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Abstract. This paper presents a study on the effectiveness of the Photo-Fenton Process (PF) for
removing the doxycycline hyclate (DXC) antibiotic. The experiment showed that the best removal
efficiency was achieved (79%) at pH 3 for 2.5 mg/L of DXC, 76.53 mg/L of H,0,, and 86.8 mg/L of
Fe?*. The degradation mechanism of DXC by hydroxyl radicals was confirmed by FTIR and HPLC.
To model the oxidation reaction of DXC by PF, an multilayer perceptron (MLP) based optimized
artificial neural network (OANN) was used, taking into account experimental data such as pH and
initial concentrations of DXC, H,0,, and Fe?*. The OANNN predicted removal efficiency results were
in close agreement with experimental results, with an RMSE of 0.0661 and an R? value of 0.99998.
The sensitivity analysis revealed that all studied inputs significantly impacted the transformation of
DXC.
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HIGHLIGHTS

« Hydroxyl radicals transform efficiently doxycycline hyclate from agueous solution

« Experimental optimisation showing strongly effect of: pH, concentration of DXC, H,O; and
Fe2+

« Designed OANN present a very good correlation between experimental and predict removal
efficiency



Introduction

Currently, the production or even the consummation of antibiotics has become more and more
increasing, this has caused their presence continuously in liquid effluents and even in soils
either as original or in metabolic forms [1]. It has been reported that tetracycline antibiotics
are the second class of antibiotics produced and used throughout the world, they were used
mainly in veterinary and human therapy as well as feed additives for animals. However, the
existence of tetracycline (TCs) in wastewater can influence the quality of surface water,
groundwater, soils, aquaculture, animals, and humans [2]. However, TCs molecules have a
typical structure like naphthalene resisting degradation and metabolic reactions, then, they are
released into the environment in their original structure. Therefore, exposure to TCs, for
example in drinking or irrigation water, can cause potential damage to living organisms and
the environment. Moreover, TCs can cause microorganisms to develop resistance to drugs by
producing antibiotic-resistance genes and inducing human and animal metabolism [3]. It has
been revealed that TCs can reduce the growing functions of teeth and skeleton of fetuses and
children thus estrogenic effects [4]. Also, TCs antibiotics pose severe threats to the
development and metabolism of plants, by inhibiting biomass accumulation, decreasing
pigment content, and increasing reactive oxygen species and antioxidant enzymes [5].
Doxycycline (DXC) in its hyclate form is a semi-synthetic tetracycline molecule, it has a
large activity spectrum against Gram-positive and Gram-negative bacteria which is widely
used in human and veterinary practice [1,6]. As a result, DXC can be detected as it is in
livestock, fish, vegetables, fruits, and in different sources of water, wastewater, and soil [6].
Recently, Advanced Oxidation Processes (AOPs) have generated hydroxyl radicals which are
very reactive and no selective oxidant for a great variety of organic compounds. These
radicals can be generated from some oxidizing reactants like hydrogen peroxide or ozone
combined with the presence of metallic or semiconductor catalysts within or without energy
[7].

The PF oxidation, is a metal-catalyzed oxidation reaction occurring in the presence of iron
through a chain of radical reactions which allows the generation of hydroxyl radicals (Eq.
(1)). In addition, the association of hydrogen peroxide/ferrous ions with UV radiation
enhances the efficiency of oxidation process especially the rate of degradation of organic
pollutants by additional generation of hydroxyl radicals from different reactions [8].



In the Fenton reaction, ferric ions may accumulate and the reaction and the reaction chain do
not continue if the ferrous ions are completely consumed[9]. Thus, ferric ions catalyze the

decomposition of hydrogen peroxide (Egs: (2) and (3))[8].

H,0, + Fe?* + Ht* — HO®* + H,0 + Fe3* (1)
H,0, + Fe3* — H* + HO} + H* (2)
HO, + Fe3* — H* + 0, + Fe?* (3)

As shown in Egs (4) and (5), consumption of hydroxyl radicals may occur which leads to the
reduction of Fenton process efficiency [8].

