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ABSTRACT 

The existence of pharmaceuticals in nature is a growing environmental problem, 

turning necessary the use of efficient treatments for the degradation of these 

substances, as the advanced oxidation processes (AOPs). In this work the AOPs 

UV/H2O2 and photo-Fenton were applied to degrade the pharmaceuticals lamivudine 

and zidovudine in an aqueous solution using a bench reactor, composed of three UV-

C lamps. It was verified that the UV/H2O2 process presented a degradation of 97.33 ± 

0.14% for lamivudine and 93.90 ± 0.33% for zidovudine, after 180 min of treatment 

and for an initial concentratin of each pharmaceutical of  5 mg.L-1 and [H2O2] of 600 

mg.L-1. A methodology by artificial neural networks (ANNs) was used to model the 

photocatalytic process, with the MLP 7-23-2 ANN representing it well, and determining 

the relative importance (%) of each of the input variables for the pharmaceutical’s 

degradation process. Kinetic studies for the pharmaceutical degradation and the 

conversion of organic matter showed good adjustments to the pseudo first-order 

models with R2 raging from 0.9705 to 0.9980. Toxicity assays for the before treatment 

solution indicated that the seeds Lactuca sativa and Portulaca grandiflora showed 

growth inhibition whereas the post-treatment solution inhibited only the growth of 

Lactuca sativa. 
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1 INTRODUCTION 

The pharmaceutical compounds comprise a large group of human and 

veterinary medicinal products used everyday (KLAVARIOTI et al., 2009). Among the 

various classes of these products are the antiretrovirals. This class covers drugs that 

are used in the treatment of influenza, human immunodefiency virus (HIV), herpes 

and hepatitis. (ZHOU et al., 2015). From the 1990s, when they started to be marketed, 

the use of antiretroviral drugs grew rapidly around the world, mainly because of their 

efficiency in the treatment of the HIV virus (CAMPONESCHI et al., 2013).  

In the class of antiretrovirals drugs, the most commonly used are lamivudine 

(3TC), zidovudine (AZT), abacavir, nevirapine and stavudine. Usually these drugs or a 

combination of at least two of them are applied in the treatment of the acquired 

immunodeficiency syndrome (AIDS)(KUMARI; SINGH, 2012).Zidovudine was the first 

antiretroviral drug approved and marketed for the treatment of HIV, while lamivudine 

was the first approved in the treatment of hepatitis(KUMARI; SINGH, 2012; BURKE; 

MARKS, 2017). 

However, like other pharmaceuticals, these compounds have generated 

concern, since when not completely metabolized they are excreted via urine and 

feces, then following the sewage collection networks to wastewater treatment plants 

(WWTP), where the usual physical-chemical and biological treatments are not effective 

for their complete removal, enabling these contaminants to reach surface waters. 

(ZHOU et al., 2015). These substances can also reach the receiving bodies through the 

disposal of pharmaceutical industries effluents, from the production processes 

(CHRISTOU et al., 2017; EBELE et al., 2017). 

Lamivudine and zidovudine are examples of antiretrovirals that have already 

been identified in treatment plants for effluents, rivers and other types of surface 

water around the world, with some studies in Europe (PRASSE et al., 2010; AMINOT et 

al., 2015; VERGEYNST et al., 2015a, 2015b), but mainly in Africa (K’OREJE et al., 2012; 

WOOD et al., 2015; K’OREJE et al., 2016; NGUMBA et al., 2016; SCHOEMAN et al., 2017; 
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 MADIKILEZA et al., 2017; WOOD et al., 2017). This is due to the AIDS outbreak on the 

African continent where, in 2015, the number of patients living in constant 

antiretroviral therapy against HIV in the regions of East Africa and Southern Africa 

totaled 10.2 million people. This figure is approximately 7 times higher than in 

Western and Central Europe and North America, with about 1.4 million people 

(UNAIDS, 2016). 

Once the presence of these substances in the environment has been verified, 

and considering their adverse effects (genotoxicity, endocrine distuption in animals 

and in humans), these compounds have come to be considered a growing 

environmental problem throughout he planet (AQUINO et al., 2013; RODRIGUEZ-

NARVAEZ et al., 2017). Unlike other types of organic pollutants, the pharmaceuticals 

contaminants are released to the environment constantly, their surces act in a 

continuous way and their use accompanies population growth, causing them to be 

observed in greater concentration on nature over the years (PAÍGA et al., 2014; 

CHRISTOU et al., 2017; EBELE et al., 2017). 

