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Abstract

The removal efficiency of the emerging antibiotic waste, amoxicillin, from aqueous media was investigated using the electro-
Fenton method with an aluminum anode through the one-factor-at-a-time method, and all the experiments were performed in a
useful volume of 750 ml. While the optimum conditions were achieved, the removal kinetic of the contaminant from the
environment was investigated. Optimal values of the process parameters including the concentration of the contaminant, process
time, initial pH of the samples, electrolyte concentration, electrode distance, and the applied current density were determined as
100 mg.l_l, 90 min, neutral pH, 0.02 M Na,SOy, 5.5 cm, and 5.5 mA.cm_Z, respectively. In order to find the optimum conditions,
in addition to pollutant removal efficiency, energy consumption was also analyzed. The application of aluminum anodes was
found to enhance the efficiency of the process in neutral pH (roughly 95% removal rate), which may be introduced as a potential
solution for limitations of the conventional electro-Fenton process in degrading recalcitrant compounds such as amoxicillin.

Finally, the obtained results were presented and discussed in detail.
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Introduction

Pharmaceutical compounds, including amoxicillin, are con-
sidered to be the emerging contaminants. Most of the time,
they are produced in discontinuous processes, which is culmi-
nating in the entrance of these chemicals into the wastewater
[1, 2]. It is estimated that almost half of the world’s pharma-
ceutical wastewater discharges into the environment without
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any special treatment owing to their chemical and biological
stability [3]. Besides, these materials can cause chronic toxic-
ity to various environments and living organisms, such as
human’s body. Among the pharmaceutical contaminants,
amoxicillin is of great importance on the grounds that 80 to
90% of it could be excreted unchanged [4, 5]. Hence, it is
crucial to find ways to eliminate these substances from the
wastewater before entering the environment.

So far, no efficient technology has been developed to re-
move this chemical compound from the wastewater. Hence,
efforts are currently focused on the development of the poten-
tially effective removal methods to degrade the contaminant.
Among several proposed techniques, advanced oxidation
methods (AOPs) have shown promising outcomes in remov-
ing the amoxicillin contaminants. Particularly, electro-Fenton
which is known as one of the most effective methods in re-
moving emerging substances from aquatic environments has
been attended by the researchers through last decade [6].

As an alternative method to the conventional Fenton pro-
cess, the electro-Fenton presents a combination of advantages
such as decreased overall costs, high removal efficiency, and
relatively lower toxicity [7, 8]. However, the method is en-
countered by challenges such as high power consumption.
Recently, it has been found that using different anode and
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cathode materials may enhance the efficiency of the system. In
this regard, the high removal efficiency in a broader range of
pH has been achieved [9, 10]. Consequently, various types of
organic pollutants (including dyes, pharmaceuticals, aniline
contaminants, leachate, and herbicides) have been successful-
ly removed from the aqueous environments using the men-
tioned method [11].

Radwan et al. investigated the effect of different anode
electrodes on the degradation efficiency of phenol. They used
stainless steel (SS) and nickel as anodes and achieved the
removal efficiency of 95% in 90 min and 72% in 120 min
for each metal, respectively [12]. The removal of contami-
nants using the combined process of electro-Fenton and
electro-coagulation with iron electrodes and DSA has been
reported by Ding et al. They concluded that the leachate deg-
radation process is more effective in combined process, com-
pared to each of the electro-Fenton and electro-coagulation
processes [13]. In another study, Dindas et al. analyzed the
mineralization of pharmaceutical wastewater using both of the
electro-Fenton and electro-coagulation with Fe electrodes and
achieved less than 30% total organic carbon (TOC) removal
[14]. Hamdi et al. investigated the performance of an electro-
Fenton-like process with a Cu-Ni-Al alloy as the anode in
removal of the organic pollutants. The efficiency of the pro-
cess and TOC removal were measured as 87 and 79%, respec-
tively [15].