HO® + Fe?* —Fe3* +HO™ (4)

HO* + H,0, — H,0 + HO} (5)

In the presence of UV radiation, HO* was formed by the reduction of Fe3* into Fe?* (Eq (6)),
decomposition of H202 into two molecules of HO® (Eq (7)), and photolysis of ferric
complexes produced during the reaction chain process (Eq (8)) [7].

Fe3* + H,0 + huv — Fe?* + HO* + H* (6)
H,0, + hu — 2 HO® (if A< 400nm) )
Fe(OH)?* + hv — Fe?* + HO* (8)

Photo-Fenton process as homogeneous AOPs has been considered a potentially
effective process allowing the removal and mineralization of the majority of non-
biodegradable and recalcitrant micro-pollutants such as tetracycline molecules [6]. In
addition, due to its simplicity, the PF process is recognized by a low cost, fast reaction rate
and no amount of sludge can be produced [7]. It has been reported that the oxidative
mechanism pathway of DXC by hydroxyl radicals has been proposed by several studies,
which can lead to small molecules and/or complete mineralization [1, 6]. Likewise, Fenton
oxidation, the number, and complexity of the reactions that can take place during PF
oxidation, on the one hand, and since the intervention of several parameters in the efficiency
of the elimination process, statistical modeling methods are unable to predict or to simulate
effectively oxidation by hydroxyl radicals, Artificial neural network (ANN) methods has
attracted attention researchers to simulate, model and predict all type of phenomena in various
discipline of sciences and engineering. Many studies proved the capacity and rapidity of these
methods to solve numerous problems of environmental engineering, such as the adsorption of
organic pollutants[10], membrane separation [11], and biological treatment[12]. Nevertheless,
it has been reported that in the last decade, the application of ANN has been increasingly

applied in AOPs especially for dye removal [13], but a few researches have been carried out



on the application of ANN in PF processes for the removal of antibiotics compounds [14]. In
their work, Talwar et al. [15] and Sethi et.al [16], studied the transformation of different
molecules with therapeutic effects such as amoxicillin, and metronidazole by photocatalytic
methods which are more expensive and applied modeling based on the combination of several
artificial intelligence methods, this and despite the effectiveness of the methodology applied,
makes the procedure. However, the application of neural modeling in the present study is
since it is simple and rapid and has proven its effectiveness in several areas. in addition, it has
not previously been applied to the transformation of the DXC molecule by the photo-Fenton
process.

The present work focuses on assessing the effectiveness of the H.Oz/Fe*?/solar irradiation
system to remove doxycycline hyclate from an aqueous solution by experimental and
modeling study. To achieve this objective, four variables were targeted: pH, doxycycline,
hydrogen peroxide, and catalysis concentration. The performance of the optimized ANN
model was conducted by evaluating the predicted in contrast to experimental removal
efficiency. Finally, the impact and the importance of each input variable on removal

efficiency as the output variable was determined.

Experimental
Materials

Doxycycline hyclate (DXC) was provided by the Antibiotical-Saidal pharmaceutical group
(Medea, Algeria). The chemical structure and physico-chemical properties are shown in Table
1. Hydrogen peroxide solution (30%, w/w) and salt of iron in the form of ferrous sulfate
heptahydrate (FeSO4-7H20) were purchased from Sigma-Aldrich Corporation (St. Louis,
MO, USA) and all other chemicals were of analytical grade and were used without further
purification.

Table 1

Experimental methods

The PF oxidation is a metal-catalyzed oxidation reaction occurring in the presence of iron
through a chain of radical reactions which allows the generation of hydroxyl radicals (Eqg.
(1)). In addition, the association of hydrogen peroxide/ferrous ions with UV radiation
enhances the efficiency of oxidation process especially the rate of degradation of organic

pollutants by additional generation of hydroxyl radicals from different reactions [8].



Experiments were carried out in a borosilicate reactor (0.1 L) menu with a water jacket
maintaining a constant temperature (24+ 2 °C). The radiation was provided from solar
irradiation with light intensity and luminance varying from 450 to 600 W/m? and 95 to 100
KIx, respectively. A volume of 50 mL of reaction mixture containing an appropriate
concentration of DXC and hydrogen peroxide was illuminated by solar radiation under
magnetic stirring. After, ferrous ions (as ferrous sulfate heptahydrate) were added and the
mixture was stirred magnetically for a duration of 30 min (Figure 1). The pH effect was
investigated by using different buffer solutions: 20 mM potassium chloride/HCI buffer (pH 2
and 2.5), 20 mM potassium phthalate/HCI buffer (pH 3, 3.5 and 4), and 20 mM potassium
phthalate/NaOH buffer (pH 4.5 and 5). The parameters taken in this study, on which removal
of DXC depends, are pH, initial concentration of DXC, H20-, and Fe?* (Table 2).

