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1. Introduction

While, water is indispensable to the survival of all living beings, its pollution is a prevalent threat. In recent
decades, a variety of synthetic organic compounds have been released into the environment as a result of
human activities in urban, industrial and agricultural domains, ignoring the negative and harmful
consequences of this irresponsible action. Their elimination remains incomplete during conventional
wastewater treatment because of their persistence during biochemical degradation, their stability to radiation
exposure in sunlight and their high resistance towards microbial attack and temperature [1-3].

Today, the detection of pharmaceutical residues (drugs) in environment is a major concern, since they increase
the risk of toxicity to animals and humans [4-9].

Among these pharmaceutical residues detected, we find the statins which are inhibitors of HMG-CoA (3-
hydroxy-3-methylglutaryl coenzyme A) reductase, used in medicine to reduce cholesterol synthesis [10, 11].
Their consumption in Norway defined by daily doses per 1000 inhabitants reached 20 in 1996 and increased to
110 in 2004 [12]. The first statin named lovastatin was discovered in a terrus Aspergillus fermentation broth
in 1978 by Merck Research Laboratory and was marketed in 1987, followed by simvastatin in 1988,
pravastatin in 1991, fluvastatin in 1994, atorvastatin in 1997, cerivastatin in 1998 and rosuvastatin in 2003
[13]. Detailed research studies have demonstrated that statins also play an essential role in the prevention of
cardiovascular disease [14], which explains remarkable increase in their demand in United Kingdom from
259000 prescriptions in 1981 to 52 millions in 2008 [15]. It was also shown that statins have pleiotropic
effects that reduce inflammation and fight against sepsis [16-18].
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In our study, we chose rosuvastatin (ROS) as a model of the new generation of statins because its high
consumption in many countries, especially recently, it has been approved effective against Alzheimer's disease
and promising in reducing cardiovascular risk factors [19-21]. According to World Health Organization
(WHO), ROS is the third drug most sold in the US in 2012, which explains its detection in effluent (maximum
concentration of 979 ng L™) and its reaction as a contaminant in natural waters [22, 23]. Its metabolism is not
enough, especially 77% of this substance is excreted unchanged (90% unmetabolized is recovered in faeces
and 10% in the urine) [24]. In addition, toxicity studies related to the high exposure of ROS on molds
Lampsilis siliquoidea demonstrated the decrease in feed rate and the increase in time reserved for sub-adult
mussels with their closed valves [25]. Another study noted that this drug is highly toxic and potentially
carcinogenic due to the presence of pyrimidine derivatives [26]. In this regard, advanced treatment is required
to remove organic materials in general and rosuvastatin in particular from contaminated waters by using
effective and economical methods called advanced oxidation processes (AOPs) [27].

AOPs comprise an interesting and efficacious technique for the treatment of water polluted by organic
pollutants [28], such as pharmaceuticals [29-33], pesticides [34], and dyes [35,36]. Their mechanism is based
on the in situ generation of highly oxidizing and non-selective species such as hydroxyl radicals *OH, capable
of handling all the different types of contaminated waters by different types of organic pollutants to obtain
total mineralization into CO,, water and inorganic ions. Their oxidation potential is E® (*OH / H,0) =2.8 V /
SHE [27, 37]. The production of these radicals can be achieved by chemical methods (ozonation Os,
peroxonation H,0,/O3), photochemical processes (photodissociation direct UV photolysis of ozone O,/UV,
photoperoxonation O4/H,0,/UV, photolysis of H,0, photo-Fenton H,0,/Fe?'/UV, heterogeneous
photocatalysis (TiO,) and direct electrochemical processes ( anodic oxidation) or indirect (electro-Fenton
process). These methods have significant remarkable benefits; they are versatile, environmentally friendly,
provide better security with simple handling conditions and ensure a high yield [2].

Particular attention is given in recent years to electro-Fenton (EF) process as a technical high performance
process based on continuous electrogeneration of H,O, in acid solution by reduction to 2 electrons of oxygen
(reaction 1) to the cathode as mercury pool [38, 39], carbon felt CF [40-42], activated carbon fiber [43],
carbon nanotubes-polytetrafluoroethylene PTFE [44], carbon nanotubes immobilized onto graphite fiber [45],
carbon PTFE gas diffusion electrodes GDE [46].