Since lamivudine and zidovudine present in surface waters are not completely 

removed at conventional wastewater treatment plants, it was developed a study, in 

Germany, by Prasse et al. (2010), showing that for aerobic and anaerobic WWTP, these 

drugs had a removal of 76% and 68%, respectively. Knowing this and that 

antiretroviral drugs are among the most dangerous pharmaceuticals. Because of their 

toxicity to algae and fish, which can generate alterations in the ecosystems, besides 

the possibility of synergistic and mutagenic effects occurring in both aquatic fauna 

and humans, it is necessary to evaluate the efficiency of alternative treatments that 

are capable of efficiently degrade these compounds (SANDERSON et al., 2004; 

BOTTONI et al., 2010). 

Among the possible treatments to be employed are the advanced oxidation 

processes (AOP). These involve the production and application of hydroxyl radicals, 

characterized by being higly reactive, which act by completely oxidizing complex 

organic compounds, converting them to carbon dioxide, water and mineral salts 

(BRANDT et al., 2017; MIRZAEI et al., 2017). Differrent types of advanced oxidation 



Degradation of the pharmaceuticals lamivudine …                                                  4 

 

Ci. e Nat., Santa Maria, v. 42, e9, p. 1-31, 2020 

    

 processes have been used in the treatment of water and effluents, the most common 

being UV/H2O2 and photo-Fenton processes(RIBEIRO et al., 2015; SERPONE et al.,2017). 

The UV/H2O2 process consist in the addition of hydrogen peroxide (H2O2) in the 

presence of ultraviolet (UV) light to promote the generation of hydroxyl radicals (●OH), 

which are capable of oxidizing pollutants such as the pharmaceutical contaminants. 

Another important factor in the use of UV/H2O2 process is that UV radiation can 

alsoactas a disinfectant, physically inactivating the microorganisms present in the 

study matrix (AMETA; AMETA, 2018). The photo-Fenton process involves the reaction 

between Fe2+/H2O2 and Fe3+/H2O2, in the presence of UV radiation and/or visible light, 

with iron ions being the reaction catalysts (LINDEN; MOHSENI, 2014). 

Studies involving the application of different types of AOPs have shown that the 

UV/H2O2 and photo-Fenton processes are very efficient technologies in the removal of 

pharmaceutical contaminants from the environment (WANG, 2016). Some of these 

studies involving the use of AOP in the treatment of pharmaceutical contaminants are 

set forth in Table 1. 

Table 1 shows the efficiency of the UV/H2O2 and photo-Fenton processes in the 

degradation of the most varied types of pharmaceutical contaminants, in different 

initial concentrations in the studied medium. For both analyzed processes, 

degradations above 79% were obtained. 

The classical approaches in studies involving advanced oxidation processes are 

established for investigating factors or components, which are varied one by one. 

While this approach provides a good overview of a system’s response, it often 

overlooks the interactions between different factors and the implications that link 

them together. In addition, models derived from such processes may provide an 

adequate but limited predicted description (GIANNAKIS et al., 2017). To avoid this 

problem, to obtain conclusions with greater reliability and simplicity, as well as to 

overcome small error and noise factors, an artificial neural network (ANN) modeling 

can be used when evaluating the efficiency of AOPs (BEKKARI and ZEDDOURI, 2018). 
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 Table 1 - Works using UV/H2O2 and photo-Fenton process for the degradation of 

pharmaceutical contaminants in aqueous medium 

Process 
Pharmaceu

tical 

Radiatio

n 
 

Time of 

exposure 
Degradation References 

UV/H2O2 

Oxcarbazepi

ne 
UVC 10µg.L-1 10 min 90% Liu et al. (2018) 

Propranolol UVC 20 µg.L-1 30 min 80% 
Yang et al. 

(2019) 

Erofloxacin, 

Perfloxacin 

and 

Sulfaquinox

aline 

UVC 

1 g.L-1, 1 

g.L-1 and 

4 mg.L-1 

180 min 
100%, 79,1% 

and 100% 

Qiu 

et al. (2019) 

photo-Fenton 

Venlafaxine 

UV-B/ 

UV-A 

100 

mg.L-1 

180 min 

 

95% 

Giannakis 

et al. (2017) 

Carbamazep

ine 
Solar 15 mg.L-1 5 min 100% 

Expósito 

et al. (2018) 

Ampicillin Solar 
100 µg.L-

11 

20 min 

 

100% 

Ioannou-Ttofa 

et al. (2019) 

 

ANNs are mathematical models with a higher performance, good prediction for 

nonlinear systems and can be applied in pharmaceutical research for different 

purposes. These include estimation, forecasting, simulation and classification 

(ARABZADEH et al., 2019; MORIN et al., 2019). 

When working with the advanced oxidation processes for the treatment of the 

most varied types of contaminants, besides analyzing the parameters involved in the 

process, their efficiency and their kinetics, other factors that must be considered are 
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 the intermediates and products formed during the degradation processes. Since they 

may be more toxic to the environment than their original compounds (SALVADOR et 

al., 2012). Thus, conducting a toxicity assessment, after the application of the AOP, 

becomes a crucial step to evaluate the applicability of the process (HUANG et al., 

2017). Different types of organisms can be used in these tests, like microorganisms, 

plants, algae, invertebrates and even fish, in order to evaluate the multiple reactions 

that a contaminant can cause in a medium/biota (ESCHER et al., 2011; PUNZI et al., 

2015). 

