2545

© IWA Publishing 2020 Water Science & Technology

|

81.12

|

2020

Investigation of paracetamol degradation using LED
and UV-C photo-reactors
Graziele Elisandra do Nascimento, Marcos André Soares Oliveira, Rayany
Magali da Rocha Santana, Beatriz Galdino Ribeiro, Deivson Cesar Silva
Sales, Joan Manuel Rodríguez-Díaz, Daniella Carla Napoleão, Mauricio
Alves da Motta Sobrinho and Marta Maria Menezes Bezerra Duarte

ABSTRACT
This work investigates the efﬁciency of LED and UV-C photo-reactors for paracetamol degradation
using advanced oxidative processes. Among the evaluated processes, photo-Fenton was the most
efﬁcient for both radiations. Degradations greater than 81% (λ 197 nm) and 91% (λ 243 nm) were
obtained in the kinetic study. These degradations were also observed by means of the reduction in
the peaks in both spectral scanning and high-performance liquid chromatography analysis. The good
ﬁt of the Chan and Chu kinetic model shows that the degradation reaction has pseudo-ﬁrst order
behavior. Toxicity tests did not indicate the inhibition of growth of Lactuca sativa seeds and
Escherichia coli bacterium. However, the growth of strains of the Salmonella enteritidis bacterium
was inhibited in all the samples, demonstrating that only this bacterium was sensitive to solutions.
4

The proposed empirical models obtained from the 2 factorial designs were able to predict
paracetamol degradation. These models could, at the same levels assessed, be used to predict the
percentage of degradation in studies using other organic compounds. The LED and UV-C photoreactors were, when employing the photo-Fenton process, able to degrade paracetamol, thus
highlighting the efﬁciency of LED radiation when its power (three times smaller) is compared to that
of UV-C radiation.
Key words
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HIGHLIGHTS

•
•
•
•

Proposition of empirical models for predicting the paracetamol degradation.
Use of full factorial designs to variables study involved in the processes.
Use of the ﬁrst order kinetic model proposed by Chan and Chu to ﬁt the experimental
data.
Evaluation of the toxicity of the solutions through the use of seeds and bacteria.
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GRAPHICAL ABSTRACT