O, + 2H" + 2e” — H;0O, (1)

Note that H,O; is a green chemical and environmentally friendly because it produces oxygen and water. It is
very useful in cleaning electronic circuits and disinfection of medical materials [47]. However, it presents an
inconvenience of limited oxidation capacity in the case of wastewater treatment since it attacks just cyanide,
aldehydes, nitroorganic and sulfoorganic compounds, but its oxidizing power is significantly improved in the
acidic medium by adding Fe®* or Fe** as catalyst, giving the Fenton reagent which produces hydroxyl radicals
(*OH) by the Fenton reaction 2 [48,49].

Fe** + H,0, —» Fe* + *OH + OH (2)

Interestingly, the propagation of the reaction (2) is provided by the continuous electrogeneration of Fe?* from
the reduction of Fe**, formed during the reaction at the cathode with E, = 0.77 VV/SHE [48] according to the
following reaction scheme (3) [50-52]:

Fe** + e — 5 Fe?* (3)

Hydroxyl radicals (*OH) can be produced by the oxidation of water at the anode as the platinum Pt [53, 55] or
BDD electrode [56, 57].

There are a few studies concerning the degradation of rosuvastatin but none approached the EF process; we
have found photocatalytic degradation of rosuvastatin using ZnO catalyst in suspension [58] and in
demineralised water [20]. These studies demonstrated that ROS is classified as a moderately degradable
compound and the effectiveness of this process can be influenced by the presence of dissolved Zno [20].
Another study of degradation of rosuvastatin by wastewater treatment plants (WWTP) showed that the
degradation rate in sludge was higher than in water because of the presence of many bacteria with a variety of
enzymes Capable of catalyzing the processes of degradation of ROS. In addition, this treatment can cause
secondary pollution of the environment [59]. Therefore, the present study investigates the performance of the
EF process for the efficient removal of ROS.
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This work aims at studying the oxidative destruction and mineralization of rosuvastatin’s solutions by EF
process using platinum (Pt) as anode and carbon felt as cathode. The effectiveness of this method in the
degradation of ROS is assessed by the chemical oxygen demand (COD) by analyzing several parameters such
as applied current, concentration and nature of catalyst, pH, and supporting electrolyte.

2. Materials and Methods

2.1. Chemical Reagents

Rosuvastatin calcium (98% purity) was purchased from Sigma Aldrich and used as received. Its chemical
structure and physical properties are given in Table 1. Anhydrous sodium sulfate Na,SO, and Sodium chloride
NaCl used as background electrolyte are also of analytical grade from Sigma Aldrich and Fluka, respectively.
Heptahydrated ferrous sulfate and copper (I1) sulfate pentahydrate used as catalyst are of analytical grade from
Acros. Solutions were prepared with high-purity water obtained from a Millipore Milli-Q system with
resistivity > 18MG at 25 °C. pH is adjusted with analytical grade sulfuric acid and sodium hydroxyd from
Sigma Aldrich and Fluka, respectively, using HANNA pH-meter. Organic solvents and other chemicals such
as Acetonitril (ACN), acetic acid and hydroxyamonium (HPLC grade, Carlo erpa) were used as received.
Potassium chloride (KCI), Mercuric sulfate HgSO,, silver sulfate AgSO,4 and potassium dichromate K,CrO;
were purchased from Hach Lange Europe, Belgium.

Table 1: Rosuvastatin calcium properties

Compound Structure Molecular weight  Solubility in
water [60]
calcium bis[(3R,5S,6E)- - oH OH o\
7-{4-(4-fluoro-phenyl)-
6-(1-methylethyl)-2- o NN TN o
[methyl(methylsulfony) \U )|\ Ca’ 1001.14mg/l < 1 mg/ml
amino]pyrimidin-5-yl}- o? N at 25 °C
3,5-dihydroxyhept-6- |
enoate] F 2
N— 7
CuaHs4FN6O1,S,2Ca

2.2. Experimental setup

To control the current intensity, a potentiostat/galvanostat model PGZ 301 associated to Voltalab was utilized
during electrolysis. The experiments were performed using a cylindrical and open undivided cell of 6 cm
diameter and 250 ml capacity. The anode is a platinum electrode of 5 cmz, placed on the center of the cell and
surrounded by a large surface area three-dimensional carbon-felt (10 cm x 7 cm x 0,5 cm- carbone Lorraine)
used as cathode. The initial pH of solutions was adjusted to 3 by 0.1 M H,SO,. Moderate compressed air was
bubbled during 10 minutes through the cell to saturate 200 ml of aqueous solution, which was agitated
continuously by a magnetic stirrer. Prior to the electrolysis, a catalytic amount (0.1 mM) of Heptahydrated
ferrous sulfate was added to the solution.