In this context and knowing that treatment processes for removal of the 

lamivudine and zidovudine drugs are still few studied when compared to other 

classes more commonly used as antibiotics and anti-inflammatories (FUNKE et al., 

2016); this work aimed to propose the treatment by photo-Fenton process and 

UV/H2O2 action for an aqueous mixture of the drugs lamivudine and zidovudine. To 

perform a kinetic study monitoring the percentages of degradation, drug 

concentration values and chemical oxygen demand (COD) over time. To evaluate the 

effectiveness of the treatments through a mathematical modeling using artificial 

neural networks (ANNs). In addition, to evaluate the toxicity of solutions before and 

after submission to the AOP treatments, using seeds of Lactuca sativa (lettuce) and 

Portulaca grandiflora (eleven hours flower). 

 

 

2 MATERIALS AND METHODS 

2.1 Determination of the pharmaceuticals by UV/Vis spectrophotometry 

Two solutions containing 1000 mg‧L-1 of the pharmaceuticals lamivudine and 

zidovudine were prepared separately by weighing 100 mg of each of the active 

principles and dissolving in a mixture of distilled water and methanol 9:1. For the 

dilutions of the analytical curve points as well as for the working solution, the stock 

solution was diluted with distilled water only. The solutions were qualitatively 

analyzed in a UV/Vis spectrophotometer (THERMOSCIENTIFIC), at the wavelengths of 
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 267 and 271 nm. For both λ, analytical curves with linearity ranges of 1 to 10 mg‧L-1 

and from 10 to 100 mg‧L-1were used, with correlation coefficients above 0,999 and 

values of LOD and LOQ equal to 0.8013 mg.L-1 and 2.4281 mg.L-1 for lamivudine and 

0.7049 mg.L-1 and 2.136 mg.L-1 for zidovudine. 

 

2.2 Degradation of the pharmaceuticals using advanced oxidation processes 

Initially, degradation tests were performed by comparing the photo-

Fenton(H2O2/Fe2+/UV) and UV/H2O2 processes using a factorial design 23, with a 

central point in triplicate, in order to evaluate the most efficient process to degrade 

the pharmaceuticals and their best working conditions. For this, a bench reactor was 

used, composed of three UV-C lamps, arranged in parallel, each with a power of 30W 

and photons emissions of 1,98 10-3W‧cm-2 (employing radiometer, Emporionet), 

Figure 1. The reactor is internally coated with aluminum foil. 

 

Figure 1 - Experimental scheme of UV-C reactor, with measurements in centimeters 

Source: Zaidan et al. (2017) 

 

 

To perform the factorial design, beakers were used containing 50 mL of an 

aqueous solution of the two pharmaceuticals in a mixture at a concentration of 30 
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 mg‧L-1 each, with the treatment lasting 60 minutes. The analyzed variables were pH, 

iron concentration ([Fe]) and the hydrogen peroxide concentration ([H2O2]). The 

efficiency of the applied AOP was evaluated as a function of the degradation 

percentage of both pharmaceuticals under study, considering their characteristic 

wavelengths using the UV/Vis spectrophotometry. The planning matrix employed in 

the work, as well as the maximum and minimum levels for each variable are shown in 

Table 2. Tests 1, 2, 5 and 6 refer to the UV/H2O2 process, while tests 3, 4 and from 7 to 

11 employed the photo-Fenton process with two different concentrations of iron. It is 

noteworthy that there was no displacement of the wavelength in the 3 pH ranges 

studied. 

 

Table 2 - Planning matrix for factorial 23with center point in triplicate 

Experiment [H2O2] (mg‧L-1) [Fe] (mg‧L-1) pH 

1 -1 (40) -1 (0) -1 (3–4) 

2 +1 (120) -1 (0) -1 (3–4) 

3 -1 (40) +1 (5) -1 (3–4) 

4 +1 (120) +1 (5) -1 (3–4) 

5 -1 (40) -1 (0) +1 (5-6) 

6 +1 (120) -1 (0) +1 (5-6) 

7 -1 (40) +1 (5) +1 (5-6) 

8 +1 (120) +1 (5) +1 (5-6) 

9 0 (80) 0 (2,5) 0 (4-5) 

10 0 (80) 0 (2,5) 0 (4-5) 

11 0 (80) 0 (2,5) 0 (4-5) 

 

Based on the results of the factorial design, the most efficient AOP was 

selected, alongside with the determination of its significant variables. The need to 

investigate in a more detailed way the influence of [H2O2] on the degradation of the 
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 drugs was also identified. For this, experiments were performed using concentrations 

of 100, 200, 300, 400, 500 and 600 mg‧L-1 of H2O2 for the degradation of 50 mL of a 

pharmaceuticals solution containing lamivudine and zidovudine at 30 mg‧L-1, over a 

period of 60 minutes. 