INTRODUCTION
The worldwide consumption of pharmaceutical compounds
has increased noticeably in recent years (Lessa et al. ),
making the detection of these compounds in the environment increasingly frequent. According to Comber et al.
(), as several drugs are already being detected in surface
water at different concentrations, several countries are
beginning to monitor the cycle of active pharmaceutical
inputs.
Water becomes polluted by pharmaceutical compounds
as a result of: the inefﬁcient treatment of efﬂuents originating from the pharmaceutical industry and hospitals (drugs
or metabolites released and excreted in patients’ urine); or
drugs that are released without use into the sewage system,
and the use of antibiotics and hormones in cattle (Feier
et al. ).
The main classes of drugs most commonly found in the
environment are antibiotics, analgesics, antiepileptics, antipsychotics, antiretrovirals and insulin analogues (Beek
et al. ). One drug that is widely used as an analgesic
and antipyretic for humans is Paracetamol (4-acetaminophen). This compound and its metabolites have already
been found in surface water, wastewater and drinking
water worldwide (Wu et al. ). Although studies indicate
that the drugs are found in low concentrations in the
environment, these compounds may be present in concentrations of milligrams per liter (mg·L1) in the receiving
surface waters near pharmaceutical industries facilities
(Serpone et al. ).
The presence of paracetamol and other drugs in the
water poses a threat to health and the environment. This
is owing to their toxicity, bioaccumulation in living organisms and resistance to biological degradation processes
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(Feier et al. ). The damage that these compounds may
cause to living organisms and the environment, along with
the inadequacy of the treatment techniques applied in conventional wastewater treatment plants, have led to the
study of methods that are efﬁcient for degradation of these
compounds (Prasse et al. ).
In this context, advanced oxidative processes (AOP) are
consolidated to be an efﬁcient form of treatment for persistent organic pollutants (Lee et al. ). Among the AOP,
those that occur in the presence of light, the so-called photolytics, stand out due to their applicability in treating these
types of pollutants. Some of these photolytic processes
have already been used in the degradation of pharmaceutical products, such as photoperoxidation (UV/H2O2),
photo-Fenton and heterogeneous photocatalysis (Lofrano
et al. ; Kanakaraju et al. ; Kowalska et al. ).
The use of photolytic reactors in degradation processes
by AOP offers, as advantages, the use of multiple lamps
(equipped in series or in parallel), the possibility to control
the power of the light sources, the desired reaction time,
the present atmosphere and the application of agitation or
not. In addition, it ensures that the reaction species present
in the reactor completely absorb the light irradiations used
during the process (Katic et al. ; Nguyen & Wu ;
Russo et al. ).
Of the different types of light source used in photolytics
reactors for photodegradation processes, light emitting
diodes (LEDs) can act as an alternative to conventional
light sources owing to the fact that they require less energy
and have a long service life (Xiong et al. ; Zhong et al.
). They also have the following advantages: low heating
time; they do not require a special circuit; they are more
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compact and they have no mercury disposal problems
(Seidmohammadi et al. ; Wang et al. a, b).
When evaluating AOP processes, the study of toxicity is
also of paramount importance, because if the organic contaminate is partially mineralized, it can be oxidized to
other more biologically active or more toxic species, thus
implying even more environmental hazards (Kanakaraju
et al. ).
In addition to toxicity studies, it is also necessary to
evaluate the inﬂuence of parameters on the efﬁciency of
the degradation process. According to Villota et al. (),
some parameters that can inﬂuence the photo-Fenton process are the pH, the light intensity and the concentrations
of hydrogen peroxide (H2O2), and iron ions (Fe2þ). In this
context, the proposition of empirical mathematical models
is interesting, since they make it possible to predict the percentage of degradation of the contaminant as a function of
the variables involved in the process. However, the analysis
and estimation of these variables are necessary to enable
their use in ideal conditions (Cabrera Reina et al. ).
The objective of this work was to compare the efﬁciency
of LED and UV-C photo-reactors for paracetamol degradation when using the photo-peroxidation and photoFenton processes. Therefore, the behavior of the kinetic
evolution of degradation and the toxicity of the compounds
were evaluated before and after treatment with AOP processes through the use of seeds and bacteria. In addition,
empirical mathematical models were proposed to predict
paracetamol degradation, based on the results of the 24
full factorial designs and taking into account the behavior
of the variables involved in the processes.
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Analytical methodology
Spectrophotometry ultraviolet/visible (UV/Vis)
The drug working solution (10.0 mg·L1) was subjected to
spectral scanning between 190 and 1,100 nm, at different
pH values, in order to assess whether there was a peak displacement (Figure 1).
Figure 1 shows two wavelengths (λ) at 197 and 243 nm,
which are attributed to the π-π∗ transitions of the aromatic
ring and to the π-π* transitions of the carbonyl group,
respectively. It is also observed that there was no displacement of the λ studied as a function of the initial pH of the
solution.
In this way, it was possible to construct the analytical
curves, which presented a limit of detection (LD) of 0.05
mg·L1, limit of quantiﬁcation (LQ) of 0.20 mg·L1, with
coefﬁcient of variation (CV) of 2.30% and correlation coefﬁcient of 0.99.
High-performance liquid chromatography (HPLC)
In order to evaluate the efﬁciency of the process, paracetamol degradation was also monitored after 60, 120 and
180 min of treatments using HPLC (Shimadzu) equipped
with a reverse mode Ultra C18 column (5 μm, 250 mm ×
4.6 mm) and a UV detector (SPD-20A), set at 243 nm. The
mobile phase used was a mixture of acetonitrile/water acidiﬁed with 0.1% acetic acid (50/50 v/v). The furnace

Drug and reagents
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H2SO4 1.0 mol·L1 (97% purity, Merck) with the aid of a
pH meter (Quimis, Q400AS).

MATERIALS AND METHODS

The active ingredient of the drug paracetamol (lot: 18J24B002-040227) was provided by the local handling pharmacy
and used in the preparation of the stock solution (100
mg·L1). Dilutions were made from this solution in order
to obtain the working solution (10 mg·L1) and to construct
the analytical curves.
All the reagents used in this study were of the highest
purity and were used without any puriﬁcation. The source
of iron was ferrous sulfate heptahydrate (FeSO4.7H2O,
99.98% purity, Vetec), while the oxidizing agent was hydrogen peroxide (H2O2, 30% v/v, Modern Chemistry,
standardized). The pH of the solutions was adjusted using

