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Abstract: This study reports the removal of amoxicillin (AMX) in aqueous media using the
electro-Fenton process in the presence of a graphite cathode recovered from used batteries. The
impact of the relevant parameters on the electro-Fenton process, namely the applied current
intensity, the temperature, the initial concentration of AMX and the initial concentration of
ferrous ions were investigated. The results showed that the optimal values were: /= 600 mA,
T=25°C, [AMX]o = 0.082 mmol-L! and [Fe?*]= 1 mmol-L!, leading to 95% degradation and
74% mineralization. The model parameters of AMX mineralization were determined using
nonlinear methods, showing that it follows a pseudo-second-order kinetic. The Energy
consumption (EC) calculated under the optimal values was found to be 0.79 kW-h™! g1, which
was of the same order of magnitude of those reported in other findings; while it is noteworthy

that the electrodes used in our study are of a lower cost.

Keywords: Wastewater, Amoxicillin, Electro-Fenton, Pharmaceuticals, Solid waste recovery,

Kinetic modelling.
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1. Introduction

Industrial development and population growth has led to the use of many toxic chemicals. Every
day a wide range of pharmaceutical products and pesticides are released into the environment
[1]; they are detected at concentrations ranging from ng-L™! to pg-L™! in wastewater, surface

water, groundwater and treated drinking water [1, 2]. Research has shown various



ecotoxicological effects of pharmaceutical products and pesticides. Godoy et al. [3] showed for
example that antihypertensive drugs lead to larvae mortality and growth inhibition in fish and
algae, respectively. Antibiotics affect bacterial community structures, modify bacterial ecology,
and particularly of interest to public health lead to the development of resistant bacterial strains,
posing treatment challenges when transferred to human systems [4].

Organic compounds can be removed from aqueous media by using various conventional
methods, such as filtration, adsorption, membrane filtration, coagulation, flocculation and
biological treatment [5-8]. However, these techniques have some disadvantages such as
incomplete removal, high-energy requirements, the production of toxic sludge, low efficiency,
sensitive operating conditions and costly disposal [9-11].

Among these techniques, biological methods such as activated sludge process and anaerobic
treatment, the most cost-effective for wastewater treatment, which are destructive and have
been extensively studied, do not always appear relevant for the removal of recalcitrant
compounds, owing to their low biodegradability [12]. To overcome these disadvantages,
Advanced Oxidation processes (AOPs) based on the generation of highly oxidative hydroxyl
radical (‘OH), can be considered for the removal of non-biodegradable pollutants from
wastewater [13,14]. Aissani et al. [15] have studied the degradation of sulfamethazine by a
photocatalytic process followed by a biological treatment; they obtained 58% COD removal.
Guerra et al. [16] have investigated the degradation of paracetamol and amoxicillin, the same
removal yield 90% was obtained for both paracetamol and amoxicillin. Annabi et al. [17]
reported that an almost complete degradation of enoxacin was attained by the electro-Fenton
process. Similar studies were carried out by Mojiri ef al. [18] for the removal of antibiotics by
ozone oxidation process; the degradation removal achieved were 84.8% and 82.7% for
paracetamol and amoxicillin, respectively. The electro-Fenton process is one of the AOPs; it is

an important and promising technology for wastewater treatment [19-23]. In this process Fe**



is generated in situ by cathodic reduction of Fe*" according to the reaction given by Eq. (1);
hydrogen peroxide is produced in situ via equation 2 and then reacts with the Fe?" to generate

hydroxyl radicals ("OH), according to Eq. (3). The three equations are given below [24-27]:

Fe3* + e~ > Fe?™ (1)
02+2H+ +2e > HzOz (2)
H,0, + Fe?* > Fe3™ +'0OH + HO~ 3)

This process allows the continuous generation of both H,O, and Fe?" ions at the cathode [Eq.
(1) and Eq. (2)], which thus makes it possible to control the formation of (:OH) as a function
of the Fenton reaction Eq. (3). The choice of the cathode type in the electro-Fenton process
must meet the following conditions: 1) a proper cathode material, ii) it should be able to produce
H,0, efficiently, iii) it should displays a low catalytic activity for its reduction and iv) a high
potential for H, evolution since the process is optimal in acid medium [28].

