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ab s t r ac t
The degradation of the antibiotic cephalexin (CEX) was studied by UV direct photolysis and hydrogen 
peroxide combined with UVC and solar radiation. A factorial plan was used to evaluate the efficiency 
of the processes and the influence of variables. UVC direct photolysis had a minor contribution (12%) 
on CEX removal during the UV/H2O2 treatment. The best UV/H2O2 performance from the factorial 
plan was able to achieve a high degradation percentage for CEX and aromaticity (83.2% and 76.2%, 
respectively) in 60 min, while solar photolysis was not able to achieve high degradation percent-
age at the applied conditions. Statistical analyses pointed to the high statistical significance of the 
oxidant concentration for the process and the weak dependence of the other variables. The kinetic 
study demonstrated that the pseudo-first-order model was the more appropriate for both direct pho-
tolysis and UV/H2O2 treatments with rate constants of kUVC = 0.0031 min−1 and kUV/H2O2

 = 0.0367 min−1. 
The use of artificial neural network was proven to be efficient to predict CEX removal by photolysis 
and photochemical treatments from aqueous solutions. 
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1. Introduction

The contamination of water bodies by different types of 
organic pollutants is an increasing concern among researchers 
around the world [1]. Due to the current legislations, the demand 
for high-quality water and effluents has increased [2]. However, 
some pollutants such as pharmaceuticals and personal care 
products have shown a high potential of persistence in different 
aquatic environments, being recognized in the last few years 
as Contaminants of Emerging Concern because of their acute 
toxicity and other potentially harmful effects [3–5]. Thus, many 
studies were focused on their toxicology [6] while others were 
devoted to develop alternative removal methods [7,8].

Large amounts of antibiotics have been produced in the 
last century [9], and their use has led to a major problem: 
 bacterial resistance. Antibiotic residues generated by incom-
plete metabolism of humans and animals are released into 
the environment as excretion, causing and enhancing bacte-
ria resistance [10–12]. The conventional water treatment is 
capable of removing only about 5% of their accumulated res-
idues [13] since they are highly resistant to the conventional 
biological degradation methods [14,15].

Cephalosporins are a group of antibiotics in use since 
1964, which present different antimicrobial activities. Their 
efficiency is associated with their low toxicity, simple utiliza-
tion and effective pharmacokinetic properties [16,17]. Among 
this group, a semisynthetic antibiotic called cephalexin 
(CEX) is the largest applied cephalosporin in the world [14]. 
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CEX (Fig. 1) is a β-lactam cephalosporin named 7-(d-a- 
amino-a-phenylacetamide)-3-methyl-3-cephem-4-carboxylic 
acid monohydrate (Fig. 1) [18]. Its main properties include 
high solubility in water and an ample antibacterial action [19] 
being able to inhibit the biosynthesis of gram-positive rods 
and cocci and gram-negative cocci cell walls [18,20].

CEX is largely applied for human infections in respiratory 
and urinary systems in addition to its use in agriculture and 
veterinary medicine to restrain mastitis in cows [18]. Its accu-
mulation in water bodies has been reported by several works 
[15,21] and it was proved that CEX could cause mutagenic and 
carcinogenic effects, which inspired researchers on its removal 
from the environment [22]. The antibiotic is also very resistant 
to biodegradation and conventional water treatments [23,24].

Advanced oxidation processes (AOPs) are a group of 
chemical oxidation techniques based on the generation of 
reactive radicals, which are able to degrade highly stable 
organic compounds, converting them into carbon dioxide, 
water and inorganic compounds [25–27]. The hydroxyl radi-
cal (HO•) formed by AOPs is widely applied due to its high 
reaction rate with the majority of organic pollutants as well 
as its facility of generation since it can be formed by numer-
ous methods [27,28]. They offer a successful alternative to 
the degradation of persistent pollutants in wastewater and to 
inactivate bacteria, virus and protozoa [28,29]. Among AOPs, 
the UV/H2O2 is one of the most powerful methods to remove 
harmful contaminants from water. The formation of HO• 
is caused by radiation absorption by the H2O2 molecule as 
shown in Eq. (1) [25].