The influence of the addition form of hydrogen peroxide in the process was 

also evaluated. The H2O2 was added in two different ways: the entire volume at once 

at time 0 for the first run and in the second one the volume was fractionated into 3 

equal aliquots, added at the times of 0, 10 and 20 minutes. The increase on the 

contact surface between the solution and the radiation was also evaluated, by 

changing the working solutions volume from 50 mL to 1 L. 

After all these parameters were defined, the aqueous solution was degraded 

using different concentrations of the pharmaceuticals: 5, 10, 15 and 30 mg‧L-1, with 

aliquots being removed at the times of 60, 90, 120, 150 and 180 minutes, to assess the 

influence of time on the degradation process. 

 

2.3 Kinetic study and modeling 

Based on the best experimental conditions for the treatment of the 

pharmaceuticals by the AOP, experiments were carried out to determine the 

degradation kinetics, with monitoring by UV/Vis spectrophotometry, as well as the 

evolution of organic matter conversion through the chemical demand of oxygen 

(COD). To do this, 1L of solution containing about 5 mg‧L-1 of the pharmaceuticals was 

irradiated for 240 minutes, with regular withdrawals of 5 mL aliquots at the times of 5, 

10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 75, 90, 120, 150, 180, 210 e 240 minutes. The COD 

was determined according to the spectrophotometric method, following the 

procedure described in the 5220D method of the Standard methods for the 

examination of water and wastewater (APHA, 2012). 

Once the concentration at each point of the kinetic evaluation was determined, 

the modeling of the process could be performed using the pseudo-first order model, 

developed by Chan and Chu (2003), Equation 1. 
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 (1) 

 

In which, C is the pharmaceutical concentration (mg‧L-1) after the AOP 

treatment at time t (min),  is the initial concentration of pharmaceutical (mg‧L-1) and 

the parameters  and  represent, respectively, the velocity constant (min-1) and the 

oxidative capacity of the system (dimensionless). The values of the  and  constants 

were found from the linearization of Equation 1, according to Equation 2. 

 

 (2) 

 

By constructing a graph of  versus t, it was obtained a straight line, 

where the angular and linear coefficients correspond, respectively, to and . 

Then, COD decay was evaluated based on a pseudo-first order model that takes 

into account the initial and final concentrations of COD over time, Equation 3 

(RAJKUMAR, PALANIVELU, 2004). 

 

 (3) 

 

 Where, k is the rate constant (min-1) for the organic matter conversion process. 

 

2.4 Evaluation of the AOP treatment efficiency by high performance liquid 

chromatography analysis 

The AOP treatment efficiency was assessed by high performance liquid 

chromatography (HPLC) analysis. For this, an HPLC-Shimadzu SS-550 equipment 

equipped with the ULTRA C18 column (5 µm; 4,6 x 250 mm), operating in reverse 
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 phase and an ultraviolet/visible (UV/Vis) spectrophotometric detector was used. The 

chromatographic system used in the equipment employed a mobile phase consisting 

of acetonitrile and acetic acid acidified water p.a (35:65). 

A stock solution of the pharmaceuticals at a concentration of 1000 mg.L-1 was 

prepared and from this, two analytical curves were built (from 1 to 10 mg.L-1 and from 

10 to 100 mg.L-1). 

To analyze the efficiency of the AOP for the degradation of the drugs under 

study, a solid-liquid extraction (SLE) was performed for later HPLC analysis. The SLE 

process was performed using Strata-X polymeric cartridges (500 mg / 6 mL – 

Phenomenex) operating in reverse mode, according to Napoleão et al, 2018. 

 

2.5 Mathematical modeling employing artificial neural networks 

Artificial neural networks were applied to verify the influence of operational 

parameters along the degradation process of the lamivudine and zidovudine 

pharmaceuticals, using Statistica 8.0 software. The networks used employed 

methodologies with Multilayer Perceptron (MLP) and Radial Basis Function (RBF) 

configurations, comprising three layers (input, hidden intermediate and output), with 

the number of neurons in the hidden layer ranging from 4 to 28. The training 

algorithm was based on Broyden, Fletcher, Goldfarb and Shanno (BFGS) methods and 

the transfer functions tested were identity, logistic, tangential, hyperbolic, sine and 

exponential. The input variables consisted of pharmaceutical concentration (mg.L-1), 

[H2O2] (mg.L-1), [Fe] (mg.L-1), pH, time (min), volume (mL) e H2O2 addition. Thus, an 

analysis of each parameter relevance in the pharmaceutical’s degradation was 

performed using 171 experimental data to feed the network, in addition to 1000 

iterations and 10 replicates, with randomized sampling and data divided into 15% for 

validation, 15% for test and 70% for training. The best results were bases on the 

smallest errors and the highest values for linear regression (R2) obtained for 

validation, testing and training. 
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 2.6 Toxicity Assessment 

The toxicity was evaluated using Lactuta sativa (lettuce) and Portulaca grandiflora 

(eleven hour flower) seeds. These were exposed to solutions at different 

concentrations of the pharmaceuticals, before and after the treatment with advanced 

oxidation processes.  