2.3. Analytical methods

2.3.1. High Performance Liquid Chromatography (HPLC)

The evolution of Rosuvastatin concentrations was detected using a Waters 2695, fitted with Zorbax eclipse
XDB C18 column (150mm/4,6mm/3,5um) at 25 °C, equipped with an isocratic pump and photodiode array
PDA 2260 detector selected at optimum wavelength of 248 nm. The mobile phase was a mixture of
ACN/acetic acid (30:70, v/v). It was eluted with a rate of 1 ml.min™. The injection volume was 130 pL.

2.3.2. Chemical oxygen demand (COD)

The mineralization of Rosuvastatin solution was followed by chemical oxygen demand (COD) using the
Lovibond® Vario-MD200 Photometer. The amount of oxygen required for the oxidation of the organic matter
at 150 °C for 2h was quantified after oxidation with K,Cr,O; in acidic medium [61]. COD values were
measured colorimetrically using DR/125 spectrophotometer (Hach company, USA).
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3. Results and Discussion
The Electro Fenton process, though simple in principle, involves a number of experimental parameters
including optimization which governs the efficiency of the degradation of organic pollutants.

3.1. Effect of applied current

Given its role in regulating the amount of hydroxyl radicals generated in electrolysis, the applied current
settings affect the oxidation capacity of Electro-Fenton process.

Degradation kinetics experiments were performed at room temperature in an acidic medium (pH 3) in the
presence of 0.1 mM Fe®* and 0.05 M Na,SO, at a variable range of the applied current from 30 mA to 300
mA. The decay of the initial concentration of rosuvastatin (50 mg L) was monitored by HPLC.

As shown in Figure 1, ROS is completely eliminated at 20, 12, 12, and 7 min for 30, 60, 100 and 300 mA,
respectively. This increase in degradation rate as the increase of the applied current may be related to the
acceleration of the production of H,O, and the catalytic cycle Fe**/Fe?", resulting in improving the generation
of the hydroxyl radicals. The best degradation appears at 300 mA current.

60

y=1,017x y = 0,549x y =0,525x
R2=0,996 R2=0,991 R2=0,998
50 A

y =0,324x

- e R?=0,992

40

In (C,/C,)

O Br N W ~» U1 O
X 1
>
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Figure 1: Effect of the applied current on the kinetic of the rosuvastatin degradation at pH 3.0 at room
temperature during the Electro-fenton process. Operating conditions: [ROS] = 0.05 mM, [Fe**] = 0.1 mM,
[Na,SO,4] = 0.05 M, V =200 ml, I (mA) : 30(-¢-), 60(-=-), 100(- A -), 300(-x-). Inset panels show the kinetics
analysis considering a pseudo-first order reaction between ROS and *OH, this analysis allowed determining
apparent rate constants.

The decrease in the concentration of ROS follows a pseudo-first order kinetic equation. This behavior is an
accordance with a previous study concerning the degradation of ROS in aqueous solutions [20] [58,59]. The
value of the apparent rate constant K, is found to be 0.32 min™ (R = 0.992) at 30 mA, 0.53 min™ (R2 =
0.998) at 60 mA, 0.55 min™ (R2 = 0.991) at 100 mA, and 1.02 min™ (R2 = 0.996) at 300 mA.

3.2.Effect of Fe* catalyst

The concentration of Fe®" ions is considered another important parameter in EF process. In order to optimize
the conditions of this parameter the degradation of ROS was analyzed in the presence of different
concentrations of Fe** ions in an acid medium (pH 3) while applying a constant current of 300 mA.