Batteries and accumulators are the most polluting materials among the wastes, since they
contain many heavy metals (mercury, nickel, lithium, zinc, cadmium). When they end up in
the food chain, following their dispersion in nature, heavy metals can be very toxic for humans,
animals or nature. These heavy metals are very often carcinogenic and can cause allergies,
reproductive disorders and neurotoxic effects. The percentage of batteries collected for
recycling varies widely. Croatia, Slovakia, Switzerland and Belgium, for example, recycle
more than 60% of them. In the European Union, the rate is as low as 45%. The innovation of
this study was to test the recycling of a part of the used battery, namely the graphite rods used
as cathode material in the electro-Fenton process. This waste recycled as a cathode in the
electro-Fenton process was tested for the degradation of amoxicillin (AMX), which belongs to
a class of antibiotics called the penicillins (B-lactam antibiotics)[29-32]. It is an antibiotic
largely used in human medicine for the treatment and prevention of respiratory,

gastrointestinal, urinary and skin bacterial infections. In addition, amoxicillin is commonly



used in the veterinary field; it is very effective against animal diseases and it is also used as
growth promoters for many domestic and food animal veterinary [30]. Human and animal body
reject about 30%—90% of the given dose of antibiotic in its active form [29,33], that is why the
presence of amoxicillin in wastewater and even surface water is expected to be high [30].
Amoxicillin concentrations of 127.49 ng-L ™! [34] and 84 pg-L ! [34] were found in wastewater
effluent and hospital effluent were, respectively. The main objective of this study was to
examine the removal of AMX from aqueous media using the electro-Fenton process in the
presence of a graphite cathode recovered from used batteries. The influence of different
experimental parameters on AMX kinetic degradation was studied, namely the current
intensity, the temperature, the initial concentration of AMX and the initial concentration of
ferrous ions.

2. Materials and methods

2.1. 1. Reagents

The target compound was amoxicillin (C;sH9N3O5S) with purity of 99%.1 It was purchased
from Sigma; its characteristics are presented in Table 1. Na,SOy4 (99% purity), H,SO4 (96%
purity), FeSO4.7H,0O (99 % purity), CH3;0H (99 % purity) and KH,PO4 (99.5 % purity) were

obtained from Biochem Chemopharma.

Table 1. Characteristics of amoxicillin

Chemical formula Chemical structure Molecular weight Solubility in water
NH
2y oy
Cy6H19N305S 0 N5< 365.404 g'mol™! 3430 g'L!
HO %
O//'\OH




2.1.2. Electrodes

The electrodes used in this study are presented in Figure 1. A graphite recovered from used
batteries was used as cathode; it consisted of four cylinders of 12 cm? area each one. stainless
steel 304 L electrode (50 mm>40 mmx1 mm) was used as anode; its composition was C < 0.07
%, S1 < 1%, Mn < 2%, P < 0.045%, S < 0.015%, N < 0.1%, Cr: 17 to 19.5%, Ni: 8 to 10.5%
and the balance being Fe iron.

2.1.3. Experimental set-up

The experimental set-up is described in Fig. 1; it mainly consisted of the following: (1):
Temperature sensor, (2): DC supply (Model GW insTEK GPS-2303), (3): Graphite electrode
(cathode), (4): stainless steel electrode (anode), (5): Magnetic stirrer, (6): air pump, and (7):

solution of H,SOy4 (1 mol-L).

The experimental solution was prepared by diluting the AMX stock solution with distilled
water. Electrolysis of aqueous solutions of AMX was carried out in one-compartment Pyrex
glass cell. The total volume of Pyrex glass cell and the solution volume were 600 and 500 ml

respectively.



Fig. 1. Experimental: Experimental set up (a); Graphite cathode (b); Stainless steel anode (c)

2.2. Analytical methods

2.2.1. Amoxicillin analysis

The residual concentration of AMX was analyzed by High Performance Liquid
Chromatography (HPLC ACC 3000 HPLC). The HPLC was equipped with a standard degasser
(LPG 3400 SD), an autosampler. Pump (Model LPG 3400 SD) and a detector with visible
ultraviolet ray (UV/ Vis detector VWD 3400 RS). The separation was achieved on a Thermo
Fisher scientific (Germany) C18 (5 mm; 4.6 X150 mm) reversed-phase column. The mobile
phase consisted of CH;0H/ KH,PO, (5/95 v/v), the KH,PO, concentration was 0.025 M with

a flow rate of 0.5 ml'min~! and the detection of AMX was carried out at 232 nm.