Whereas most of the reported research works confirm the
critical role of Fe in the electro-Fenton process, aluminum ion
seems to be helpful support to achieve higher efficiency, as it
provides wider applicable pH range. In other words, alumi-
num not only can serve as a highly electrical conductive anode
through the electro-Fenton process but also enriches the sys-
tem with AI** ions to form flocs at different pHs, where the
conventional electro-Fenton process has limited efficiency.
Such a strategy can potentially result in enhanced process
efficiency. The graphite cathode also increases the removal
efficiency during the reaction.

The electro-Fenton process which includes iron ions and
hydrogen peroxide initially leads to the formation of strong
hydroxyl radicals (OH®) through Eq. 1. The graphite cathode
promotes the hydrogen peroxide evolution in the system
through Eq. 2 and consequently enhances the formation of
hydroxyl radicals. The graphite cathode also contributes the
system efficiency via converting the ferric (Fe**) to ferrous
ions (Fe**) through Eq. 3 [16, 17]:

H,0; + Fe’"—Fe’™ + OH™ + OH® (1)
02 + 2H+ + 267—>H202 (2)
Fe’t + e —Fe’t (3)

Besides acceleration the electro-Fenton process through the
mentioned reactions, the aluminum anode may potentially
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facilitate the formation of aluminum-based flocs, according
to the following reactions:

Al—>APT 4 3¢” (4)
APT 4+ 30H —AI(OH), (5)

Therefore, such a modified degradation process can be
briefly illustrated based on the oxidation process by the gen-
eral Fenton reaction (Eq. 1), which is followed by the floccu-
lation process via aluminum ions (Eq. 4). The flocculation
process, itself, is supported by the synthesis of hydroxide ions
at the cathode (Eq. 5). Besides, the potential sludge generated
by the aluminum anode contains nutrients that can be utilized
in soil fertilization; the level of heavy metals in the aluminum
anode is also significantly lower than other type of sludge, and
they barely consider as a threaten for the environment.
Although large amount of sludge disposed into landfill could
be a concern, aluminum sludge can be recovered and used as
pollutant removal agent (heavy metals, synthetic dyes, phos-
phorous, etc.) and used again in the water and wastewater
treatment as coagulants as well as co-conditioner substances
[18].

This study deals with using aluminum anode to in-
vestigate the abovementioned potential in the modifica-
tion of the electro-Fenton process. Aluminum anode al-
so may decrease the acid consumption through the pro-
cess, as it can activate the electro-Fenton process in a
wider range of pH. To the best of our understanding,
this is the first time that such a strategy is followed to
remove amoxicillin from wastewater.

Experimental
Setup Design

The electro-Fenton process was carried out via a test pilot,
including a beaker container (110 mm in diameter, 200 mm
in height, and applicable volume of 750 ml), test electrodes,
and the power supply. The setup of the test pilot is schemat-
ically illustrated in Fig. 1.

Graphite and commercially pure aluminum electrodes
(the effective surface of 90 cm?) were used as cathode
and anode, respectively. Before each experiment, the
surface of the electrodes was polished via SiC sandpa-
pers up to 1500 grade and immersed in a dilute solution
of nitric acid for 1 h. They, finally, were washed with
distilled water to remove any possible trace of acid on
their surfaces [19]. A direct current (DC) power supply
equipped with voltage and amperage regulators was
connected to the anode and cathode electrodes, as
shown in Fig. 1. The whole solution sample was con-
tinuously stirred via a magnetic stirrer (150 rpm).
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Materials and Methods

The experimental procedure of this study was designed based
on one-factor-at-a-time (OFAT) method, according to APHA
standard instructions [20]. Initially, the pharmaceutical waste-
water was prepared using amoxicillin pollutant. Sodium sul-
fate powder was added to the solution as the electrolyte.
Ferrous sulfate powder was also used as the source of iron
cations (the main catalytic compound), provided solution with
a constant concentration of Fe*™ (0.1 mM). Thereafter, verti-
cally arranged electrodes were connected to the power supply
and adjusted to a variable distance. The other process param-
eters such as applied current density and pH of the solution
were considered according to data presented in Table 1. The
changes in concentration of the solution were monitored
through a method in which samples (5 ml) were extracted
from the solution every 30 min and then centrifuged (5000
rpm) for 20 min in order to flocs separation. The concentration
of the samples was recorded using a spectrophotometer (max-
imum absorption wavelength of 273 nm for amoxicillin) and
then used for removal rate calculations [21, 22].