As shown in Figure 2, the better degradation of ROS was obtained for 0.2 mM concentration (7 minutes),
which explains that the amount of iron is ideal for improving the production of strong oxidants.

For 0.5 mM concentration, degradation requires more time (9min) for the complete elimination. This is
probably associated with a progressive decrease in production of hydroxyl radical *OH because of the large
amounts of Fe** formed due to added Fe**, accelerating the participation of non-oxidative reactions 4.

Fe** + *OH —— Fe* + OH  (4)
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To 0.1 mM concentration, the time for degradation is the same as that of 0.2 mM concentration, except that the
yield is low. This negative effect can be associated with the insufficient amount of iron added to the top of the
reaction, which gives an insufficient production of hydroxyl radicals. Degradation of ROS follows a pseudo-
first order reaction kinetics, the values of the apparent rate constants are 1.06 min™ (R2 = 0.970), 1.02 min™
(R2=0.996) and 0.87 min™ (R2 = 0.960) for 0.2 , 0.1 and 0.5 mM respectively.
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Figure 2: Influence of the Fe®* (Catalyst) concentration on the decay kinetics of rosuvastatin. Operating
conditions : [ROS] = 0.05 mM, [Na,SO,] = 0.05 M, V = 200ml, | = 300 mA. [Fe**] (mM): 0.1(-#), 0.2(-=-),
0.5(-A-). Inset panels show the kinetics analysis considering a pseudo-first order reaction between ROS and
*OH, this analysis allowed determining apparent rate constants.

4. Study of the mineralization process

4.1. Effect of applied current on Rosuvastatin mineralization by EF

The generation of *OH is controlled by a very important parameter: applied current I. Its influence has been
clarified by the electrolysis of 0.05 mM of ROS in the presence of 0.05 M Na,SO, and 0.1 mM Fe*" between
30 and 300 mA at pH 3 for 6 hours of treatment. It has been observed in Figure 3 that an increase in the
applied current clearly improves the mineralization rates. COD was reduced by 40%, 73%, 76% and 83% at
30, 60, 100 and 300 mA, respectively. From these results, the current 300 mA appears to be the best current
for mineralization with optimized rate.
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Figure 3 : Influence of current applied on the mineralization solutions of rosuvastatin by the Electro-Fenton.
Operating conditions: [ROS] = 0.05mM. [Fe**] = 0.1 mM, [Na,SO,] = 0.05 M, V = 200 ml, I(mA): 30(-+-),

4 2. Effect of Fe** concentration

In this part, we study the influence of the concentration of Fe** catalyst for the mineralization of ROS. That
was achieved by the treatment of aqueous solutions containing ROS (0.05 mM) under the following operating
conditions: Ambient temperature, pH 3, current applied 300mA, nature and concentration of supporting
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electrolyte 0.05 M Na,SO, and concentration of Fe** catalyst varying from 0.1 to 0.5 mM. After treatment for
6 hours, the obtained results in Figure 4 show that the mineralization rate was 82%, 94%, 70% for
concentrations of iron 0.1, 0.2 and 0.5 mM, respectively. Mineralization rate is optimum for 0.2 mM
concentration. Similar observations have been reported in the previous studies [62, 63].

120
100 J‘
80
60
40
20
0 —a
0 100 200 300 400

coD/mgo0,L?

time (min)

Figure 4: Influence of iron concentration for mineralization during Electro-fenton. Operating conditions:
[ROS] = 0.05 mM, [Na,SO,] = 0.05 M, V =200 ml, | =300 mA. [Fe**] (mM): 0.1(-¢-) , 0.2(-=-) , 0.5(- A -).

4.3. Effect of the nature of catalyst

It is well known that iron (Ferrous Fe®* or Ferric Fe**) is the most commonly used for environmental and
economic criteria catalyst, but that does not prevent other transition metal ions serving as a catalyst, alone or
combined. For this reason, the study of mineralization aqueous solutions of ROS was carried out in the
presence of Cu* ions alone whose concentration was set to 0.2 mM [51] , in order to compare the performance
of various catalysts. The results according to Figure 5 evidence that Ferric ions lead to the best mineralization
relative to cuprous ions in the same concentration. This can be caused because of the greater oxidizing power
of the couple Fe**/Fe?* (E, = 0.77 V / SHE) compared to that of the couple Cu®**/Cu* (E, = 0.16 V / SHE), thus
explaining the low production of *OH by the Fenton-Like resulting from the reaction between Cu* and H,0,
(reaction 5) [64]:

H,0, + Cu'— Cuz" + OH + *OH (5)
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Figure 5: Influence of the nature of the catalyst on the mineralization of aqueous solutions of rosuvastatin.
Operating conditions: [ROS] = 0.05 mM. | = 300 mA, [Na,SO,] = 0.05 M, V = 200 ml, [Fe**] = 0.2mM (-¢-),
[Cu*] = 0.2mM (-=-).

