(b) 0.00042 g/L/min

[38]

(a) Batch reactor (with magnetic stirrer, 
pH meter and thermometer)
(b) Blue LED lamps (λ = 440–490 nm)

•	 �K3[Fe(CN)6]-modified TiO2 

concentration = 1.00 g/L
•	pH = 6.94
•	Irradiation period = 540 min

(a) 91.06% of 0.015 g/L of 
paracetamol
(b) 0.000025 g/L/min

[39]

(a) Cylindrical photoreactor
(b) Low-pressure mercury lamp
(λ = 200–280 nm)

(a) Batch mode plate photoreactor
(b) Sunlight 

•	TiO2 concentration = 0.4 g/L
•	Irradiation period = 150 min

•	Immobilized TiO2

•	Irradiation period = 150 min

(a) More than 90% of 0.04 g/L of 
paracetamol 
(b) 0.00024 g/L/min

(a) More than 83% of 0.04 g/L of 
paracetamol 
(b) 0.00022 g/L/min

[35]
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4. Conclusion

In the present study, sewage effluent characterization 
has proven that the conventional wastewater treatment 
plant was effective to degrade the conventional parame-
ters to the acceptable conditions, but it unable to remove 
the paracetamol compounds appeared in the sewage 
treatment plant. Next, the removal of paracetamol from 
the synthetic pharmaceutical wastewater by using the 
solar photocatalyst has been investigated in this study. 
Based on the experimental results, the pH, concentration 
of TiO2 and initial concentration of paracetamol greatly 
affected the photocatalytic degradation efficiency of 
paracetamol. Around 82% of paracetamol removal effi-
ciency was attained under the suggested optimum con-
ditions of 1.0 g/L of TiO2 concentration and 0.06 g/L of 
initial concentration of paracetamol. Overall, results 
showed that both UV sources (UV lamp and natural sun-
light) were suitable to be applied in the photocatalytic 
degradation process as their effectiveness in initiating 
the TiO2 photocatalysis treatment process were compara-
ble. In conclusion, the photocatalysis treatment process 
under the natural sunlight irradiation has the potential 
to be a sustainable and eco-friendly treatment method to 
remove the pharmaceuticals retained in the various water 
compartments.

Acknowledgements

The authors would like to acknowledge Ministry of 
Higher Education (MOHE) for funding this project under 
grant Fundamental Research Grant Scheme (FRGS); Grant 
number: 203/PAWAM/6071256 as well as the support of 
Universiti Sains Malaysia (USM) Fellowship.

References
[1]	 K. Kümmerer, Antibiotics in the aquatic environment – a review 

– part I, Chemosphere, 75 (2009) 417–434.
[2]	 D. Nasuhoglu, V. Yargeau, D. Berk, Photo-removal of 

sulfamethoxazole (SMX) by photolytic and photocatalytic 
processes in a batch reactor under UV-C radiation (λ max = 
254nm), J. Hazard. Mater., 186 (2011) 67–75.

[3]	 J. Choina, H. Kosslick, C. Fischer, G.-U. Flechsig, L. Frunza, 
A. Schulz, Photocatalytic decomposition of pharmaceutical 
ibuprofen pollutions in water over titania catalyst, Appl. Catal., 
B, 129 (2013) 589–598.

[4]	 O. Cardoso, J.-M. Porcher, W. Sanchez, Factory-discharged 
pharmaceuticals could be a relevant source of aquatic 
environment contamination: review of evidence and need for 
knowledge, Chemosphere, 115 (2014) 20–30.

[5]	 L. Pérez-Estrada, M. Maldonado, W. Gernjak, A. Agüera, A. 
Fernández-Alba, M. Ballesteros, S. Malato, Decomposition of 
diclofenac by solar driven photocatalysis at pilot plant scale, 
Catal. Today, 101 (2005) 219–226.

[6]	 M. Abellán, B. Bayarri, J. Giménez, J. Costa, Photocatalytic 
degradation of sulfamethoxazole in aqueous suspension of 
TiO2, Appl. Catal., B, 74 (2007) 233–241.