2.2.2. Dissolved organic carbon (DOC)



Dissolved organic carbon (DOC) was measured by TOC-VCPH/CPN (Total Organic Analyzer
Schimadzu). Samples were taken and filtered through 0.22 um membrane syringe filter

(Satorius Stedim biotech Gmbh,Germany) for the measurement of DOC [12,13,35,36].

3.  Theory calculation

3.1. Mineralization current efficiency

The mineralization current efficiency (MCE) was calculated according to the Eq. (4) as follows

[13.37.38]
MCE = - VA000 ) 54, 4
T 432x 107mit 0 )

Where I/A is the current applied, m is the number of carbon of AMX, 4.32 x 107 is a conversion
factor (3600 s-h™'x12,000 mg-mol™' carbon), #/h a given electrolysis time, n the number of
electrons required to oxidize one molecule of AMX (70 e7), F'is the Faraday constant (96487C
mol™), Vis the solution volume (L), (DOC) is the dissolved organic carbon.

The number of electrons (n) was calculated for each experiment according to the following

mineralization reaction of AMX Eq. (5):

C16H19N305S + 31 H,0>16 CO, + 3NH;" + S0~ +69H* + 70e ™ (5)

3.2. Activation energy

In order to assess the energy activation value E, of the degradation reaction of AMX by the

electro-Fenton process, we have to determine the slope of the straight line giving the logarithm



of the apparent velocity constant (In(k,p,) as a function of the inverse of the temperature (1/ 7),

according to the Arrhenius law Eq. (6).

,Ea

Kapp = A exp (6)

Where: A is the Arrhenius’s constant; E, is the apparent energy activation (J-mol™); T is the

reaction temperature (K); R =8,314 (J-K !"mol ™).

3.3. Kinetic study

To define the kinetic model of the reaction of amoxicillin’s degradation, first- Eq. (7) and

second-order models Eq. (8) were tested.

dc

r=—g=kC (7
dc

r=—g = koC? (8)

where: C is the concentration of AMX at any time (mg-L™!), r is the velocity of AMX
degradation (mg-L™!'min™"), k&; (min™') and &, (L-mg '-min~!) are the first-order and second

order rate constants, respectively.
The integration of Egs. (7) and (8) with the following initial conditions, C/C,——0 as
t——0 leads to:

c=exp (= thy) ©)

1

T4tk Co (10)

C

FO =
The rate constants were calculated by minimizing the D function Eq. (11) using the solver in
Microsoft Excel [6,15].

c c 2
D=3 (Gl — c:lca) (1)



Where: P is the number of experimental data, Cogx, and Cyca are the experimental and

calculated data, respectively.

3.4. Energy consumption

Energy consumption (EC) is another parameter studied to evaluate the performance of the
cathode related to the economic cost of the process. The EC for the electro-Fenton process is

calculated as follows Eq. (12) [39] :

1000 Ut
C= ADOCV (12)

Where: U is the applied voltage (V), [ is the current intensity (A), ¢ is the electrolysis duration

(h), ADOC is the removed DOC (mg-L™'), and V is the solution volume (L).

4.  Results and discussion

4.1. Effect of the applied current intensity

The effect of the current intensity on the degradation of AMX was investigated. As shown in
Fig. 2, the increase of the applied current intensity from 200 to 600 mA led to increasing the
removal efficiency of AMX from 75% to 95% [Fig. 2(a)] and the mineralization yield from 45
to 74% [Fig. 2(b)] within 180 min of reaction time. This effect can be explained by an
enhancement of the electron transfer on the cathode, which accelerates the formation of
hydrogen peroxide according to equation 13 and the electro-generation rate of ferrous ions Eq.
(14), which improves the generation of hydroxyl radicals.