In the end, the mixture was centrifuged at 4.000 rpm for 10 min and the supernatant and the
precipitates were monitored for spectroscopies, chromatography, and toxicity analysis.

The experiments were conducted in triplicate and their average were reported.

Figure 1

Table 2

Characterization methods

The DXC concentration was determined with a UV-visible spectrophotometer (Model Perkin-
Elmer 550 A) at different wavelengths ranging from 200 to 600 nm. The residual DXC
concentration after treatment with PF oxidation was evaluated on the supernatant at the
maximum wavelength of DXC (375 nm).

The removal efficiency (RE) was calculated as follows (Eq (9)) [17]:

RE (%) = C"C;Oct 100 (9)

Where Co and C; (mg/L) are the initial DXC concentration and its concentration at time (t)
respectively.

FTIR spectra of dried DXC and its precipitate degradation products have been recorded for
the KBr pellet. FTIR spectra were done in the mid-IR region of 400-4000 cm™ and were
collected at the absorbance mode in a Shimadzu 8400 spectrophotometer at 4 cm™ resolution
and a number of scans of 128. A High-Performance Liquid Chromatography (Alliance Waters
e2695) equipped with a UV-Visible detector (Waters 2489) operated at 280 nm + 4nm, an



automatic sample injector, a 3DR solvent delivery system, a thermos-stated column
compartment adjusted at 60°C and a stationary phase constituted by a Reverse-Phase column
(RP18, 4.6mmx25cm), is used to get the elution data of DXC and its extracted degradation
products. The elution process was carried out using a mobile phase made up of the reagent
cited in Table 3. The flow rate is to 1 mL/min. The injection volume was 20 puL which was
conducted with an automatic injector.

Table 3

Artificial neural network modeling

Artificial neural networks (ANN) are mathematical models, which have similar principles and
share basic elements with the nervous system to take actions based on perception rather than
reasoning. Modeling consists of implementing a system of neural networks in an artificial

mode, to set correspondence for each composing the biological neuron (Figure 2).
Figure 2

In the present study, the adopted methodology for the removal efficiency prediction of DXC
by the neuronal technique can be summarized into four steps: selection of neural model
inputs, data collection, data division sets, and data normalization. The input variables for the
feed-forward neural network are pH, initial DXC concentration (mg/L), initial H20-
concentration (mg/L), and initial Fe*? concentration. The output variable selected was
removal efficiency. Table 4 contains the statistical analysis of the inputs and output data
which are expressed by minimum, mean, maximum, and standard deviation.
Table 4

The total experimental database was divided into three subsets: training (67%), testing (17%),
and validation (16%). Since there is a difference within the input data ranges, a normalization
is essential, all input and output data were converted into normalized values in the -1 and +1

range using Eq. (10) expressed as follows:

V= 2#(Y=Ymin) -1 (10)

N (Ymax— Ymin)

Where yh is the input or output variable y, and ymin and ymax are the minimum and maximum
values of variable y, respectively.

Figure 3 details the design principle of the ANN model in this study.



To optimize the topology of the network architecture, it was necessary to determine the
optimum number of hidden neurons, in which some statistical parameters such as R?, MSE,

RMSE, and MAE, could calculate for the training process.

Figure 3

Results and discussion

Effect of pH, CTC, Hydrogen peroxide, and ferrous ions doses

It has been demonstrated that common operating parameters affecting efficiency removal in
terms of quality and quantity in all Fenton processes are: pH, organics, oxidant, and catalysis
concentrations [7]. The pH of the reaction medium affects strongly the production of hydroxy!l
radicals. However, the photolysis process of hydrogen peroxide is independent of the pH
condition. Therefore, it has been reported that PF oxidation can remove organic pollutants in
neutral and acidic mediums [8]. Therefore, according to Figure 4, at high acidity (pH < 3), the
removal efficiency of DXC is very low (about 40%), this can be explained by the slowing
down of the Fenton reaction due to the stability of hydrogen peroxide at acidic pH which
reacts with protons to form oxonium ions (Eg. 11). Moreover, the excess of H* could acting as
scavenger of hydroxyl radicals as shown in Eq.12 [8].