Energy consumption during the electrochemical process
(E, kW.h.kg ') was calculated according to Eq. 6 [17, 23]:

ult

E=— "
1000.CXV

(6)
in which U, [, ¢, and V show the applied voltage (in V),
electrical current (in A), retention time (in hours), and volume
of the wastewater (m?), respectively. The initial concentration
of the contaminant, C, is expressed in kg.m_3, and the instan-
taneous fraction of removed contaminant is indicated by X.
The studied pollutant, amoxicillin (C;sH;9N305S), was pur-
chased from Farabi Co., Iran. The material was consisted of a
penam ring that includes two methyl and one amide groups. In
order to facilitate the current flow in amoxicillin solution,

Fig. 1 The schematic setup of the

applied test pilot L.Power supply

2. Connections

3. Graphite electrode

4. Aluminum electrode
5. Amoxicilline solution
6. Sludge (precipitated)
7. Gas bubbles

8. Sludge (floated)

Na,S04 (Merck, Germany) was used, and to supply the re-
quired iron cations, FeSO,4.7H,0 (Merck) was used. Nitric acid
IN (Merck) was used to wash the electrodes after sanding.

The main equipment used in this research included a Hach
spectrophotometer model DR 4000, a Mettler digital scale
model PJ300 with the accuracy of 0.001 g, a Megatek power
supply model PM-3005D, an IKA magnetic stirrer model RH-
Bassic2, a Metrohm pH meter model 691, and a centrifuge
machine manufactured by Sigma Model 101. All the experi-
mental steps were carried out at the normal room temperature.
The quantified results were achieved through the averaging of
at least three acceptable recordings (error < 5%). In order to
evaluate the efficiency of the aluminum electrode, after every
50 tests, a test was conducted in the same condition as the first
test, and the difference in removal percentage was less than
5%, which showed the stability of aluminum anodes.

Results and Discussion
Optimal Concentration of the Amoxicillin

The results of the contaminant removal at different initial con-
centrations and times are given in Fig. 2a. As can be seen, the
maximum removal of amoxicillin occurred in 90 min. As time
passes, the degradation rate is approximately constant. At this
specific time, the removal efficiencies for concentrations of
10, 30, 50, 75, 100, and 120 mg.I"" were 100, 99.6, 97.1,
93.2,91.8, and 69.5%, respectively. Because the other param-
eters, including the amount of iron ion and hydrogen peroxide
added, the electric current intensity, and the distance between
the electrodes, are constant, the amount of produced hydroxyl
radicals is constant. Consequently, with the increase in the
initial concentration of wastewater, the probability of hydrox-
yl radicals colliding with pollutant particles is diminished,
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Table 1 The applied process parameters

Parameter Value

Amoxicillin initial concentration (mg.lfl) 10, 30, 50, 75, 100, 120

pH 3,5,7.6,9, 11
[H,0O,/Fe] 5,10,20, 50
Electrolyte concentration (mol.l_l) 0.01, 0.02, 0.03
Electrode distance (cm) 35,55,75

Current density (mA.cmfz) 1,2.25,4,55,7.25

leading to a decrease in process efficiency [24]. In addition, in
the aluminum anode, the efficiency decreases by increasing
the pollutant concentration and keeping other effective param-
eters constant. By not changing the initial parameters, accord-
ing to Faraday law, the amount of metal cations remains con-
stant, and this causes insufficient metal hydroxides formed in
the system, which seems to be inadequate to precipitate pol-
lutants [25]. In electrochemical systems, energy consumption
is another important parameter that must be considered. In
order to find the optimum energy consumed to remove the
pollutant, the amount of energy consumed in all concentra-
tions until 80% of pollutant removal was calculated through
Eq. 6 (Fig. 2b). The lowest energy consumption for removal
of amoxicillin happened in the initial concentration of 100
mg.I"". This happens due to the fact that two main parameters
highly affected the energy consumption, i.e., amoxicillin con-
centration and time, and the gap between the concentration
values outweighs the gap between times, and the concentra-
tion of 100 mg.I"" possessed the lowest amount of energy
consumption, which was around 153 kWh.kg_1 , in which case
the removal percentage was 91.8%, selecting as the optimal
initial concentration.