[7]	 V. Sakkas, P. Calza, C. Medana, A. Villioti, C. Baiocchi, E. 
Pelizzetti, T. Albanis, Heterogeneous photocatalytic degradation 
of the pharmaceutical agent salbutamol in aqueous titanium 
dioxide suspensions, Appl. Catal., B, 77 (2007) 135–144.

[8]	 S. Stoner, K. Kosinski, Pharmaceuticals as Emerging 
Contaminants: A Rationale for Reduction in New York State’s 
Waters, 2008, pp. 1–9. Available at: http://www.dec.ny.gov/
docs/water_pdf/drugbkgrd_.pdf (Accessed 24 March 2015).

[9]	 X. Zhang, F. Wu, X. Wu, P. Chen, N. Deng, Photodegradation of 
acetaminophen in TiO2 suspended solution, J. Hazard. Mater., 
157 (2008) 300–307.

[10]	 S. Suarez, J.M. Lema, F. Omil, Pre-treatment of hospital 
wastewater by coagulation–flocculation and flotation, 
Bioresour. Technol., 100 (2009) 2138–2146.

[11]	 A. Achilleos, E. Hapeshi, N. Xekoukoulotakis, D. Mantzavinos, 
D. Fatta-Kassinos, UV-A and solar photodegradation of 
ibuprofen and carbamazepine catalyzed by TiO2, Sep. Sci. 
Technol., 45 (2010) 1564–1570.

[12]	 C. Aguilar, C. Montalvo, J. Ceron, E. Moctezuma, Photocatalytic 
degradation of acetaminophen, Int. J. Environ. Res., 5 (2011) 
1071–1078.

[13]	 D. Bendz, N.A. Paxeus, T.R. Ginn, F.J. Loge, Occurrence and fate 
of pharmaceutically active compounds in the environment, a 
case study: Höje River in Sweden, J. Hazard. Mater., 122 (2005) 
195–204.

[14]	 N.A. Al-Odaini, M.P. Zakaria, M.I. Yaziz, S. Surif, M. 
Abdulghani, The occurrence of human pharmaceuticals in 
wastewater effluents and surface water of Langat River and 
its tributaries, Malaysia, Int. J. Environ. Anal. Chem., 93 (2013) 
245–264.

[15]	 W.-J. Sim, J.-W. Lee, E.-S. Lee, S.-K. Shin, S.-R. Hwang, J.-E. Oh, 
Occurrence and distribution of pharmaceuticals in wastewater 
from households, livestock farms, hospitals and pharmaceutical 
manufactures, Chemosphere, 82 (2011) 179–186.

[16]	 D. Taylor, T. Senac, Human pharmaceutical products in the 
environment–the “problem” in perspective, Chemosphere, 115 
(2014) 95–99.

[17]	 L. Arpin-Pont, M.J.M. Bueno, E. Gomez, H. Fenet, Occurrence 
of PPCPs in the marine environment: a review, Environ. Sci. 
Pollut. Res., 23 (2016) 4978–4991.

[18]	 J. Hu, L.L. Zhang, J.M. Chen, Y. Liu, Degradation of paracetamol 
by Pseudomonas aeruginosa strain HJ1012, J. Environ. Sci. Health, 
Part A, 48 (2013) 791–799.

[19]	 M. Borges, D.M. García, T. Hernández, J.C. Ruiz-Morales, P. 
Esparza, Supported photocatalyst for removal of emerging 
contaminants from wastewater in a continuous packed-bed 
photoreactor configuration, Catalysts, 5 (2015) 77–87.

[20]	 D. Vogna, R. Marotta, A. Napolitano, M. d’Ischia, Advanced 
oxidation chemistry of paracetamol. UV/H2O2-induced 
hydroxylation/degradation pathways and 15N-aided inventory 
of nitrogenous breakdown products, J. Org. Chem., 67 (2002) 
6143–6151.

[21]	 M. Bedner, W.A. MacCrehan, Transformation of acetaminophen 
by chlorination produces the toxicants 1,4-benzoquinone and 
N-acetyl-p-benzoquinone imine, Environ. Sci. Technol., 40 
(2006) 516–522.