H,0, + H* > H;03 (11)
HO®*+ H* + e~ — H,0 (12)
Therefore, at low acidity (pH > 4), the process of photo-oxidation using ferrous ions favors
the formation of hydroxyl ions as hydroxyl radicals (Eq.13) which precipitate with iron ions
under complex species. Also, the auto decomposition of hydrogen peroxide is accelerated at
higher pH, this must reduce the activity of the Fenton reagent [18].

Fe?* + HO' — Fe** + HO™ (13)

At pH equal to 3, it was observed that the maximum of the RE of DXC was achieved
(67.074%), for which the hydroxy-ferric complexes are more soluble and the Fe(OH)?* ions
are more photoactive [18]. Therefore, another chief systematic parameter assessing the
performance of FPs treatment is the micropollutant concentration in the contaminated
effluent. The influence of this parameter was studied for DXC ranging from 0.5 to 6.5 mg/L,
at pH 3 and for doses of H,O, and Fe?* of 60.0245 mg/L and 86.8 mg/L, respectively. It is
shown in Figure 4 that an oxidation potential was observed under these conditions.
Nevertheless, the curve allure shows clearly that for DXC concentrations varying from 0.5 to
2.5 mg/L, Whereas, it has been reported that removal efficiency by PF oxidation, increases



with an increase in H2O> dose until optimum concentration [8]. However, results depicted in
Figure 4 showed that from a concentration of H2O; of 76.53 mg/L up to 110.54 mg/L, the RE
decreases slightly. First, the amount of H202 was consumed following the ratios of
Fe2+/H202 and H202/UV reactions. This led to the remarkable removal of organic
pollutants by the hydroxyl radicals thus formed. Therefore, as reported in the literature, in the
PF process, the excessive H2O. improves the scavenging of HO® which strongly reduces
removal efficiency [7]. In our case, this phenomenon was limited by the photolysis reaction of
hydrogen peroxide. Also, regarding Figure 3, the results indicate that the DXC removal has a
slower character without ferrous dosage (i.e) H.02/UV process (RE = 17.87%), whereas, the
PF process occurs rather faster for ferrous doses of 2.8 mg/L (RE = 43.22%). Moreover, since
the ferrous dosages increase from 2.8 to 36.54mg/L, the RE achieves 70.95% which is due to
the increasing generation of hydroxyl radicals from the Fenton reaction plus the chemical
reduction of hydroxyl-ferric. It has been reported that an increase in ferrous dosage in PF
oxidation changes the final pH of the solution from 3.5 to 4.4, thus leading to the formation of
iron oxyhydroxide which precipitates and then reduces penetration of light throughout the
solution [19].

UV-visible spectra, FTIR, and HPLC analysis of the CTC treated by PF process

As indicated in Figure 5-a, the spectrum of DXC contains three main absorption bands, two
were located in the UV region at 245 and 275 nm, and the third in the visible region at 375
nm. For the treated solution spectrum, it was shown that the three absorption bands were
strongly reduced after PF treatment. This suggests that the chromophore and the auxhochrome
groups were converted as well as related auxochrome groups to an aromatic ring [20]. this is
likely due to the formation of new aromatic intermediates or other products. 15, 43. however,
since *OH is involved in a non-selective reaction by acting on the breakdown of functional
groups and hydroxylation of the aromatic structure of tetracyclines, which consequently
results in the formation of smaller organic molecules [21]. Pulicharla et al. [21] proposed a
reaction mechanism of chlortetracycline (TCs molecule) by Fenton oxidation. They suggested
that hydroxyl radicals are disposed to act on carbon-dimethyl amino and carbon-carboxyl

amide groups.

Figure 4



Figure 5

As a result, the formation of tricyclic and bicyclic aromatic intermediate compounds leads to
smaller organic molecules. Hence, Bolobajev et al. [6] have depicted a complete
mineralization of DXC by auto-degradation involving Fe®*/H,0,/UV-C which is very
promising by reduction of ferric ions to ferrous ions as well as DXC- Fe3* complex formation
leading to a reductive release of Fe(ll) while ensuring the generation of HO* by photolysis and
photo-reduction.