Optimal pH
In this section, the amoxicillin removal efficiency at different

pHs was investigated, the result of which is shown in Fig. 3a.
As can be observed, the removal efficiency of amoxicillin at

(a) —— 10 mg.L’
1204 30 mgL*
1001 —— 50 mg.L’
—— 75mglL’
o —=— 100 mg.L*
5 807 o 120 mglL*
éi 60
(&)

oi\.‘.\;

0 20 40 60 80 100 120
Time (min)

pHs of 3, 5, neutral (7.6), 9, and 11 with an optimal time of
90 min is 94.2, 93.3, 91.5, 79, and 50.5, respectively. pH
affects the type of iron ion producing in the solution (ferric
or ferrous). Therefore, it plays an important function in the
catalytic role of iron and the decomposition of hydrogen per-
oxide. As the pH increases, the rate of hydrogen peroxide
conversion to water and oxygen increases, and iron hydroxide
sediments are formed, culminating in the decrease in removal
efficiency [12, 26].

Besides, as the pH value rises to above 8, the hydroxyl
radicals created by the hydrogen peroxide produced at the
cathode are converted to oxygen radicals, which have less
oxidizing power than the hydroxyl radicals. Also, the produc-
tion of hydroxyl radicals in the solution decreases, which is
due to the emergence of ferric hydroxides in these pH values.
At low pH values, the oxidation capacity of hydroxyl radicals
increases, which promote the oxidation process efficiency.
Another critical point is that at very low pH values (range less
than 3), the removal efficiency in the oxidation process de-
creases. It happens on the grounds that in this low pH range,
hydrogen ions scavenge the hydroxyl radicals and due to the
production of unnecessary iron complex species, culminating
in the decline in the removal rate and removal efficiency of
this process decreases [27].

Apart from the mentioned reasons, amoxicillin possesses
three different pKs of 2.68, 7.49, and 9.63, which belong to
the carboxyl, amine, and phenol hydroxide group, respective-
ly [28]. At neutral pH, the carboxyl group is converted to the
COO group, while the amine and hydroxide groups remain
unchanged. Consequently, at this pH, amoxicillin can be
decomposed with the ability to neutralize the charge [29]. It
is noteworthy mentioning that aluminum ions have the lowest
solubility at neutral pH values, which makes the function of
the aluminum anode suitable for forming flocs in the neutral
range. This happens because, in this case, the predominant
mechanism of coagulation is sweep coagulation, which has
high efficiency in trapping pollutants and increasing the re-
moval efficiency [30]. Therefore, it is likely that the equal
efficiency in the neutral and acidic conditions (Egs. 7 and 8)
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Fig. 2 a Amoxicillin concentration changes over time. b Energy consumption in different concentrations (pH, 7.6; electrode distance, 5.5 cm; current

density, 7.25 mA.cm 2 electrolyte concentration, 0.02 M; [H,0,]/[Fe], 10)
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Fig. 3 a Amoxicillin concentration changes over time at different pHs. b Energy consumption in different pH (electrode distance, 5.5 cm; current

density, 7.25 mA.cm %; electrolyte concentration, 0.02M; [H,O,]/[Fe], 10)

is the predominance of flocculation in the aluminum electrode
and tertiary treatment process. As the pH rises and enters the
alkaline range, the degradation efficiency decreases because
in this range of pH, the AI’* ions are converted to soluble
types of Al(OH)* (Eq. 9), which does not help to increase
the process efficiency [31].

AP* 4+ HyO—AI(OH)*" + H* (7)
AI(OH)*" 4+ H,0—AI(OH)," + H* (8)
Al(OH); + H,0—AI(OH),” (9)

The energy consumption at different pHs is shown in
Fig. 3b. As can be seen, the highly acidic condition has
the lowest energy consumption. Since the difference in
pollutant removal efficiency between the acidic and neutral
conditions of wastewater is negligible, and in order to prevent
pH adjustment as well as adding chemicals, the research was
continued at neutral pH.