For the treated pharmaceutical solutions (post treatment solutions – PTS) 

volumetric concentrations were used in the ranges of: 1, 5, 10, 50, 70 and 100%. Petri 

dishes and filter papers were used as the carrier medium in the assays, where the 

seeds and a 2 mL aliquot of each solution were placed. All analyzes were performed in 

triplicate (NAPOLEÃO et al., 2018). The positive and negative control were, 

respectively, a 3% boric acid solution and water, at the same volume of the 

pharmaceuticals solutions; The samples were kept in an environment with the 

absence of light and at a temperature of 25±1°C during a period of 72 h. Then, the 

number of seeds that germinated in each of the plates and the root growth of the 

seeds were observed. From this, the relative growth index (RGI) and the germination 

index (GI) were calculated according to Equations 4 and 5, respectively (YOUNG et al., 

2012). 

 

 (4) 

 

 (5) 

 

Where, RLS is the total root length in the sample, RLC is the total root length in 

the negative control, GSSis the number of germinated seeds of the sample and GSC is 

the number of seeds germinate in the negative control. 
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 3 RESULTS AND DISCUSSION 

3.1 Degradation of the pharmaceuticals using advanced oxidation processes 

For a better evaluation of the data obtained in the degradation of the 

pharmaceuticals involving the photo-Fenton and UV/H2O2 processes, a 23 factorial 

design, with a central point in triplicate, was applied. From it, the main effects and 

their interactions of 2 and 3 factors of the studied variables were calculated using the 

Statistica 8.0 software. By applying Pareto chars, Figure 2, it was possible to verify 

which variables and factors were statistically significant with 95% confidence. 

 

Figure 2 - Pareto charts: (a) Lamivudine (pure error = 0,91125) and (b) Zidovudine 

(pure error = 0,80645) 

 
 

 

The analysis of Figure 2 shows that none of the effects was statistically 

significant since they did not exceed p=0.05, at the studied levels. The UV/H2O2 

process showed a higher degradation efficiency for both drugs and this process is 

independent of [Fe] and pH. The results indicate that the assay number 6 obtained 

the best degradation result for both pharmaceuticals, being performed under pH 

conditions between 5-6 (natural solution), without iron and [H2O2] of 120 mg‧L-1, in 

which it was possible to degrade 11.28% of lamivudine and 11.05% of zidovudine. 

Thus, a univariate study the [H2O2] was conducted, using different concentrations of 

this reagent in the degradation of both pharmaceuticals by the UV/H2O2 process and 
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 to determine the concentration range with greater degradation capacity. The results 

of this analysis are set out in Table 3. 

 

Table 3 - Degradation via UV/H2O2process by varying the H2O2 concentration for 60 

minutes 

H2O2  concentration (mg‧L-1) 

Degradation 

Lamivudine (%) Zidovudine (%) 

100 10.73 9.57 

200 14.23 12.92 

300 19.14 16.85 

400 21.85 19.77 

500 27.94 26.12 

600 37.10 35.38 

 

The results presented in Table 3 indicate that at the concentration of 600 mg‧L-

1 of H2O2, the highest degradation for both pharmaceuticals occurs, with values 

exceeding 35%.However, these values are still low, so some changes were made in the 

assays. The first one consisted in modifying the addition form of H2O2 in the samples. 

According to Tiburtius et al. (2009) this reagent is consumed in a short period of time 

and it is not advisable to add the whole concentration at once. In this way, the 

concentration of 600 mg‧L-1 was fixed and the degradation of the pharmaceuticals 

analyzed for 60 minutes, substituting the single addition of hydrogen peroxide for a 

fractional addition at the times of 0, 10 and 20 minutes. This change increased the 

degradation values of lamivudine to 62.34% and zidovudine to 63.12%. 

The same procedure was then repeated, however, instead of using 50 mL 

beakers (13.85 cm2), a glass container with a capacity of 1.5L (400 cm2) and 1L of the 
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 pharmaceutical solution was used, in order to increase the contact area of the 

solution with the ultraviolet radiation during the UV/H2O2 process. The exchange of 

containers increased the degradation of the lamivudine to 88.01% and of zidovudine 

to 87.72%. 