4.4, Effect of pH solution

Several experiments were conducted to demonstrate the influence of pH in EF process. The selected pH values
are 2, 3, 4 and 5. This was adjusted by either NaOH or H,SO, while maintaining the other parameters constant
([ROS] = 0.05 mM, | = 300 mA, [Fe*] = 0.2 mM, [Na,SO,] = 0.05 M). Figure 6 shows that after 6 hours of
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treatment, the rate of reduction was 91%, 94%, 59% and 10% for the values of pH 2, 3, 4 and 5, respectively.
Therefore, the best production of hydroxyl radicals was observed for pH 3 and hence better mineralization.
Several studies have confirmed this result and that the optimum pH value during the EF process is 2.8 - 3.0
[49] [65, 66]. The low reduction rate observed at higher pH value of 5 can be explained on the basis of the
instability of ferric ions which can form precipitates Fe(OH); and therefore a decline in the generation of
hydroxyl radicals. To pH 4, the result obtained is due to the disappearance of ferric ions because of the
hydroxyl processing as [Fe(OH)]**, [Fe(OH),]" and [Fe(OH,),]* or complex hydroperoxy as [Fe(OH)(H,0,)]*
[49] [67-69]. Around pH 2, the transformation of H,O, to H;O," and oxonium by capturing one proton H*
explains clearly the slower reaction between H,0O, and iron [70, 71]
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Figure 6: Influence of pH on the mineralization of aqueous solutions of ROS in the Electro-Fenton. Operating
conditions: [ROS] = 0.05 mM. [Fe®*"] = 0,2 mM, [Na,SO,] = 0.05 M, VV = 200 ml, I = 300 mA, pH : 2(-¢-), 3(-=-),
A(-A-), 5(-x).

4.5. Effect of supporting electrolyte
To study the effect of the supporting electrolyte, two reagents were selected Na,SO, and NaCl. The
comparison between the reduction of ROS in the presence of these two reactants is clearly shown in Figure 7.
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Figure 7: Influence of electrolyte support on the mineralization of agueous solutions of ROS. Operating
conditions: [ROS] = 0.05 mM. [Fe**] = 0,2 mM, V = 200 ml, | = 300mA, pH 3, [Na,SO,] = 0.05 M (-4),
[NaCl1=0.1 M (-=-).

The presence of NaCl does not accelerate the mineralization. This is due to oxidation of the chlorides ions
which gives chlorines at anode pursuing the following equation 6, and which also oxidizes iron ions according
to reaction scheme 7, or decomposes H,0, thus influencing the production of hydroxyl radicals [72] according
to reaction scheme 8. Na,SO, therefore seems the best supporting electrolyte.

2CIl——» Cl+2¢ (6)
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2
3

Fe?* + Cl, —»2Fe* + 2CI (7
H,0, + Cl, — 2 HCI + 2H,0+ 20, (8)

Conclusions

This study demonstrated the effectiveness of the of EF process for the improvement of the degradation of
ROS. Changes in the parameters used, including the current applied, nature and concentration of catalyst, pH,
support electrolyte resulted in significant differences in the efficiency of this process.

By applying a current of 300 mA and a catalyst (Fe**) with concentration of 0.2 mM in acidic medium (pH 3),

a

remarkable increase in the oxidation rate was observed.

The elimination of ROS reduced when NaCl was used as supporting electrolyte instead Na,SO,, because the
electrogeneration of active chlorine species from chloride ions decreased the production of *OH. Similar
results were shown when Cu®" was used as catalyst instead Fe**, which agrees with the lower production of
*OH from Fenton like reaction between Cu* and H,0,
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