The change in initial pH over time is shown in Fig. 4. As
can be seen, the final wastewater pH, after 90 min, is 8.73,
which is an acceptable value for being discharged into the
environment. The main reason for this increase seems to be

12
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Time (min)

Fig. 4 pH changes at different times in the initial pH 3 (distance between
electrodes, 5.5 cm; current density, 7.25 mA.cm2; electrolyte
concentration, 0.02M; [H,0,]/[Fe], 10)

the generation of OH  through Eq. 1. Besides, the production
of hydrogen ions at the cathode can cause the oversaturation
of CO, in the solution and the release of this compound from
the wastewater, which leads to the pH increment [32]. As the
pH increases according to Eq. 10, the AI(OH)* species is
formed in the solution, and the presence of this ion
gives the solution a buffering property which leads to
the stabilization and even reduction of the alkalinity of
the solution [25, 26, 33, and].

2A1 4 6H,0 + 20H —AI(OH),” + 3H, (10)

Optimal [H,0,]/[Fe]

Another parameter affecting the process efficiency is the mo-
lar ratio of hydrogen peroxide to iron ions, the results of which
are presented in Fig. 5. If the optimal ratio of these two pa-
rameters is not considered, the removal efficiency will be sig-
nificantly reduced. An excessive amount of these two chem-
ical substances, also, makes the process less economic and
also allows the presence of excessive iron ions in the effluent.
Thus, it may cause the iron concentration of treated wastewa-
ter to exceed the standard allowable level. As shown in Fig.
Sa, the removal efficiencies in the ratios of hydrogen peroxide
to iron 5, 10, 20, and 50 are 85, 91.5, 80, and 60%, respec-
tively. The reason for the decrease in removal efficiency with
the increase in the ratio of hydrogen peroxide to iron is the
production of oxygen scavenging species originating from the
excessive amount of hydrogen peroxide. Also, the high
amounts of hydrogen peroxide react with hydroxyl radicals
and produce less powerful radicals according to Eq. 11. In
addition, if the ratio of hydrogen peroxide to iron sets too
low, other scavenging reactions occur between the hydrogen
peroxide and the ferrous ion, which also reduces the removal
efficiency (Eq. 12). Other than, at high concentrations of hy-
drogen peroxide, the process of the spontaneous decomposi-
tion of hydrogen peroxide and its conversion to water and
oxygen takes place according to Eq. 13 [34]:
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Fig.5 a Amoxicillin concentration changes over time in different ratios of hydrogen peroxide to different iron. b The amount of energy consumption in
different ratios of hydrogen peroxide (electrode distance, 5.5 cm; current density, 7.25 mA.cm 2 electrolyte concentration, 0.02M; pH, 7.6)

OH° + H202—>H20 + HOZO (1 1)
HO,° + OH°—H,0 + O, (12)
2H,0,—2H,0 + O, (13)

In order to find the optimal condition of [H,O,]/[Fe], the
electrical energy consumption of the four conditions with a
ratio of 5, 10, 20, and 50 in 80% pollutants removal was
compared with each other. As can be seen in Fig. 5b, the ratio
of hydrogen peroxide to iron 10 has the lowest energy con-
sumption, and as a result, this condition was used as the opti-
mal value in other experiments.

Optimal Electrolyte Concentration

Another important parameter that affects the process is the
concentration of electrolyte. The results of removal efficiency
in different electrolyte concentration are shown in Fig. 6.
According to Fig. 6, the removal efficiency of amoxicillin at
electrolyte concentrations 0o 0.01, 0.02, and 0.03 M is equal to
84.4,91.8, and 80.9%, respectively. The presence of the elec-
trolyte facilitates the movement of electrons between the cath-
ode and the anode. The increase in the electrolyte

120

—— 0.01M

0 T T

0 20 40 60 80 100 120
Time (min)