|

Figure 1

|

Spectral scanning of paracetamol solution at different pH.
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temperature of the equipment was maintained at 40 ± 1  C
with a ﬂow of 0.9 mL·min1 and a pressure of 104 kgf·cm2.
Photo-reactors
In this work two benchtop photolytic reactors were used. To
build the LED photo-reactor, a wooden box with a lid was
used, because, according to Crittenden et al. (), photolytic reactors must be designed in order to ensure that all
light sources used in the processes remain inside the reactor,
in order to be absorbed by the species under study.
The photo-reactor was equipped with three LED
lamps, arranged in parallel at the bottom of the cover, with
a full power of 30 W and a photon emission of 3.9 ×
106 μW·cm2 in the visible range and 28 μW·cm2 in the
UV-A/UV-B range. After construction of the reactor, it was
coated with aluminum foil, aiming at greater radiation efﬁciency, as observed by Khan & Tahir (). The schematic
drawing of the LED photo-reactor can be seen in Figure 2.
The UV-C photo-reactor, described and used by Zaidan
et al. (a), was equipped with three UV-C lamps, arranged
in parallel, with a total power of 90 W and a photon emission of 17.8 W·m2.

Figure 2

|

Schematic drawing of the LED photo-reactor (measurements in cm).
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Preliminary study
In order to select the most efﬁcient system (AOP/radiation)
as regards paracetamol degradation, the photo-peroxidation
and photo-Fenton processes were initially tested using the
two photo-reactors described above.
The experiments were conducted at 25 ± 1  C at
120 min using: an iron concentration ([Fe] ¼ 1.0 mg·L1); a
hydrogen peroxide concentration ([H2O2] ¼ 27.0 mg·L1);
pH 5.5 (natural solution) for the photo-peroxidation process
and pH 3.5 for the photo-Fenton process. The experiments
were carried out by employing 100 mL capacity beakers to
which 50 mL of the drug solution (10 mg·L1) were added.
These conditions were selected on the basis of studies by
Monteiro et al. () and Santos et al. (), who investigated the degradation of the nimesulide, ibuprofen,
ketoprofen, meloxicam and tenoxicam drugs using the
photo-Fenton process.

Kinetic evaluation of paracetamol degradation
The kinetic study was evaluated by means of paracetamol
degradation and the experiments were carried out in: 10;
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20; 30; 45; 60; 90; 120; 150 and 180 min. The assays were
performed using the most efﬁcient systems, at a temperature
of 25 ± 1  C, using 100 mL capacity beakers, to which
50 mL of the drug solution were added. In addition, the
kinetic evolution was monitored by means of spectral scanning in the range between 190 and 400 nm from 60 min
onward.
The Chan and Chu model (Chan & Chu ) is currently being applied to describe the behavior of the kinetic
evolution of drug degradation through the use of advanced
oxidative processes. Santos et al. () used this model to
evaluate the degradation kinetics of the drugs ketoprofen,
meloxicam and tenoxicam via the photo-Fenton process.
Santana et al. () made use of this model in the study
of the photocatalytic oxidation of clozapine. This kinetic
model, presented in Equation (1), was then adjusted to the
experimental data.

C ¼ C0 1 


t
ρ þ σt

(1)

in which: C is the concentration of the drug (mg·L1) after a
time t (min) and C0 is the initial concentration of the drug
(mg·L1). The parameters ρ and σ represent the reactional
kinetics (min) and the oxidation capacity of the system
(dimensionless), respectively.
The derivation of Equation (1) with time allows us to
obtain Equation (2):
dC=C0
ρ
¼
dt
(ρ þ σt)2

(2)

According to Chan & Chu (), the higher the ratio
1/ρ (t ¼ 0), the faster the initial degradation of the compound studied. When t tends toward inﬁnity, the value of
the constant 1/σ equals the maximum oxidation capacity
of the process at the end of the reaction.
Kinetic modeling was performed using a non-linear
regression method (minimum squares method), employing
Origin software (Version 8.0). The results of the adjustment
were evaluated through the use of the linear regression coefﬁcients (R²).
The concentration of residual hydrogen peroxide
was determined using a semi-quantitative colorimetric
method with MQuant Test Strips (Merck). The test was performed at the end of the reaction kinetics experiment
(180 min).
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Toxicity study
Seed toxicity
The toxicity tests were performed under the same conditions
as those employed in the kinetic study after 180 min for the
most efﬁcient systems. The toxicity evaluation consisted of
the exposure of lettuce seeds (Lactuca sativa) to paracetamol solution before and after treatments. The assays were
performed in triplicate, according to the methodology proposed by Zaidan et al. (b).
After the period of the test, the number of seeds that had
germinated in the positive and negative controls was evaluated, and compared to the quantity that had germinated in
the samples on each plate. Root growth was later observed,
the size of whose radicles was measured with the aid of a
pachymeter. The relative growth (RGI) and germination
(GI) indices, provided in Equations (3) and (4), respectively,
were, therefore, calculated and the results were evaluated
according to Young et al. ().
RGI ¼

RLS
RLC

GI ¼ RGI

(GSS)
(GSC)

(3)
(4)

in which: RLS is the total root length of the sample, RLC is
the total root length in the negative control, GSS is the
number of germinated seeds in the sample, and GSC is the
number of germinated seeds in the negative control.
In order to better evaluate the toxicity of the compound
under study, another study was carried out with two bacteria
under the same conditions as those employed in the
seed test.