H2O2 + hv → 2HO· (1)

UV irradiation is largely applied to treat pathogens 
in potable water due to its low cost [20]. UV is also able to 
degrade some compounds even in the absence of an oxidiz-
ing agent [28]. Some studies have reported the efficiency of 
H2O2 in the degradation of pharmaceutical organic molecules 
when exposed to a variety of radiations [23,30,31].

The kinetic study of complex organic molecules subjected 
to AOP treatments is often challenging to understand due to 
the lack of knowledge about the correct collection of reaction 
steps. The optimization of the statistical and mathematical anal-
ysis of results is the key to understand the interactions among 
parameters and create an effective predicting model [32]. 
According to Haykin [33], one of the characteristics of model-
ling based on artificial neural networks (ANNs) is that it does 

not require the physical and mathematical description of the 
phenomena involved in the process. ANNs have been applied 
to solve a great variety of tasks, which are difficult to solve, by 
 computational programs based on simple rules such as prob-
lems associated with machine learning. They can be used as 
mathematical tools for non-linear problems even with multiple 
inputs, which make them useful to analyse compound degra-
dation patterns in complex chemical processes [34–36]. ANN is 
able to generate a proper model to describe CEX degradation 
since it adjusts itself to face several variations on the response, 
which maintain the precision as high as possible.

This study aimed to investigate the efficiency and kinet-
ics of CEX degradation in aqueous solution by UV/H2O2 and 
UV-solar/H2O2 photochemical processes as well as by solar 
and UVC photolysis. A 2² factorial plan was carried out for 
the photochemical processes in order to study the influence 
of the variables in the final removal. In addition, ANN mod-
els were developed for the UVC photolysis and UVC/H2O2 
systems to describe the degradation processes.

2. Materials and methods

CEX aqueous solutions of 150 mL at a concentration of 
20 mg L−1 were placed in 300-mL cylindrical glass contain-
ers (9 cm of diameter and 5 cm of height). The containers 
were exposed either to solar radiation or to UVC light in the 
presence or absence of H2O2. The CEX used in this study was 
donated by A Fórmula pharmacy, Brazil. The concentration of 
the target compound was based on previous investigations 
found in the literature [24].

The experiments with solar radiation were conducted 
placing the containers on white polyethylene trays exposed 
to solar radiation in Recife, Brazil (8°04′03ʺ S; 34°55′00ʺ W) 
from 7:00 am to 7:00 pm. The experiments with UVC radia-
tion were carried out in photocatalytic rectangular reactors 
equipped with three 30-W germicide lamps (UVC) and able 
of fitting 10 glass containers. The reactor luminous emit-
tance capacity was 2,500 lux and irradiance of 53 μW cm−2 for 
290–390 nm and 18.6 μW cm−2 for 254 nm.

The concentration of CEX was measured by a UV-visible 
fluorescence spectrometer before and after the treatment. 
According to Ravikumar and Gurol [37], the concentration 
measurement of CEX can be obtained at its greatest absor-
bance peak, 262 nm, and the aromaticity obtained at 254 nm. 
All the experiments were performed at least in duplicates to 
ensure reproducibility.

2.1. CEX direct photolysis

In this set of experimentation, CEX samples were exposed to 
UVC radiation for 720 min. Before the runs, the photocatalytic 
reactor was preheated for 10 min in order to stabilize the UVC 
light emission. Solar direct photolysis was performed at out-
door environment. Samples were withdrawn at 1, 2, 3, 4, 5, 6, 7, 
8, 9, 10, 15, 20, 30, 45, 60, 120, 180, 240, 360, 480, 600 and 720 min 
and analysed in terms of CEX concentration and aromaticity. 