Fig. 6 Amoxicillin concentration changes over time in different
electrolyte (pH, 7.6; electrode distance, 5.5 cm; current intensity
density, 7.25 mA.cm2; [H,0,]/[Fe], 10)
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concentration reduces the ohmic resistance of the wastewater,
which increases the electrical conductivity and also reduces
the retention time of the treatment process. Another advantage
of increasing the electrical conductivity is lowering the volt-
age required to generate a constant current intensity, which
reduces the required electrical energy consumption and alu-
minum producing by anode [35]. However, the excessive in-
crease in electrolyte concentration leads to the formation of
scavenging species such as chlorine and sulfate. Therefore, the
concentration of ferrous ions decreases, weakens the perfor-
mance of the oxidation process, and reduces the removal ef-
ficiency [36]. In another study, the formation of complexes
with aluminum and passivation of this electrode surface due to
high sulfate ion concentration has been reported. The study
reveals that the presence of this layer leads to an increase in the
potential difference and thus reduces the efficiency of pollut-
ant degradation [37].

According to the results, the maximum removal efficiency
reached at 0.02 M, and the minimum energy consumption was
also obtained at the mentioned concentration. As the electro-
lyte concentration increases, the ions encounter less resistant
from solution and float more freely in solution. This may be
the reason which explicates the small gap between the energy
consumption in these two states, despite the significant differ-
ence in removal efficiencies.

Optimal Distance Between Electrodes

The distance between electrodes is another important param-
eter analyzed in this study, and the result of which is given in
Fig. 7. According to Fig. 7, the removal efficiencies of amox-
icillin at 3.5, 5.5, and 7.5 c¢m distances were 89.2, 92, and
85.1%, respectively. Reducing the distance between the elec-
trodes leads to a falloff in the electrical resistance of the waste-
water. Therefore, at a constant current intensity, a less electri-
cal voltage is required, which reduces the energy consumption
[38]. Other than, as the distance decreases, the electrostatic
attraction between the electrodes increases, and the produced
metal ions collide with each other and precipitate, reducing
their effectiveness in pollutant separation.
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Fig.7 Amoxicillin concentration changes over time at different distances
of the electrodes (pH, 7.6; current density, 7.25 mA.cm™%; [H,0,]/[Fe],
10; electrolyte concentration, 0.02 M)

It should be mentioned that excessive increase in the elec-
trodes distance will also reduce the removal efficiency of the
process. This may be due to increase in the ions migration
time between the two electrodes, leading to the decrease in
the electrostatic attraction. Hence, the number of coagulant
ions reduces and makes the process less effective [39, 40].
Besides, the energy consumption at 5.5 cm was slightly less
than 3.5 cm. As mentioned, by reducing the distance between
the electrodes to some extent, the passage of ions in the solu-
tion is facilitated. Hence, in order to create a constant current
intensity, less electrical voltage is required to be applied.
Therefore, the reason for the similarity of the results between
these two modes can be the decrease in voltage due to the
reduction of distance. However, because of the better efficien-
cy of process in 5.5 cm condition, it was selected as the opti-
mal value.

Optimal Current Density
The changes in the concentration of amoxicillin over time in

different current densities are shown in Fig. 8a. Experiments
were performed at five conditions with the values of 1, 2.25, 4,

(a) 120
| -+ 1.00 mA.cm”
1004 —— 2.25mA.cm”
—— 4.00 mA.cm”
5.50 mA.cm”
80 .
T 7.25 mA.cm’
-
[=T)] 60-
g
N/
]
401 |
3
201
=
0 T T T T T
0 20 40 60 80 100 120

Time (min)

5.5,and 7.25 mA.cmfz, and the removal efficiencies at these
levels were obtained 66, 68.5, 77, 86.1, and 86%, respectively.
As the results show, the increase in the current density and
potential difference lead to the promotion of removal efficien-
cy. It also leads to an augment in the production of ferrous ions
and ultimately to an increase in hydroxyl radicals which is
produced, raising the efficiency of the oxidation process
[41]. Tt should be mentioned that too much raising in the
current density can lead to hydrogen peroxide overproduction
at the carbon cathode. This uncontrolled increase can also be
the reason for radicals’ combination, which cut down the ox-
idation power of the process. By doing so, the scavenging
phenomenon occurs and reduces the concentration of effective
radicals in the solution [29]. Besides, current density not only
plays an important role in the amount, shapes, and dimensions
of the coagulants produced in the anode but also helps to
produce more hydrogen bubbles in smaller sizes at the cath-
ode, accelerating the floatation process. Increasing the current
density also could cause an increase in metal hydroxide spe-
cies, reducing the repulsive forces between the suspended par-
ticles to such an extent that the van der Waals gravitational
forces dominate the repulsion process, and the particles stick
to each other [34]. However, excessive current intensity can
give rise to a change in the electrical charge of the flocs and
change them to the same charge particles, which eventually
causes them to be redistributed [4]. Furthermore, this increase
leads to an increase in solution temperature and also, accord-
ing to Faraday correlation, increases the corrosion rate of alu-
minum and causes additional costs (more energy and