[22]	 I. Panorel, S. Preis, I. Kornev, H. Hatakka, M. Louhi-Kultanen, 
Oxidation of aqueous pharmaceuticals by pulsed corona 
discharge, Environ. Technol., 34 (2013) 923–930.

[23]	 S. Basha, D. Keane, K. Nolan, M. Oelgemöller, J. Lawler, J.M. 
Tobin, A. Morrissey, UV-induced photocatalytic degradation 
of aqueous acetaminophen: the role of adsorption and reaction 
kinetics, Environ. Sci. Pollut. Res., 22 (2015) 2219–2230.

[24]	 I. Gültekin, N.H. Ince, Synthetic endocrine disruptors in the 
environment and water remediation by advanced oxidation 
processes, J. Environ. Manage., 85 (2007) 816–832.

[25]	 E.S. Elmolla, M. Chaudhuri, Photocatalytic degradation of 
amoxicillin, ampicillin and cloxacillin antibiotics in aqueous 
solution using UV/TiO2 and UV/H2O2 TiO2 photocatalysis, 
Desalination, 252 (2010) 46–52.

[26]	 D. Bahnemann, Photocatalytic water treatment: solar energy 
applications, Sol. Energy, 77 (2004) 445–459.

[27]	 R.A. Al-Rasheed, Water Treatment by Heterogeneous 
Photocatalysis an Overview, Fourth SWCC Acquired Experience 
Symposium, Jeddah, 2005, pp. 1–14.

[28]	 G. Lofrano, L. Rizzo, M. Grassi, V. Belgiorno, Advanced 
oxidation of catechol: a comparison among photocatalysis, 
Fenton and photo-Fenton processes, Desalination, 249 (2009) 
878–883.

[29]	 M. Sharma, T. Jain, S. Singh, O. Pandey, Photocatalytic 
degradation of organic dyes under UV–visible light using 
capped ZnS nanoparticles, Sol. Energy, 86 (2012) 626–633.



349C.M. Lee et al. / Desalination and Water Treatment 78 (2017) 341–349

[30]	 L. Yang, E.Y. Liya, M.B. Ray, Degradation of paracetamol in 
aqueous solutions by TiO2 photocatalysis, Water Res., 42 (2008) 
3480–3488.

[31]	 M.L.P. Dalida, K.M.S. Amer, C.-C. Su, M.-C. Lu, Photocatalytic 
degradation of acetaminophen in modified TiO2 under visible 
irradiation, Environ. Sci. Pollut. Res., 21 (2014) 1208–1216.

[32]	 W.L. da Silva, M.A. Lansarin, P.R. Livotto, J.H.Z. dos Santos, 
Photocatalytic degradation of drugs by supported titania-based 
catalysts produced from petrochemical plant residue, Powder 
Technol., 279 (2015) 166–172.

[33]	 G. Rytwo, T. Klein, S. Margalit, O. Mor, A. Naftali, G. Daskal, 
A continuous-flow device for photocatalytic degradation and 
full mineralization of priority pollutants in water, Desal. Wat. 
Treat., 57 (2016) 16424–16434.

[34]	 M. Jiménez, M. Ignacio Maldonado, E.M. Rodríguez, A. 
Hernández‐Ramírez, E. Saggioro, I. Carra, J.A. Sánchez Pérez, 
Supported TiO2 solar photocatalysis at semi‐pilot scale: 
degradation of pesticides found in citrus processing industry 
wastewater, reactivity and influence of photogenerated species, 
J. Chem. Technol. Biotechnol., 90 (2015) 149–157.

[35]	 N. Jallouli, K. Elghniji, H. Trabelsi, M. Ksibi, Photocatalytic 
degradation of paracetamol on TiO2 nanoparticles and TiO2/
cellulosic fiber under UV and sunlight irradiation, Arabian J. 
Chem., 10 (2017) S3640–S3645.

[36]	 L. Ioannou, E. Hapeshi, M. Vasquez, D. Mantzavinos, D. Fatta-
Kassinos, Solar/TiO2 photocatalytic decomposition of beta-
blockers atenolol and propranolol in water and wastewater, Sol. 
Energy, 85 (2011) 1915–1926.