Bacterial toxicity
With regard to the bacterial toxicity, the Escherichia coli
UFPEDA 224 and Salmonella enteritidis UFPEDA 414
bacteria were cultured in a Mueller Hinton agar medium
(MHA) at 36  C. The colonies were subsequently resuspended in sterile saline solution (NaCl 0.15 mol·L1) and
adjusted turbidimetrically at a wavelength of 600 nm
(OD600) to obtain a suspension equivalent to 105 colony
forming units (CFU) per mL. The samples were ﬁltered on
13 mm × 0.22 μm sterile PVDF syringe ﬁlters. The assays
were performed with the drug solution before and after
treatments, as described by Nascimento et al. ().
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It is important to note that Escherichia coli has been
used as a bioreporter for the development of new ecotoxicological tests. Robbens et al. () point out that the use of
this bacterium as a bioindicator brings a sensitive and
speciﬁc response, quickly. The authors further state that
the use of 96-well microtiter is ideal for assessing the toxicity
of a given sample.

empirical mathematical model was then proposed, using
the behavior of these variables as a basis.

Complementary analyses

The results of the paracetamol degradation obtained using
the photo-peroxidation and photo-Fenton processes with
LED and UV-C radiations are included in the supplementary material (Table S1).

The evaluation of the systems used in paracetamol degradation was complemented by analyzing the solutions
before and after treatments for each of the parameters: conductivity, dissolved oxygen (DO), chemical oxygen demand
(COD) and biochemical oxygen demand (BOD). The DO,
COD and BOD analyses were carried out according to the
4500G, 5220D and 5210B methodologies described in
Standard Methods for the Examination of Water and
Wastewater, respectively (APHA ).
Empirical mathematical model to predict paracetamol
degradation
24 full factorial designs with a central point were performed
with the objective of proposing an empirical model with
which to predict the percentage of paracetamol degradation
as a function of the variables involved in the processes
(photo-Fenton with UV-C and LED radiations). With
regard to the photo-Fenton/UV-C system, the variables
whose inﬂuence on the process was evaluated were [H2O2]
(27.0; 40.0 and 53.0 mg·L1), [Fe] (0.5, 0.75 and 1.0 mg·L1),
pH (3.5, 4.5 and 5.5) and time (30, 60 and 90 min). Based on
the results of this planning, the variables studied for the
photo-Fenton/LED system were [H2O2] (27.0; 40.0 and 53.0
mg·L1), [Fe] (0.5, 0.75 and 1.0 mg·L1), time (30, 60 and
90 min) and power (10, 20 and 30 W). The response used
to evaluate the efﬁciency of the process employed was the
percentage of degradation of the drug. The tests were performed in random order and the central point in triplicate,
totaling 19 experiments. The experiments were conducted
at 25 ± 1  C in a period of 60 min, using 50 mL of the
solution in the concentration of 10 mg·L1 of the drug.
Paracetamol degradation by factorial design was
assessed using a two-way analysis of variance (ANOVA),
using the Statistica software 10.0, and considering the
linear (L) and quadratic (Q) effects to a conﬁdence level of
95%. The proﬁles of each of the variables studied were
obtained for each λ using the Desirability function and an
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RESULTS AND DISCUSSION
Preliminary study