02+2H+ +2e > H,0, (13)
Fe3t + e~ > Fe?™ (14)

10
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Fig.2. Influence of the current intensity on the degradation (a) and the mineralization (b) of
AMX. Conditions : [AMX]o= 0.082 mM, [Fe?**]= 2 mmol-L"!, [Na,SO4]= 50 mmol-L~!, pH= 3,

T=25°C, Agitation speed (w) 360 rmin!.

4.1.1. Mineralization current efficiency

The yield of mineralization current efficiencies (MCE) versus the time of electrolysis during
the mineralization of AMX is shown in Fig. 3. It is noteworthy that in Fig. 3, the MCE values
always attained a maximum after 5 min electrolysis time; the rapid increase in MCE at the
beginning of the experiments performed at 200, 400 and 600 mA suggested a rapid destruction
of the products that are more easily oxidizable than the initial compound. Then, the MCE
decreased progressively with the time of electrolysis due to the generation of byproducts more
recalcitrant to oxidation than the AMX, such as carboxylic acids, as well as to the loss of organic

matter, showing an increasing importance of wasting reactions [23]. The MCE was highly

11



affected by the increase of the applied current, since the maximum MCE value was about 1.5
times higher at 200 and 400 mA than the corresponding value at 600 mA. This effect is typical
in electro advanced oxidation processes [22,23] and is attributed to the increase in the rate of

parasitic reactions.

100
—&— =600 mA

—&— [ =400 mA
—&— [ =200 mA

MCE/%

0 50 100 150 200
Time/min

Fig. 3. Evolution of the mineralization current efficiency (MCE) during the degradation of the
AMX. Conditions : [AMX]= 0.082 mM, [Fe?"]= 2 mmol-L!, [Na,SO4]= 50 mmol-L~!, pH= 3,

7= 25°C, =360 rrmin".

4.2. Effect of the temperature

Experimental results of AMX degradation at various temperatures, namely, 25°C, 40°C and
60°C are displayed in Fig. 4. It is apparent that the degradation rate was favored by the
temperature. The degradation efficiency within 120 min reaction time increased from 83.0% to
96.24% when the temperature increased from 25°C to 60°C, respectively. Indeed, the solution
temperature influences both electron transfer and mass transfer rates, and consequently, affects
the regeneration rate of Fe>*. Within the same framework, Qiang et al. [40] and Mansour et al.
[41] have proved that Fe?* regeneration is favored at high temperatures. For an increase of the

reaction time from 120 min to 180 min, the AMX degradation rate increased only slightly with

12



the temperature, and final mineralization yields were in the range 75% to 79% for the range of
temperatures tested (Fig. 4). Consequently, the balance between the performances gain and the
increase of the operating cost for an increase of the temperature led to select the lowest tested

temperature, namely 25°C for the subsequent experiments.

1.0 100
$ AT=25°C ¢
o 7T=40°C  § S 0
08 er-s0cc EFH
= E ™70
= 06F =
= i 60
= £ 180 180 180
> L o
S 04 = Y 3 Time/min
< =
= - -
02+ : x
a E
. ( )‘ R S |
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Fig. 4. Influence of the temperature on the degradation of AMX . Conditions : [=600 mA,
[AMX](p=0.082 mmol-L!, [Na,S0,4]=50 mmol-L~!, pH=3, [Fe?>*]=2 mmol-L"!, ®=360 r-min’'; (a)

degradation of AMX; (b) mineralization of AMX.

The apparent energy activation can be calculated from the slope of the straight line of In(k,p,)
versus (1/T) (Fig. 5), giving a value of 13.15 kJ-mol~!. This allowed to conclude that it is lower
than the activation energies reported in the literature by using other Advanced oxidation
processes (AOPs) (Table 2).

The low value indicates that the degradation of AMX by electro-Fenton process requires

relatively low activation energy and therefore can be easily achieved.

ln(kapp)

0.0031 0.0032 0.0033

TYK!

0.0029 0.003 0.0034
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Fig. 5. The variation of In k,,, versus 1/7 for the degradation of AMX by the electro-Fenton
process. Conditions: /=600 mA, [AMX]y=0.082 mmol-L™!, [Na;SO,4]=50 mmol-L™!, pH=3w=360

rmin L.