2.2. Factorial planning for the photocatalytic system

For the experiments with UV/H2O2 and UV-solar/H2O2 
systems, a factorial planning was used to assess the variables Fig. 1. Cephalexin molecular structure [16].
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significance. The variables to build the 2² factorial planning with 
central point were H2O2 concentration (1.0, 2.0 and 3.0 mmol L−1)  
and exposure time (30, 60 and 90 min) for both systems. H2O2 
concentration and time used were based on previous tests. The 
reproducibility of the results was guaranteed by duplicate anal-
ysis of each sample and triplicate for the central point. 

The software Statistic Experimental Design 6.0 was used 
to analyse the factorial planning data. The significance of the 
variables and the response surface (RS) analysis were per-
formed using CEX removal percentage as response for both 
solar and UVC radiation processes.

2.3. Kinetics of CEX removal by UV/H2O2

To perform the kinetic study, a new experiment was car-
ried out with the best results from the factorial plan. CEX 
concentration was measured at 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 
30, 45, 60, 120, 180, 240 and 300 min of treatment. 

2.4. Water quality parameters

To assess the quality of the water samples, total organic 
carbon (TOC), chemical oxygen demand (COD), dissolved 
oxygen (DO) and conductivity were analysed according to 
standard methodologies [38] for the samples before and after 
treatment.

2.5. Linear regression analysis 

Zero-order, pseudo-first order and second-order linear 
regression models were used to verify the kinetic order of 
UVC photolysis and UV/H2O2 results. The kinetic constants 
(k) for both reactions were calculated from the equations of 
the best approximations done using regression analysis. 

2.6. Kinetic modelling through ANN 

The kinetic models using ANN were determined for UVC 
photolysis and UVC/H2O2 system. The ANN was built with 
CEX concentration and time as input variables to generate 
a curve of concentration over time [39,40]. For this purpose, 
a software was created based on C# language in Unity 3D©, 
commonly used to develop games and apps. The ANN was 
composed by input, hidden and output layers with different 
numbers of neurons. A group of procedures was set to make 
the fitting. The type of ANN used was 1:4:1 (1 input vari-
ables, 4 hidden layers and 1 output variable). The training 
method was based on particle swarm optimization [41,42], 
which a small disturbance was induced in the weights and 
biases to verify if the resultant network is a better adjustment 
according to the experimental data. Related to the computa-
tional effort, the training times last around 5 h according to 
the requirements of enough interactions for the adjustment. 
All trainings were performed on a regular desktop computer.

3. Results and discussion

3.1. CEX direct photolysis

The photolysis of CEX samples was carried out under 
UVC and solar radiation. The results of CEX and aromaticity 
removal are presented in Figs. 2 and 3, respectively.

According to Fig. 2, CEX was very sensitive to direct UVC 
photolysis since more than 50% of CEX was removed in the 
first hour of irradiation. Aromaticity removal had a similar 
profile, thus indicating that the aromatic rings from CEX 
structure can be transformed by UVC radiation absorption. 
However, when the samples were subjected to solar radiation, 
the CEX molecule showed to be resistant to photolysis as it 
can be seen in Fig. 3. Less than 10% of removal was observed 
after 12 h of exposure to radiation. The difference on the 
photolysis rate between the two used radiation sources can 
be explained by the higher intensity of germicide lamps in 
254 nm, different from the solar radiation, which more than 
99% that reaches the planet surface is UVA (400–320 nm) and 
UVB (320–280 nm) radiation, which are less energetic sources 
[28,43,44]. According to Fabbri et al. [23], radiation absorp-
tion by CEX occurs in a wavelength range near 310 nm. As 
expected, the breaking of intramolecular bonds in CEX was 
easier achieved when the radiation is higher in its peak of 
absorbance [28]. 

3.2. Factorial planning for the photocatalytic systems

Two variables were chosen to compose the factorial plan: 
time and H2O2 concentration. The results of CEX and aroma-
ticity removal were chosen as responses and are presented in 
Table 1. All the analyses were carried out in duplicate and the 
central point in triplicate. 

Fig. 2. Direct UVC photolysis – CEX removal vs. time (20 mg L−1 
of CEX).