Kinetic evaluation of paracetamol degradation
The kinetic evaluation was carried out under the following
conditions: [H2O2]: 27.0 mg·L1; [Fe]: 1.0 mg·L1; pH: 3.5,
for the two systems (photo-Fenton/LED and photoFenton/UV-C). Figure 3 shows the ﬁts of experimental
data to the Chan and Chu kinetic model, relative to the
decay of the C/C0 ratio during the oxidation process of the
groups that are absorbed in the λ of 197 and 243 nm of
the paracetamol molecule.
Figure 3(a) and 3(c) make it possible to verify that, after
90 and 120 min of treatment using the photo-Fenton/UV-C
and photo-Fenton/LED systems, respectively, there was no
signiﬁcant difference in the degradation of paracetamol
under the conditions studied. The degradations obtained for
the photo-Fenton/UV-C system were 82 and 94% for
groups absorbed in the λ of 197 and 243 nm, respectively.
In the case of the photo-Fenton/LED system, the degradation
values were 81 and 91%, respectively. It is important to stress
that the total power of the LED photo-reactor is three times
lower than the total power of the UV-C photo-reactor, thus
demonstrating the potential of using LED radiation.
Villota et al. () investigated the application of the
photo-Fenton process with a UV lamp (150 W) for the
degradation of paracetamol (100 mg·L1) and obtained
100% degradation after 40 min. However, [H2O2] of
220 mg·L1 and [Fe] of 20 mg·L1 were used, which are
much greater quantities than those used in this work. Moreover, the power employed was ﬁve times greater than that
used in this work (LED radiation).
It is important to stress those high concentrations of
[H2O2] and high power lamps result in increased operating
costs for the treatment. Excess iron can make the solution
cloudy, thus inhibiting the absorption of radiation by the
contaminant.
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Kinetic evaluation of paracetamol degradation by photo-Fenton/LED and photo-Fenton/UV-C systems: (a) and (c) adjusting the kinetic model; (b) and (d) residual graphs,
respectively.

Upon analyzing Figure 3(b) and 3(d), it will be noted
that the residual distribution was shown to be random
with low values (± 0.001), indicating a good adjustment of
the experimental values to those calculated by the Chan &
Chu model (), which can be conﬁrmed by the values
of the coefﬁcients of linear regression presented in
Table 1. This good ﬁt indicates that the degradation of paracetamol has pseudo-ﬁrst order behavior. The other kinetic
parameters of the oxidation reaction obtained from
Equations (1) and (2) can be observed in Table 1.

Table 1

|

Kinetic parameters

Photo-Fenton/LED

Photo-Fenton/UV-C

System

λ (nm)

1/ρa

1/σb

r

1/ρa

1/σb

r

197

0.013

1.10

0.99

0.017

1.00

0.98

243

0.018

1.12

0.99

0.028

1.02

0.99

1/ρ a: the initial rates; 1/σ b: the maximum oxidation capacity.
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Table 1 shows that the initial removal rate (1/ρ) was
higher for the wavelength of 243 nm in the case of both
systems, and obtained a faster decrease ratio of this
compound, which is conﬁrmed by Figure 3(a) and 3(c).
The maximum oxidation capacity of the system (1/σ) was
similar for all the λ studied. The values of 1/ρ and 1/σ
were in the same order of magnitude for both of the systems
evaluated.
Spectral scanning in the range of 190–400 nm of the kinetic study samples from 60 min onward was then performed,
which is presented in Figure 4.
In Figure 4(a) and 4(b), it is possible to observe a gradual
reduction in the peak amplitude with regard to the λ of
197 nm for both the systems studied; however, the photoFenton/UV-C system was able to reduce the amplitude of
that peak more rapidly. The peak representing the λ of
243 nm disappeared after 60 min of treatment when using
the photo-Fenton/UV-C system and after 90 min in the
case of the photo-Fenton/LED system. The formation of
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Spectral monitoring of kinetics degradation by systems: (a) photo-Fenton/LED and (b) photo-Fenton/UV-C.

new peaks was not identiﬁed by the spectrophotometry
UV-Vis technique for the wavelength range studied. At
the end of each treatment, the concentration of residual
hydrogen peroxide was, therefore, analyzed and the result
found was in the range of 0.5–2 mg·L1, showing that
almost all of the hydrogen peroxide was consumed during
the reaction.
The chromatograms obtained for the paracetamol
solution (10.0 mg·L1) before and after treatments using
the photo-Fenton/UV-C and photo-Fenton/LED systems
are shown in Figure 5.
The retention time for the paracetamol (Figure 5(a)) was
similar to that found in literature ( Jallouli et al. ), which
allows conﬁrmation of the identiﬁcation of the compound.
With regard to the photo-Fenton/LED system,
Figure 5(b) shows a signiﬁcant reduction in peak intensity
after 60 min of treatment, which corroborates the result
obtained by spectral monitoring using UV-Vis spectrophotometry, shown in Figure 4. The formation of a peak at
the retention time of approximately 11.3 min can be further
veriﬁed in Figure 5(b). However, after 120 min of treatment
(Figure 5(c) and 5(d), this peak was not observed. Peak area
reductions of 79.3%, 88.8% and 90.6% were obtained after
60, 120 and 180 min, respectively.
An analysis of Figure 5(e)–5(g), for the photo-Fenton/
UV-C system, shows that the peaks disappeared after
60 min of treatment. As described by Slamani et al. (),
the paracetamol (C8H9NO2) degradation process via the
photo-Fenton process occurs in three stages until it reaches
complete mineralization, as can be seen in Equation (5).
(5)
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in which:
A ¼ C6H6O2 (hydroquinone, resorcinol,
position isomers)
B ¼ C6H4N2O5 (2,4 dinitrophenol)
C ¼ C6H4O2 (para-benzoquinone)