Finally, assays were performed using 600 mg‧L-1 of [H2O2], with fractional 

addition in the times of 0, 10 and 20 minutes, volume of the working solution of 1L 

and different initial concentrations of the drugs under study were evaluated (5, 10, 15 

and 30 mg‧L-1), in order to verify their effect on the degradation. In addition, the 

radiation exposure time was varied, with aliquots of the solutions being withdrawn at 

times of 60, 90, 120, 150 and 180 minutes. The results of these degradations are 

shown in Table 4. 

 

Table 4 – Degradation of pharmaceuticals via UV/H2O2 process 

Time (min) 

Initial pharmaceutical concentration 

5 mg‧L-1 10 mg‧L-1 15 mg‧L-1 30 mg‧L-1 

 % Lamivudine degradation 

60 81.79 85.40 86.37 88.01 

90 85.37 88.55 89.36 90.60 

120 87.81 89.43 89.94 91.05 

150 89.27 90.31 90.61 91.28 

180 90.49 90.94 91.19 91.72 

 % Zidovudine degradation 

60 78.21 82.84 83.87 87.72 

90 82.72 86.97 88.35 90.51 

120 85.98 88.52 89.22 91.14 

150 87.73 89.42 89.99 91.62 

180 89.23 90.45 90.77 91.84 
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 The analysis of Table 4 shows that although the degradation rate for the lowest 

concentration of pharmaceuticals (5 mg‧L-1) is lower in the first 60 minutes of the 

process, after a period of 180 minutes a percentage of degradation similar to that of 

the highest concentrations is reached. Thus, as 5 mg‧L-1 is a concentration closer to 

that in which pharmaceuticals are found in nature (ZHOU et al., 2016), it was chosen 

as the basis for the kinetic study. Finally, it was found that for different initial 

concentrations of the pharmaceuticals, similar decay rates were obtained. 

 

3.2 Kinetic study 

The kinetic study employed the best process conditions for the pharmaceuticals 

treatment by the UV/H2O2 action. From the data obtained on the evolution of the 

pharmaceuticals conversion as a function of time, it was possible the apply the kinetic 

model proposed by Chan and Chu (2003). A linearization was initially performed to 

determine the parameters ρ and σ, and then the kinetic curves obtained from the 

model for both pharmaceuticals were built, with the results obtained in the model 

being compared with the experimental data, as shown in Figure 3. 

 

Figure 3 - Adjustment of the Chan and Chu (2003) proposed model for the 

pharmaceuticals: A) Lamivudine and B) Zidovudine 
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 From Figure 3, it was observed that the degradation of the pharmaceuticals 

occurs more rapidly in the first 50 min, stabilizing after 180 min of process, reaching a 

degradation of at least 90% for both drugs studied. The degradation values after 180 

min of treatment, the correlation coefficients and the kinetic data obtained for the 

applied model are shown in Table 5. 

 

Table 5 - Parameters of the Chan and Chu (2003) kinetic model for both drugs 

Pharmaceutical 
Degradation (%) 

after 180 min  

 

R2 

Lamivudine 90.50 0.081 0.9670 0.9980 

Zidovudine 89.76 0.067 0.9734 0.9978 

 

Analyzing Table 5, it can be stated that the proposed model was satisfactorily 

adjusted to the experimental data, with correlation coefficient values greater than 

0.99. The constants 1/ρ (min-1) and 1/σphysically represent, respectively the 

pharmaceutical removal rate and the maximum oxidative capacity in the process 

according to Chan and Chu (2003). Thus, from the data presented in Table 6, it was 

observed that lamivudine presented a higher rate of degradation while the oxidative 

capacity was similar for both pharmaceuticals. Another way of visualizing the 

adequacy of the kinetic model is to relate both data (experimental x model) in the 

same points, as can be verified in Figure 4. 

The comparison between model and experimental data exposed in Figure 4 

confirms that the pseudo-first order kinetic model proposed by Chan and Chu (2003) 

satisfactorily describes the experimental results found in the pharmaceutical 

treatment employing the UV/H2O2 process. Since the closer the experimental values 

are to the first bisector shown in the graphs, the better it will be to fit them in the 

proposed model. 
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 Figure 4 - Comparison between the experimental values and those obtained by the 

pseudo-first-order model for the pharmaceuticals: (a) Lamivudine e (b) Zidovudine 

 

 

After modeling the pharmaceutical degradation, the COD decay analysis was 

carried out over time, thus analyzing the organic matter conversion, using the model 

proposed by Rajkumar and Palanivelu (2004). From the relation  versus t, the 

graph of a straight line was obtained, whose angular coefficient represents the kinetic 

constant of the process, with a value of 0.0105 min-1. Using this constant obtained, the 

decay of the experimental COD and the one obtained by the proposed model can be 

compared, Figure 5A. The removal of COD stabilizes near the 90 min of process, with a 

degradation of 58%. Figure 5B shows the relationship between experimental and 

model data. 