Fig. 3. Direct solar photolysis – CEX removal vs. time (20 mg L−1 
of CEX).
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The H2O2 performance with UVC was more efficient than 
the solar process as a result of the higher H2O2 absorption at 
UVC range. A significant removal was not achieved in any 
of the UV-solar/H2O2 experiments, as present in Table 1. 
Literature survey has shown that H2O2 has a very low absorp-
tion when λ > 290 nm [44], thus forming a low quantity of 
radicals when exposed to solar radiation. The highest CEX 
and aromaticity removal rates were obtained with 2 mmol L−1 
of H2O2 and 60 min of treatment, which in that case corre-
sponds to the central point of the experimental design. 

The variables and their interaction effects for the UV/H2O2 
were calculated using the data from Table 1 and the software 
Statistic Experimental Design 6.0. In this case, CEX removal 
percentage was used as response. Fig. 4 presents the study of 
the variables significance in a Pareto chart. 

Both H2O2 concentration and time were statistically signifi-
cant, being the H2O2 concentration much more significant than 
the tested reaction time. That behaviour was expected because 
the formation of HO• is directly dependent of the quantity of 
H2O2. The relationship between the two variables was not sig-
nificant at the operation conditions tested in this work.

Fig. 5 presents the RS for CEX degradation, which com-
pares the influence of the variables H2O2 concentration and 
time of exposure on CEX removal. 

The RS analyses were analysed using Statistica 
Experimental Design software. The RS analysis corroborates 
with the Pareto chart since high CEX removals were achieved 
when higher H2O2 concentrations were used. That behaviour 
is more evident at higher reaction times. These results may 
suggest that higher H2O2 concentrations reduces photocata-
lytic activity since H2O2 works as a hydroxyl radicals scaven-
ger [45,46], according to the following equation: HO• + H2O2 
→ HO2 • + H2O. In accordance with the data from Table 1, the 
experiments with 3 mmol L−1 of H2O2 exhibited lower deg-
radation than experiments with 2 mmol L−1, which confirms 
the HO• scavenging effect of H2O2 at the used concentration. 
That higher H2O2 disturbs the system. Therefore, the kinetic 
study was conducted with H2O2 concentration of 2 mmol L-1.

Table 1
Factorial plan of CEX and aromaticity removal by UV/H2O2 using UVC and solar radiation

H2O2 concentration 
(mmol L−1)

Time (min) UVC radiation system Solar radiation system
Cephalexin 
removal (%)

Aromaticity 
removal (%)

Cephalexin 
removal (%)

Aromaticity 
removal (%)

1 30 58.2 49.6 – –
57.5 49.6

3 30 74.0 62.4 0.9 –
73.9 62.3 1.1

1 90 57.8 49.8 4.8 1.7
59.0 51.5 2.8

3 90 77.7 74.2 6.5 –
76.1 72.2 5.1

2 60 82.6 75.9 – –
82.5 75.9
84.6 76.9

Dashes (–) indicate no significant removal observed.

Fig. 4. Pareto chart for the UV/H2O2 system results from the 
factorial plan.

Fig. 5. Response surface analysis for CEX removal by UV/H2O2.
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3.3. Kinetics of CEX removal by UV/H2O2

Fig. 6 shows the CEX and aromatics removal during an 
irradiation time of 300 min for the best conditions of the 
UV/H2O2 system. 

After 240 min of irradiation, both CEX and aromat-
ics were almost completely removed, achieving around 
97% of degradation. It is observed by the data displayed in 
Fig. 6 that when HO• reacted with CEX along the time, CEX 
demonstrated to have higher removal rate than aromaticity. 
Although UVC direct photolysis favours the modification on 
the aromatic ring [47], HO• seems to modify preferentially 
other parts of CEX molecule [30].