catechol-

8
C2 H2 O4 (oxalic acid)
>
>
>
>
< C4 H4 O4 (fumaric acid)
D¼
C2 H4 O2 (acetic acid)
>
>
> CH2 O2 (metanoic acid)
>
:
C2 H2 O5 (ketomalonic)

Toxicity study
Seed toxicity
The toxicity of the solutions before and after submission to
the two systems was evaluated as regards Lactuca sativa
seeds. This was done by counting the number of seeds that
germinated and their root growth, and by calculating the
relative growth (RGI) and germination (GI) indices. The
obtained results are set out in Table 2.
An analysis of Table 2 shows that the germination and
the root growth of the seeds for the solution after the treatment were higher than for the solution before the
treatment. Similar behavior was observed for GI and RGI.
The solutions after the treatments had an RGI greater than
0.80, which, according to Young et al. (), does not
show growth inhibition. It was also found that the best
results were obtained when employing the photo-Fenton/
LED system.
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Chromatograms of the paracetamol solution: (a) before treatment; after photo-Fenton/LED: (b) 60 min, (c) 120 min and (d) after 180 min; after photo-Fenton/UV-C: (e) 60 min, (f)
120 min and (g) 180 min.

When assessing the toxicity of an aqueous solution containing ketoprofen, tenoxicam and meloxicam submitted to
the photo-Fenton process, Santos et al. () observed that
solutions after treatment negatively inﬂuenced the growth of
Veneranda lettuce seeds.
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Bacterial toxicity
The results of the mean and standard deviation (SD) of the
bacterial activity of the samples for OD600 after 24 hours of
incubation are shown in Table 3.
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Results of the toxicity test using Lactuca sativa seeds for the two systems

Average of the seeds
that germinated

Sample

SBT

SATb (LED)
b

SAT (UV-C)

|

|

81.12

RGI

5.95 ± 0.92

1.00 100.00

Conductivity (μS.cm1) 11.70

653

598

4.67 ± 1.51

2.40 ± 1.19

0.40 19.47

DO (mg O2.L1)

6.0

5.98

5.86

9.43 ± 0.58

5.27 ± 0.70

0.90 90.29

COD (mg O2.L1)

23.8

4.95

5.23

8.33 ± 0.58

3.63 ± 1.20

0.81 72.64

BOD (mg O2.L1)

< 2.0

< 2.0

< 2.0

GI (%)

|
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Results of the physicochemical analysis

Root growth
Mean ± SDc (cm)

Negative control 9.67 ± 0.58
a

Table 4

Water Science & Technology

Parameters

Before
treatment

After treatment After treatment
(LED)
(UV-C)

SBTa, solution before treatment; SATb, solution after treatment; SDc, standard deviation.

Table 3

|

Results of bacterial toxicity using Escherichia coli and Salmonella enteritidis
bacteria for the two systems
Mean ± SDc (OD600)

Samples

Escherichia coli

Salmonella enteritidis

Negative control

0.14 ± 0.05

0.29 ± 0.01

a

SBT

0.16 ± 0.01

0.175 ± 0.002

SATb (LED)

0.18 ± 0.05

0.156 ± 0.009

SATb (UV-C)

0.19 ± 0.04

0.105 ± 0.006

a

SBT , solution before treatment; SAT , solution after treatment; SDc, standard deviation.