Besides, as shown in Figure 5-b, for FTIR spectra of the original DXC sample and its
degradation products, the transformation of the parent molecule by PF oxidation was
achieved. The FTIR spectrum of the metabolite product as precipitate showed a significant
reduction in the number and band absorption compared to the untreated molecule spectrum.
The absence of the different characteristics of stretching bands confirms that the functional
groups may be transformed by hydroxyl radicals. New position bands of -C=C- of the
aromatic ring group appeared at 1450 and 1550 cm, this may be due to a bathochromic
effect of new substituted groups. In addition, a transformation of DXC by hydroxyl radicals
generated by PF reaction was performed by its HPLC chromatograms. The chromatogram of
the DXC original solution (Figure 6-a) revealed a single peak having a retention time equal to
22.15 min. Nevertheless, the disappearance of the peak corresponding to the DXC molecule
can be seen in the chromatogram of extracted degradation products (Figure 6-b), whereas a
new peak takes place at a retention time equal to 4.941min. This must confirm the
transformation of functional polar groups of DXC molecules by hydroxyl radicals as well as

the formation of new molecules.
Figure 6

ANN modeling

To obtain the best combination of components for an ANN-MLP architecture for the
prediction of removal efficiency of DXC by PF process, three-layered have been used: input
layer, one hidden layer using tangent sigmoid (tansig) function as a transfer function, and
output layer using linear (purelin) function as transfer function (Figure S1). From Table S1, it
was observed that the suitable network architecture was taken for 18 neurons in the hidden
layer with 150000 iterations.

Figure S1

Table S1



The dispersed diagrams are revealed in Figure S2. It has been observed that the plotting of the
predicted RE using experimental results is very satisfactory. The values of MSE and R? for
the training phase were found to be 2.9759.10° and 0.99998, respectively, which indicated
that the predicted outputs were very agreed with the corresponding experimental. For the
phases of testing and validation, it also indicated that the developed neural model reproduces
effectively all used data.

Figure S2

The structure of the model which gives the lowest MSE consists of one hidden layer (tansig)
with 18 neurons and (purelin) as a transfer function at the output layer. The developed model
showed an excellent performance with a determination coefficient (R?) of 0.997 and MSE of
3.76.10. Elmolla et al. [22] have developed an ANN model to predict the performance of FP
for the removal of amoxicillin, ampicillin, and cloxacillin. The configuration of the
backpropagation neural network giving the smallest mean square error (MSE) was a three-
layer ANN with tangent sigmoid transfer function (tansig) at hidden layer with 14 neurons,
linear transfer function (purelin) at the output layer and Levenberg—Marquardt
backpropagation training algorithm (LMA) with a determination coefficient (R?) of 0.997 and
MSE of 3.76.10

Global sensitivity analysis

In the present study, the weight method was carried out to perform the effect of each input
variable on the output variable. an equation using a partitioning of connection weights (Eq.
14) can be used, [23]:

_ wih
ZQIT*‘<(7N.K i)l )*abs(w*s,?n>
= Y1 abswib
k=1 km

j = ZE:?(ZE:?})(%)* (I(WhS, J)>

Bk (Wil

(14)

Where |; is the relative sensitivity of the j™ input variable to the output parameter; Ni and N
represent the number of input and hidden neurons, respectively; "W" are connection weights.
The exponent i, h and o refer to the input, hidden, and output layers, respectively, and the
clues k, m and n refer to the input, hidden, and output layers, respectively.

As indicated in Figure S3, all variables have strong effects on the removal efficiency of DXC.
Therefore, initial DXC and catalysis concentrations were depicted to be the significant
influential parameter with a relative influence of 27% then pH (24%), as well as hydrogen

peroxide initial dosage (22%). Some anterior research carried out on the removal of organic



molecules by the PF process reported different values of the relative importance of input
variables, this may depend on operational conditions and variables that the researcher has
taken into account [21,23,24].