Table 2. Activation energy (E,) of different Advanced oxidation processes (AOPs) for removal
of organic compounds.

Authors Molecule studied Initial concentration Process E,/kJ-mol™!
Zhao et al., 2019 [42] Amoxicillin 0.1 mmol-L™! Thermally activated persulfate 126.9
Lietal., 2019 [43] Norfloxacin 20 mg-L™! Peroxymonosulfate activation 45.82
Norzaee et al., 2018 [44] Penicillin 0.02 mmol-L! Peroxymonosulfate activation 94.8
Milh et al., 2018 [45] 4-Chlorophenol 5000 mg-L™! Microwave-Enhanced 56.6
Present study Amoxicillin 0.082 mmol-L! Electro-Fenton 13.15

4.3. Effect of the initial AMX concentration

In order to investigate the effect of the initial concentration of AMX in the electro-Fenton
process, experiments were carried out under the following conditions: [Fe?"]=2 mmol-L™!, 7=
25 °C and I = 600 mA, and two initial AMX concentrations were tested, 0.082 and 0.164
mmol-L™! [Fig. 6(a)]. Fig. 6(a), illustrates that the removal efficiency of AMX decreased for
increasing initial concentration, from 95% to 85% when the initial concentration of AMX was
increased from 0.082 to 0.164 mmol-L™'. The same observation held true regarding the
mineralization efficiency [Fig. 6(b)], since it decreased from 74% to 39% when the initial
concentration of AMX was increased from 0.082 to 0.164 mmol-L"!. This decrease in the
removal and mineralization efficiencies was due to the constant amount of hydroxyl radicals
irrespective of the initial AMX concentration and to a competitive consumption of oxidizing
-OH radicals between AMX and the by-products formed during experiment,s which increase

with the initial AMX concentration.

14
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Fig. 6. Influence of the initial concentrations of the AMX on the degradation (a) and the
mineralization of AMX. Conditions: /= 600 mA, [Fe?"]=2 mmol-L™!, [Na,SO4]=50 mmol-L!,
pH=3, T=25°C, =360 r'min"!; (a) degradation of AMX; (b) mineralization of AMX.

4.3.1. Kinetic study
The kinetic model was determined by using the non-linear method; the obtained curves are
presented in Figure 7. According to the obtained results (Fig. 7 and Table 3), the pseudo-second

order kinetic model was the most appropriate to describe experimental data of AMX

degradation.

15



10 [AMX]=0.082 mmol-L"!
08 F\\

B \ &  [Experimental data
SN derk del
= v meees First order kinetic mode
2 0.6 F F\
= N Second order kinetic model
E 04
=

0.2
O 1
0 20 40 60 80 100 120 140 160 180 200
Time/min
(a)
10 [AMX]=0.164 mmol-L!
0.8 .
f * Experimental data
R - N e First order kinetic model
< 06
= Second order kinetic model
=
= I
2 0.4
02 F S-ae
Tl
0 L 1 L L 1 L L L L

0 20 40 60 80 100 120 140 160 180 200
Time/min

(b)

Fig. 7. Experimental data, first order kinetic model and second order kinetic model for the
degradation of the AMX. Conditions: /=600 mA, [Fe?*]=2 mmol-L!, [Na,SO4]=50 mmol-L!,

pH=3, T=25°C, =360 r'min" .

Table 3. Apparent rate constants, D (%) and R? values.

Initial concentration of First-order kinetic model Second-order kinetic model
AMX/mmol-L™! Jp/min™! R? D/% ky/L-mg™"min™' R? D/%
0.082 0.0209 0.86 13.65 1.38 107 0.90 55
0.164 12.77 107 0.96 3.27 3.610% 0.96 1.9

2.1. Effect of the Fe?* ions concentration

Another important factor affecting the electro-Fenton process is the Fe?* ions concentration. A
series of experiments was therefore carried out to assess the optimal Fe?" ions concentration by
varying its concentration from 0.1 to 2 mmol-L™!. According to the Fig. 8 (a), the Fe* ions

concentration did not have a significant impact on the removal efficiency of AMX, while the

16



effect of Fe* ions concentration on the mineralization yield was more pronounced. The results
presented in Figure 8b indicate that increasing the Fe?" ions concentration from 0.1 to 1
mmol-L™! increased the mineralization yield from 57% to 74% within 180 min of reaction;
while further increase from 1 to 2 mmol-L™! did not improve the mineralization efficiency,

which remained almost constant.