As the experimental data are grouped close to the first bisect of the graph 

present in Figure 6B, it can be stated that the model fits the experimental data and 

that COD kinetics for the mixture of lamivudine and zidovudine in an aqueous 

solution treated via UV/H2O2 is of first order. Finally, after defining the best working 

conditions and kinetic monitoring the degradation of the compounds under study by 

UV/Vis spectrophotometry, the AOP efficiency was verified by quantifying the drugs 

using HPLC, whose chromatogram can be observed in Figure 6. It was found that 

lamivudine degraded 97.33 ± 0.14%, while zidovudine showed a score of 93.90 ± 

0.33%, indicating that the UV/H2O2 process is efficient in the degradation of the 

pharmaceutical compounds studied. 
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 Figure 5 - (a) Evolution of COD decay and adjustment to the kinetic model proposed 

by Rajkumar and Palanivelu (2004) and (b) Comparison between experimental COD 

decay values and those obtained by the kinetic model proposed by Rajkumar and 

Palanivelu (2004) 

 

 

Figure 6 - Chromatogram for lamivudine and zidovudine analysis 

 

 

3.3 Artificial Neural Networks 

The effects of the variables, pharmaceutical concentration, [H2O2], [Fe], pH, time, 

volume and H2O2 addition were evaluated in the UV/H2O2 process for the degradation 

of a mixture of lamivudine and zidovudine drugs, by applying artificial neural 

networks modeling. From simulations performed using Statistica 8.0 software, it was 

verified that among the studied models, the MLP was the most accurate for data 

analysis. In this case, the best network had 23 hidden layer neurons (MLP 7-23-2) and 

R2 values equal to 0.999239; 0.999743; 0.999464 for training, testing and validation, 

respectively. The activations functions for the input and output layers were 
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 Exponential and Logistic, with sum of squares (SOS) as an error function. The training 

algorithm, back propagation, was found at the 221 epoch. 

The relative importance (%) of the input variables in the efficiency of the 

pharmaceuticals degradation process was calculated based on the weight data of the 

studied layers (input, intermediate and output), obtained through the ANNs. Noting 

that the most influential factor in the process was the [H2O2], with a significance of 

55.48%. For a better understanding of the contribution of each factor involved in the 

process, a graph with all of them was generated, Figure 7. 

 

Figure 7 - Model adjustments graphs for training, testing and validation of the ANN 

 

 

Finally, the accuracy of the ANN model developed to predict the 

pharmaceuticals degradation was tested. For this, the values predicted by the network 

were compared with those obtained experimentally, as shown in Figure 8. 

Figures 8 (a) and 8 (b) represent the comparative analysis of data grouping 

between calculated and experimental values for the degradation percentage between 

the training, testing and validation subsets, respectively for zidovudine and 

lamivudine. Analyzing these figures, it was verified the data did now show a dispersion 

tendency, confirming that MLP 7-23-2 topology with back propagation algorithm are 

adequate to evaluate the degradation performance of the lamivudine and zidovudine 
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 mixture by UV/H2O2. The reliability of the model was verified based on the correlation 

coefficient obtained for the output variable, which was greater than 0.999. 

 

Figure 8 - Parity plots of the models used for training, test and validation altogether 

for (a) zidovudine; (b) lamivudine 

 

 

 

3.4 Toxicity assessment 

The toxicity tests evaluated the presence of toxic effects of the pharmaceuticals 

solutions before and after the treatment by advanced oxidation processes in the 

seeds of Lactuca sativa and Portulaca grandiflora. The results of the triplicate assays for 

the amount of germinated seeds are shown in Table 6 (none of the seeds tested 

germinated in the presence of boric acid, positive control). 

Analyzing Table 6, it can be seen that for both the seeds Lactuca sativa and 

Portulaca grandiflora the post-treatment solution at 100% (PTS100%) presented a 

lower germination when compared to the negative control, so that it can be affirmed 

that the compounds formed after the treatment present toxicity to the legume and 

flower specied analyzed. It was also verified that Lactuca sativa had a greater impact. 

However, this impact is mitigated when the dilution of the post treatment solution is 

carried out, with the germination of concentrations 1, 5 and 10% close to the value of 

the negative control. The Portulaca grandiflora had its germination more affected by 
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 the before treatment solution (BTS) than by the treated solutions, and there was no 

greater variation in the number of seeds germinated in the different concentrations 

after treatment. 