According to Table 4, the conductivity increased signiﬁcantly after the treatments, which may be related to the
degradation of the drug molecule, which leads to an
increase in organic and inorganic ions in the solution.
Dissolved oxygen (DO) remained constant after the treatments, since the processes had no aeration system. The
BOD of all the samples was below the method quantiﬁcation limit. It was also observed that there was a
reduction in COD values for both treatments, demonstrating
a reduction in the amount of non-biodegradable organic
matter present in the solution.

b

An analysis of Table 3 shows that, according to the
OD600 values, the bacterial growth of Escherichia coli
strains had values higher than those of the negative control
for solutions before and after treatment. This result indicates
that there was no inhibition of growth of this bacterium in
the case of either of the two systems studied. With regard
to the bacterial strains of Salmonella enteritidis, growth inhibition was observed for the samples before and after
treatment, because they had lower bacterial growth values
than the negative control for both systems studied. This bacterium was, therefore, sensitive to the samples evaluated.
These same bacteria (Escherichia coli and Salmonella
enteritidis) were used by Santana et al. () to evaluate
the toxicity of clozapine drug-containing solutions before
and after treatment with photocatalytic oxidation using supported TiO2. The results of the toxicological tests showed
growth inhibition for all the samples, indicating that the products generated by the reaction were more toxic than the
original compound.
Complementary analyses
The results of the physicochemical analysis of the solutions
before and after the treatments using both systems are presented in Table 4.
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Empirical mathematical model to predict paracetamol
degradation
The effect estimates obtained after employing a two-way
ANOVA analysis for paracetamol degradation using the
photo-Fenton/UV-C and photo-Fenton/LED systems with
a conﬁdence interval of 95% are shown in supplementary
material (Table S2).
The results indicate a good ﬁt of the experimental data
to the model according to the high values of R² and the
low values of MS pure error for both λ (197 and 243 nm)
when using the two systems. The effects [Fe] (Q), pH (Q)
and Time (Q) were a linear combination of other effects
and were not estimated for either λ at a conﬁdence interval
of 95%.
Considering that the best paracetamol degradation
result for the photo-Fenton/UV-C system was obtained
using the lowest pH (3.5) and according to Feng et al.
(), better results are obtained for the Fenton processes
at this pH, so it was decided to keep the pH constant at
3.5 and to evaluate the lamp power variable for the photoFenton/LED system.
In the case of both systems, the main effects [H2O2] (Q)
(negative) and Time (L) (positive) made the greatest contributions to paracetamol degradation, at both 197 nm and at
243 nm. The negative effect of [H2O2] (Q) may possibly be
attributed to the fact that, according to Araújo et al.
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(), when present in excess in the reaction, this reagent
can act as a quench of the hydroxyl radicals, thus disfavoring the reactions of degradation of the compound and the
organic matter. However, the positive effect of Time (L) is
related to the fact that the longer the exposure time to the
higher radiation, the higher the percentage of degradation
obtained.
According to the p-value 0.05 for the photo-Fenton/
UV-C system, the effects [Fe] (L) and [H2O2] (L) by pH (L)
for 197 nm; [H2O2] (L) by [Fe] (L) and [H2O2] (L) by pH
(L) for 243 nm were not signiﬁcant at a conﬁdence interval
of 95%, and were, therefore, discarded from the model. With
regard to the photo-Fenton/LED system, all the effects were
signiﬁcant within a conﬁdence interval of 95% for both λ.
This sequence allowed us to determine the desirability of
the effects and percentage of the models for each wavelength, as shown in Figure 6.
In the case of the photo-Fenton/UV-C system, the results
indicated a maximum percentage of desirability of the model
from 69.70% to 197 nm and 90.76% to 243 nm. Upon

Figure 6
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considering all the effects, the average desirability of 82%
was obtained for the λ of 197 nm under the conditions:
[H2O2] ¼ 40 mg·L1; [Fe] ¼ 0.75 mg·L1; pH ¼ 4.5; Time ¼
60 min. In the case of 243 nm, the average desirability was
73% under the same conditions. The results obtained
using the photo-Fenton/LED system showed a maximum
percentage of desirability of the model of 77.09% and
90.52% for 197 and 243 nm, respectively. With regard to
the λ of 197 nm, the average desirability obtained was 78%
under the conditions: [H2O2] ¼ 40 mg·L1; [Fe] ¼ 0.75
mg·L1; Time ¼ 60 min and Power ¼ 20 W. In the case of
243 nm, this average desirability was 73% under the same
conditions.
The contribution of the effect of [H2O2] was parabolic
for both systems (with a maximum of around 40 mg·L1).
The contribution of [Fe] to the degradation did not change
for the photo-Fenton/UV-C system, while it increased for
the photo-Fenton/LED system. The contribution of the
effect of Time was found to increase for both systems.
Finally, the contributions of the effects of pH

Desirability and percentage of the model for 197 and 243 nm using photo-Fenton/UV-C and photo-Fenton/LED systems.
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2