1.0 i_ #[Fe* =2 mmol-L™!
®[Fe*']=1 mmol L™
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: [B:
=
2061 F
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[ ]
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=
L
> 80 74,30 % 73,73%
.
:
s 70
v
.
=
0,
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I
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(b)
Fig. 8. Influence of the concentration of Fe?" ions on the degradation of AMX.
Conditions: /=600 mA, [AMX];=0.082 mmol-L™', [Na;SO4]=50 mmol-L!, pH=3, 7=25°C, w=
360 rrmin!. (a) degradation of AMX; (b) mineralization of AMX.

3. Energy consumption

The EC calculated under the optimal conditions: /=600 mA, 7=25°C , [AMX],=0.082
mmol-L™! and [Fe*"]=1 mmol-L™!, was found to be 0.79 kW-h"!-g~!. Several works have been

reported dealing with the electro-Fenton process for the removal of organic compounds from
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water [22,46,47] they are compared to the results of the present work in Table 4. The observed
EC was in the same range than those reported in other findings; while it is noteworthy that the

electrodes used in our study are of a lower cost.

Table 4. Comparison of Energy consumption

Authors molecules studied Type of processand electrodes used Applied current/mA Energy consumption/kW-h~!-g~!
Electro-Fenton
Oturan et al., 2017 [46] Amoxicillin Carbon felt as cathode and Boron Doped 120 >0.6

Diamond (BDD) as anode

Electro-Fenton

Barhoumi et al., 2015 [22] levofloxacin Carbon felt as cathode and Boron Doped 300 >3
Diamond (BDD) as anode.
Mansour et al., 2014 [47] Sulfamethazine Electro-Fenton 500 0.4

Carbon felt as cathode, platinum as anode.

Electro-Fenton
Graphite cathode recovered from used
batteries as cathode and stainless steel 304 L as
anode

Present study Amoxicillin 600 0.79

4. Conclusions

In this study, the recycling of graphite rods from used batteries was successfully used as a
cathode in the electro-Fenton process, which is influenced by several operating parameters,
such the current density, the initial concentration of AMX, the temperature and the initial
concentration of Fe?" ions. It was demonstrated that the optimal values of the operating
variables were: [AMX];=0.082 mmol-L™!, [Fe?>*]=1 mmol-L™!, =600 mA and 7= 25°C, which
led to 95% degradation and 74% mineralization yield of AMX. The kinetic model of the AMX
degradation was determined using a non-linear method; based on the low D (%) values and the
high R?, the pseudo-second-order kinetics provided the most accurate fit of the experimental
data. The Energy consumption calculated under the optimal values was found to be 0.79

kW-h!-g7!, which was in the same range than those reported in other findings.

Nomenclature
A Arrhenius’s constant
AMX Amoxicillin
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[AMX], Initial concentration of AMX, mmol-L"!

AOPs Advanced Oxidation processes

C Concentration of AMX at any time, mg-L™!
Cy Concentration of AMX at =0, mg-L!
Coca Calculated data, mg-L™!

Coexp Experimental data, mg-L™!

COD/O, Chemical oxygen demand, mg-L™!

D Function of error, %

DOC Dissolved organic carbon, mg-L™!
ADOC Removed DOC, mg-L™!

E, apparent energy activation, J-mol !

EC Energy consumption

F Faraday constant (96487), C-mol™!
[Fe?] Initial concentration of Fe?", mmol-L™!
I Applied current intensity, mA

ky First-order rate constant, min~!

ky Second-order rate constant, L-mg ™! min!
kapp Apparent rate constants, min!

m Number of carbon of AMX

MCE Mineralization current efficiency, %

n Number of electrons

‘OH Hydroxyl radical

P Number of experimental data

R Universal constant (8,314), J-mol™!-K™!
t Electrolysis time, min

T Temperature, ° C

U Applied voltage, V

V Solution volume, L

4.32x107 Conversion factor
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