[37]	 D. Spasiano, R. Marotta, S. Malato, P. Fernandez-Ibanez, 
I. Di Somma, Solar photocatalysis: materials, reactors, 
some commercial, and pre-industrialized applications. A 
comprehensive approach, Appl. Catal., B, 170 (2015) 90–123.

[38]	 A. Desale, S. Kamble, M. Deosarkar, Photocatalytic degradation 
of paracetamol using degussa TiO2 photocatalyst, Int. J. Chem. 
Phys. Sci., 2 (2013) 140–148.

[39]	 J.C.T. Lin, M.D.G. de Luna, M.J.N. Gotostos, M.C. Lu, 
Optimization of visible-light photocatalytic degradation of 
acetaminophen by K3[Fe(CN)6]-modified TiO2, J. Taiwan Inst. 
Chem. Eng., 49 (2015) 129–135.

[40]	 APHA, AWWA, WEF, Standard Methods for the Examination 
of Water and Wastewater, 21st ed., American Public Health 
Association, Washington, D.C., USA, 2005.

[41]	 N. De la Cruz, R. Dantas, J. Giménez, S. Esplugas, Photolysis 
and TiO2 photocatalysis of the pharmaceutical propranolol: 
solar and artificial light, Appl. Catal., B, 130 (2013) 249–256.

[42]	 T. An, J. An, H. Yang, G. Li, H. Feng, X. Nie, Photocatalytic 
degradation kinetics and mechanism of antivirus drug-
lamivudine in TiO2 dispersion, J. Hazard. Mater., 197 (2011) 
229–236.

[43]	 N. De la Cruz, J. Giménez, S. Esplugas, D. Grandjean, L. 
De Alencastro, C. Pulgarin, Degradation of 32 emergent 
contaminants by UV and neutral photo-fenton in domestic 
wastewater effluent previously treated by activated sludge, 
Water Res., 46 (2012) 1947–1957.

[44]	 DOE, Environmental Quality (Sewage) Regulations 2009, 2010, 
1–82. Available at: http://www.doe.gov.my/eia/wp-content/
uploads/2012/03/A-Guide-For-Investors1.pdf (Accessed 1 May 
2015).

[45]	 S. Wu, L. Zhang, J. Chen, Paracetamol in the environment and its 
degradation by microorganisms, Appl. Microbiol. Biotechnol., 
96 (2012) 875–884.

[46]	 M.J. Gómez, M. Petrović, A.R. Fernández-Alba, D. Barceló, 
Determination of pharmaceuticals of various therapeutic classes 
by solid-phase extraction and liquid chromatography–tandem 
mass spectrometry analysis in hospital effluent wastewaters, J. 
Chromatogr., A, 1114 (2006) 224–233.

[47]	 A. Garcia-Rodríguez, V. Matamoros, C. Fontàs, V. Salvadó, The 
influence of light exposure, water quality and vegetation on the 
removal of sulfonamides and tetracyclines: a laboratory-scale 
study, Chemosphere, 90 (2013) 2297–2302.

[48]	 D. Kanakaraju, B.D. Glass, M. Oelgemöller, Titanium dioxide 
photocatalysis for pharmaceutical wastewater treatment, 
Environ. Chem. Lett., 12 (2014) 27–47.

[49]	 O.K. Dalrymple, D.H. Yeh, M.A. Trotz, Removing 
pharmaceuticals and endocrine‐disrupting compounds from 
wastewater by photocatalysis, J. Chem. Technol. Biotechnol., 82 
(2007) 121–134.

[50]	 A. Kaur, A. Umar, S.K. Kansal, Heterogeneous photocatalytic 
studies of analgesic and non-steroidal anti-inflammatory drugs, 
Appl. Catal., A, 510 (2016) 134–155.

[51]	 Y. Mameri, N. Debbache, M. el mehdi Benacherine, N. Seraghni, 
T. Sehili, Heterogeneous photodegradation of paracetamol 
using Goethite/H2O2 and Goethite/oxalic acid systems under 
artificial and natural light, J. Photochem. Photobiol., A, 315 
(2016) 129–137.