A[H2 O2 ] [Fe]Time
þB
pH
2

Degradation(%) ¼ A[H2 O2 ] [Fe]TimePower þ B

(6)
(7)

in which: t (min) is the time and A and B are the constants
of the model.
The adjustment of the experimental data for the λ of 197
and 243 nm to the models (least squares as a loss function)
at a conﬁdence interval of 95%, resulted in unsatisfactory
predictions. Another empirical model was subsequently proposed, according to Equations (8) and (9), for the photoFenton/UV-C and photo-Fenton/LED systems, respectively.

|

2020

The photo-Fenton process combined with LED and UV-C
radiation was more efﬁcient when compared to photo-peroxidation for paracetamol degradation, under the
conditions studied. The data obtained from the kinetic
study of the two systems were well represented by the
Chan and Chu model, with percentages of degradations
greater than 81 and 91% (λ of 197 and 243 nm, respectively).
No toxicity of the samples was observed when using
Lactuca sativa seeds or strains of the bacterium Escherichia
coli in the case of either of the systems. The Salmonella
enteritidis bacterium strains were sensitive to the samples

(8)
Degradation(%) ¼ A[H2 O2 ]k1 [Fe]k2 Timek3 Powerk4 þ B
(9)
|

81.12

CONCLUSION

Degradation(%) ¼ A[H2 O2 ]k1 [Fe]k2 pHk3 Timek4 þ B

Table 5

|

in which: A, B and ki (i ¼ 1, 2, 3, 4) are the constants of the
models.
The values of the ﬁt constants of the models (Equations
(8) and (9)), when considering least squares as a loss function at a conﬁdence interval of 95%, are shown in Table 5.
The results in Table 5 indicate a good ﬁt of the
experimental data to the proposed models. The orders of
magnitude observed for parameters A and B were signiﬁcantly different in the case of the two λ. However,
despite being simpler and obtaining satisfactory results, it
should be emphasized that the use of the model for the
photo-Fenton/UV-C system was restricted to the levels of
27.0 mg·L1  [H2O2]  53.0 mg·L1; 0.5 mg·L1  [Fe] 
1.0 mg·L1; 3  pH  6 and 30 min  Time  90 min. In
the case of the photo-Fenton/LED system, it was restricted
to the levels of 27.0 mg·L1  [H2O2]  53.0 mg·L1; 0.5
mg·L1  [Fe]  1.0 mg·L1; 30 min  Time  90 min and
10 W  Power  30 W.

(photo-Fenton/UV-C system) and Power (photo-Fenton/
LED system) decreased and increased, respectively.
In order to simplify the prediction of paracetamol
degradation in terms of the effects evaluated, and based on
the behavior of the observed desirability, the empirical
models presented in Equations (6) and (7) were proposed
for the photo-Fenton/UV-C and photo-Fenton/LED systems, respectively. In these equations, the parabolic
behavior of the [H2O2] effect generated a quadratic term,
and the increasing (Time, Power and [Fe]) and constant
([Fe]) behaviors provided positive terms. The contribution
of the pH effect (decreasing) generated an inversely proportional term.

Degradation(%) ¼

Water Science & Technology

Fit of experimental data to proposed models

Photo-Fenton/LED

λ (nm)

Values of the constants ± standard error
A

B

k1

k2

k3

k4

R²

197

67 ± 17

146 ± 23

0.047 ± 0.008

0.17 ± 0.02

0.23 ± 0.03

0.11 ± 0.01

0.93

243

18 ± 5

101 ± 13

0.017 ± 0.009

0.23 ± 0.02

0.40 ± 0.04

0.19 ± 0.01

0.91

Photo-Fenton/UV-C

λ (nm)

Values of the constants ± standard error
A

B

k1

k2

k3

k4

R²

197

706 ± 65

662 ± 65

0.014 ± 0.005

0.001 ± 0.000

0.028 ± 0.004

0.046 ± 0.006

0.92

243

53 ± 27

5±3

0.11 ± 0.05

0.06 ± 0.02

0.07 ± 0.03

0.20 ± 0.08

0.90
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before and after treatments. The empirical mathematical
models proposed in this study were able to predict paracetamol degradation. These models could, therefore, be used to
predict percentages of degradation in other studies as a function of the variables studied, using the same levels assessed.
Both systems can, therefore, be considered viable treatments
for paracetamol degradation, under the conditions studied.
It is important to stress that the total power of the LED
photo-reactor is three times lower than that of the UV-C
photo-reactor, thus demonstrating the potential of LED
radiation.
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