3.4. Water quality parameters

It is well known that spectroscopy is a limited tool to mea-
sure the degradation of an organic compound during a water 
treatment due to the formation of by-products with similar 
absorbance spectrum, which can cause misinterpretation 

of results. However, complementary analysis can help on 
the assessment of the degradation. In order to have a better 
assessment of CEX degradation, water quality parameters 
were analysed after 240 min and are displayed in Table 2. 

The TOC removal near 70% indicates that CEX degra-
dation occurred efficiently and only organic molecules with 
lower molecular weight remained after treatment. According 
to Jung et al. [30], UV/H2O2-based systems are not able to 
achieve complete mineralization of antibiotics molecules. 
COD was reduced near 95% indicating that a very low 
remaining organic matter in the system [31]. 

Conductivity increase was due to the releasing of ionic 
species from CEX molecule. Although DO was not an import-
ant degradation parameter, the dissolved oxygen concentra-
tion in the system changes along the treatment. This result 
is probably influenced by the H2O2 photolysis and posterior 
formation of oxygen species. 

The results obtained in the present work were compared 
with the literature, specifically with other degradation tech-
niques applied for CEX removal in recent years (Table 3). 

The UV/H2O2 system used in this work achieved similar 
CEX removals when compared with other advanced oxida-
tion techniques, although higher degradations were achieved 
at higher reaction times. A good improvement in water qual-
ity parameters were also obtained such as the reduction in 
TOC and COD after treatment.

Table 3
CEX degradation data by different AOP methods

CEX concentration 
(mg L−1)

Treatment method Removal 
efficiency

TOC 
removal

COD removal Operation 
time (min)

Sources

20 Ultrasound irradiation 26 % (100 W); 
52 % (200 W); 
35 % (400 W); 
and 28 % 
(500 W)

– 70% (150 min)  60 Guo et al. [24]

10 Photocata-lytic NiO 
supported on clinoptilolite 
nanoparticles

76% – 74.% 300 Ajoudanian and 
Nezamzadeh-Ejhieh [19]

10 Photocatalytic 
graphene–nickel doped 
CdS composite

95% – – 180 Darwish et al. [48]

50 UV/TiO2-coated cement 
beads 

81% – 80% 300 Bansal et al. [49]

20 UV/H2O2 97% 71% 100% 240 This work

Table 2
Water quality parameter analysis for the characterization of 
sample before and after 4 h of treatment by UV/H2O2 system

Sample TOC 
(mg L−1)

COD 
(mg L−1)

Conductivity 
(μS cm−1)

DO 
(mg L−1)

Before 
treatment

9.4 5.75 1.4 6.3

After 
treatment

2.7 0.5 30.4 11.7
Fig. 6. CEX and aromaticity removal using 2 mmol L−1 of H2O2 
during the UV/H2O2 system.
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3.5. Linear regression analysis 

The data from the CEX degradation experiments with 
direct UVC photolysis and UV/H2O2 system were fitted 
to kinetic models of zero-order, pseudo-first-order and 
 second-order. The results for the model fittings are presented 
in Table 4.

The pseudo-first-order kinetic model was the most suit-
able for both systems as it can be seen by the R² values closer 
to 1 (Table 4). Previous studies have found similarly pseu-
do-first-order model to characterize the kinetics of organic 
molecules degradation by AOPs with relative complexity 
and dependence of many reaction steps [24]. In the UV/H2O2 
system, the H2O2 photolysis was rapidly achieved with the 
formation of high quantity of HO•, thus the kinetic constant 
depended only on CEX concentration. Regarding the UVC 
system, the CEX was the only important variable since the 
irradiation was enough to promote the photoreactions. These 
facts explain why the pseudo-first-order is an adequate 
model to predict the kinetics for the most part of the reaction. 
Second-order models would best fit the oxidation of complex 
mixtures of antibiotics, for example, represented by a vari-
ety of reaction pathways for different substances in the same 
system [23].