 

Table 6 - Mean values of germinated seeds and standard deviations 

Solution 
Germinated seeds 

Lactuca sativa 

Germinated seeds 

Portulacagrandiflora 

BTS 8.67 ± 1.16 6.67 ± 1.16 

Water 8.67 ± 0.58 9.67 ± 0.58 

PTS1% 9.33 ± 0.58 8.67 ± 0.58 

PTS5% 9.33 ± 0.58 8.33 ± 0.58 

PTS10% 9.33 ± 0.58 8.33 ± 0.58 

PTS50% 8.67 ± 0.58 8.33 ± 0.58 

PTS70% 8.33 ± 0.58 8.33± 1.18 

PTS100% 7.33 ± 1.16 8.00 ± 0.00 

 

After the germination analysis, root growth was evaluated for both seeds, 

always using the length of the roots that obtained the highest growth in each of the 

Petri dishes used in the test. In order to obtain a more detailed view of the data, the 

relative growth (RGI) and the germination index (GI) were determined, this results are 

show in Table 7. 

From Table 8 it can be seen that in the higher concentrations of the post-

treatment solution an inhibition of the root growth of the two seeds studied was 

verified, proving that after treatment by UV/H2O2 not only the germination suffers 

impact, but also the development of the seeds studied. The root growth decreases as 

the concentration of post-treatment solution increases, especially to 100%. The 

reduction of root growth index especially affects the Lactuca sativa. 

According to Young et al. (2012) any seed growth result that is less than 80% 

(RGI< 0.8) of the value of the negative control is considered to have undergone growth 
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 inhibition. It is then realized that the solution prior to the treatment inhibits the 

growth of both seeds and that the post treatment solution inhibits the growth of 

Lactuca sativa, i.e., exhibits toxicity. 

 

Table 7 - Mean values of root growth, RGI and GI (%) of the seeds Lactuca sativa and 

Portulaca grandiflora (triplicate assays) 

Solution 

Root lenght (cm) RGI GI (%) RGI GI (%) 

Lactuca sativa 
Portulaca 

grandiflora 
Lactuca sativa Portulaca grandiflora 

Water 5.83 ± 0.416 2.43 ± 0.153  1.00 100.00 1.00 100.00 

BTS 4.53 ± 0.153 1.83 ± 0.153 0.78 69.67 0.75 51.96 

PTS1% 5.73 ± 0.058 2.30 ± 0.100 0.98 94.90 0.94 81.48 

PTS5% 5.67 ± 0.208 2.23 ± 0.058 0.97 93.79 0.92 79.12 

PTS10% 5.60 ± 0.100 2.10 ± 0.200 0.96 96.00 0.86 74.40 

PTS50% 5.57 ± 0.208 2.10 ± 0.100 0.95 85.56 0.86 74.40 

PTS70% 5.30 ± 0.200 2.10 ± 0.153 0.91 78.33 0.86 74.40 

PTS100% 3.00 ± 0.200 1.97 ± 0.153 0.51 39.01 0.81 66.89 

 

This toxicity can be minimized by the purifying power of the recipient bodies. 

That was observed through the dilution assays of the post-treatment solutions. In 

which the root growth showed values close to those of the negative control (relative 
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 growth indexes, RGI, close to 1) in the tests inferior to the PTS70%, not compromising, 

in these conditions, the growth of the two seeds studied. 

 

 

4 CONCLUSIONS 

The present work involving the application of the advanced oxidation processes 

for the degradation of lamivudine and zidovudine pharmaceuticals obtained 

encouraging results. With a degradation of 97.33 ± 0.14% of lamivudine and 93.90 ± 

0.33% of zidovudine after 180 minutes of treatment by UV/H2O2 process in a UV-C 

reactor. Kinetic models of pseudo-first order were used to monitor the temporal 

decay of the pharmaceutical concentration and for the conversion of the organic 

matter through the COD during the process, these being represented satisfactorily 

with values of R2 and rate constants of 0.9980 and 0.081 min-1 for lamivudine and 

0.9978 and 0.067 min-1 for zidovudine, respectively. For COD follow-up, the values 

obtained for these two parameters were 0.9705 for lamivudine and 0.0105 min-1 for 

zidovudine. It was possible to apply a mathematical model by artificial neural 

networks of the Multilayers Percepton type (7-23-2) to predict the pharmaceuticals 

degradation percentages, as well as to determine the relative importance of each of 

the input variables involved in the degradation process, with the most significant one 

being the H2O2 concentration, with 55.48%. The toxicity analyzes showed that there in 

inhibition of germination, as well as root growth, for both species, Lactuca sativa and 

Portulaca grandiflora when in contact with untreated pharmaceutical solutions, and 

that Lactuca sativa is also affect by the treated solution, presenting toxicity in these 

cases. However, this can be mitigated by the purification power of the recipient 

bodies, there being no record of toxicity and consequently of significant impairment 

of the two seeds studied when evaluating trials where the post treatment solution 

was in concentrations lower than 70%. 
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