Figure S3
To facilitate the computing of the output variable (RE) knowing only the selected inputs (pH,
[DXCJo, [H202]o, and [Fe**1°) through the best-established ANN architecture (weights and
biases), a graphical interface (Figure S4) was developed viaa MATLAB program.

Figure S4
Conclusion

The removal efficiency of doxycycline hyclate by homogeneous photocatalysis H202/Fe*?/UV
reached a maximum value of 79% at pH 3, 2.5 mg/L of DXC, 76.5315 mg/L of H.O, and
86.8 mg/L of Fe®". Spectroscopy and chromatography analysis confirmed the potential
capacity of the photo-Fanton process to transform doxycycline molecule on small fragment
metabolite. Therefore, a three-layered feed-forward back propagation ANN was developed to
predict removal efficiency using experimental data. The structure of the OANN-MLP that
yielded the best statistical parameters: MSE equal to 2.9759.10° and R? equal to 0.99998,
consisted of one hidden layer with a tansig function using 18 neurons and purelin function as
the output layer function. Sensitivity analysis showed that initial concentrations of
doxycycline and ferrous ions have the most effect on removal efficiency (27%). Finally, the
results of interpolation and extrapolation confirmed that the ANN model could effectively
reproduce experimental data and predict the performance of the process in the domain of the

studied input variables.
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List of symbols and abbreviations

ANN: Artificial Neuronal Network

AOP: Advanced Oxidation Process

Co: Initial DXC concentration, mg/L

Ct: DXC concentration at a time t, mg/L

DXC: Doxycycline hyclate

FTIR: Fourier Transform Infrared

HPLC: High-Performance Liquid Chromatography

lj: Relative sensitivity of the j™ input variable to the output parameter
Mi: Molecular weight of each molecule, such as doxycycline hyclate, hydrogen peroxide, and
iron

MAE: Absolute mean error

MSE: Mean squared error

NRMSE: Root of the normalized mean squared error

Ni and Nn: Number of neurons in the input and hidden layers, respectively
PF: Photo-Fenton

RE: Removal efficiency, %

TC: Tetracycline

RMSE: Root mean squared error

RZ: Coefficient of determination

Ynorm: Normalized value

y: Experimental data

Ymax: Maximum experimental value

Ymin: Minimum experimental value

W: Connection weights



Figure captions:

Figure 1 Schematic representation of photo-Fenton reaction of DXC

Figure 2 Schematic representation of the similarity between biological neuron and an ANN
Figure 3 Architecture of the ANN-MLP model

Figure 4 Effect of pH and concentration of DXC, H20, and Fe?*on RE by PFP.

Figure 5 (I) UV-visible spectra of CTC before and after photo-Fenton treatment, and (II)
FTIR of a) CTC, and b) its transformed products
Figure 6 HPLC chromatograms of DXC aqueous solution before PF treatment a) and after PF

treatment b)



Table 1. Physicochemical properties of doxycycline hyclate.

Chemical structure Characteristic Value
Molecular Weight 1025.87
(g/mol)
Water solubility 50
HCl (293°K, mg/mL)
0 ?:ZCHZEQSOH 4 Appearance yellow
crystalline
Purity (%) 98.5
Kmax(nm) 375
pkgf"ﬁ 7.07,9.13

3.50




Table 2. Variables and their levels

Level pH [DXClo [H20:l0 [Fe*o
1 2 050 8.5035 2.8

2 25 1.50 25510 19.6

3 3 250 42517 36.4

4 35 3.50 60.024 53.2

5 4 450 76.531 70

6 45 550 93.538 86.8

7 5 6.50 110.54 103.6




Table 3. Mobile phase composition

Monobasic  Sodium Tetrabutyl- Edetate  Tertiary
Reagent phosphate hydroxide ammonium- disodium  butyl
potassium hydrogen sulfate alcohol

2724 0.74g 050 g 040g  60g




Table 4. Statistical analysis of inputs and output data

Min Mean Max STD

pH 2 3.0637 5 0.3256
[DXC]o (mg/L) 0.5000 2.7614  6.5000 1.0219
[H202]o(mg/L) 85161 61.1409 110.8700 23.2844
[Fe*Jo(mg/L)  2.7814 67.0639 103.9130 29.4269
RE (%) 07435 63.7960 80.2030  13.2515
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