The estimated kUVC rate constant was 0.0031 min−1 while 
kUV/H2O2 was 0.0367 min−1, 12 times higher than kUVC, indicat-
ing the enhancement in efficiency with the presence of H2O2 
due to the generation of highly oxidizing species. According 
to the rate constant values, it is acceptable to state that the 
rate of reaction for the UV/H2O2 process had less than 12% of 
UVC photolysis contribution. Fabbri et al. [23] has reported 
10% of photolysis contribution in the photochemical trans-
formation of a solution of cephalosporins undergone to 
UVC/H2O2. The majority of the CEX removal was achieved 
by the generation of radicals, which were able to promote the 
cleavage of CEX molecules. Jung et al. [30] reported a great 
raise in rate constant when the H2O2 concentration is raised 
for a similar treatment with the antibiotic amoxicillin, justi-
fying the results obtained in the Pareto chart (Fig. 4) and RS 
analysis (Fig. 5). 

3.6. Kinetic modelling through ANN 

ANN results from CEX degradation data for the UVC 
direct photolysis is presented in Fig. 7. In Fig. 7, the input 
layer (time of degradation) and the output layer (represent-
ing the degradation response) are exhibited. The weights 

(values above the lines connecting the neurons) indicate the 
values which multiply the output values of a neuron before 
the value gets to next neuron, while the bias (the arrows 
pointing to the neurons) indicate the added values to the 
neuron inputs. This model is able to predict the degradation 
response for the UVC photolysis process of CEX under the 
given conditions.

Fig. 8 shows the adjustment of the training results to the 
experimental data in the UVC photolysis process.

Table 4
Kinetic linear regression fittings for the treatments

AOP system Reaction order Equation R2 k (min−1)

UVC photolysis Zero-order y = 1.8105x 0.338 –

Pseudo-first-order y = 0.1836x 0.885 0.1836

Second-order y = 0.0318x 0.807 –

UVC/H2O2 Zero-order y = 0.2696x + 4.3919 0.858 –

Pseudo-first-order y = 0.0367x + 0.1449 0.985 0.0367

Second-order y = 0.0072x + 0.0255 0.869 –

Fig. 7. ANN results of CEX UVC direct photolysis.

Fig. 8. Adjustment of the ANN model for UVC photolysis.
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According to the chart, a good prediction model could be 
achieved by the training with a low absolute mean error esti-
mated in 0.0192559 after 1,132,154 interactions for photolysis. 
It is possible to observe that ANN can detect subtle changes 
on experimental conditions. In Fig. 8, the experimental point 
at 2 h was similar when compared with the predicted result; 
however, the experimental point at 1 h could not fit well with 
the model as predicted, since in neural networks, the ques-
tion of overfitting is always avoided, because the model need 
to generalize the set of data. 

The ANN model from the CEX degradation by UV/H2O2 
system is exhibited in Fig. 9. The result for the adjustment of 
the training to the experimental data in the UV/H2O2 process 
is shown in Fig. 10. 

The generalization of the training was also accomplished 
with good performance for the UV/H2O2 experiment and the 
mean absolute error was estimated in 0.03024 after 1,437,015 
interactions for the photochemical process. These results con-
firm that the neural network model reproduces the photo-
degradation of CEX and the agreement between the model 
predictions and the experimental data are satisfactory for 
both situations.

4. Conclusion

From the present work, it is possible to conclude 
that cephalexin degradation can be achieved efficiently 
by UV/H2O2 treatment. UVC direct photolysis was able 
to achieve considerable CEX and aromaticity removal 
while solar photolysis was not able to achieve significant 
removal. UV/H2O2 method was more efficient, achieving 
a high CEX removal rate of 97% in 240 min and improving 
TOC and COD. The aromatic rings seem to be faster trans-
formed by UVC irradiation while HO• radical promotes 
the degradation of other parts of CEX molecule. Statistical 
analyses highlighted the importance of H2O2 concentration in 
the efficiency of the process. The kinetic study demonstrated 
that the pseudo-first-order model was the most appropriate 
method to describe both direct photolysis and CEX removal. 
The use of ANNs was proved to be an effective tool in pre-
dicting CEX removal by AOP from aqueous solutions.
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