(b) 200

150

kg")

1004

E (kWh

501

0 T T T T T T T
4 5

2 3 6
Current density (mA.cm?)

Fig. 8 a Amoxicillin concentration changes over time in different current densities. b The amount of energy consumption in different current densities
(pH, 7.6; electrode distance, 5.5 cm; electrolyte concentration, 0.02 M; [H,O,]/[Fe], 10)
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aluminum consumption) [20]. Finally, due to a small differ-
ence in removal efficiency (5%) in current densities of 5.5 and
7.25 mA.cm 2, the amount of energy consumption was inves-
tigated (Fig. 8b). As can be seen, the difference between elec-
trical energy consumption is about 30 kWh.kg ', and 5.5
mA.cm ~ is considered optimum condition.

Reaction Kinetics

The kinetic models that were analyzed in this study were zero-
order, pseudo-first-order, and pseudo-second-order models.
Table 2 shows the values of the reaction in the optimum con-
ditions at different kinetic orders. As can be observed, the
reaction follows the pseudo-first-order kinetic due to having
a higher R” ratio in this model. The kinetic correlation is
shown in Eq. 14.

Ln(c/co) = —kt (14)

In this reaction, ¢ and ¢, show the concentration of amox-
icillin at times 0 and ¢, respectively, and & is the pseudo-first-
order kinetic constant-coefficient [42].

In comparison between present study kinetic and other re-
searches in the field of amoxicillin removal using the electro-
Fenton method, Kaur et al. investigated the removal of amox-
icillin using Ti/RuO, anode. According to this study, pseudo-
first order was the kinetic model that had the best overlap with
the removal rate data (k = 0.0063 (min ')); the energy con-
sumption was also 404 kWh.kg ™' to remove 2 g of TOC [24].
Kalantary et al., in another study, investigated the kinetic of
amoxicillin removal from water using the electro-Fenton
process in the presence of Fe;O4 nanoparticles. The re-
sults show that the removal process follows the first-
order kinetic with a coefficient of 0.0579 (min ') [43].
Comparing the kinetic coefficient of the present study
and the studies mentioned above, we find out that the
rate of amoxicillin removal with aluminum anode was
faster than Ti/RuO, anode and anode with Fe;O4 nanoparti-
cles. Energy consumption for the present study also was about
150 kWh.kg ', which is less than the energy consumed in the
above two studies.

Investigating all the parameters affecting the proposed
electro-Fenton process showed that this method was able to
degrade amoxicillin pollutant efficiently without any needs for
tertiary treatment (roughly 95% degradation rate). The results
indicated that this system not only provides the process with a
high and fast degradation rate in a wider range of pH, which
makes it more practical, but also performs as a more econom-
ical method to eliminate amoxicillin from aqueous media. The
method can be applied easily since there is no need to add
extra acid or base compounds in order to adjust the pH, and
the anode is also a commercially available aluminum plate.

@ Springer

Conclusion

In this study, the performance of the electro-Fenton system for
wastewater treatment containing the emerging substance
amoxicillin was investigated. The electrodes used in this series
were carbon and aluminum for the cathode and anode, respec-
tively; various process parameters were optimized using
OFAT system. At first, different concentrations of the
pharmaceutical compound were evaluated, and after cal-
culating the removal efficiency and electrical energy
consumption, 100 mg.l™' was selected as the optimal
concentration. Subsequently, the experiment at neutral
pH was the best condition with the lowest energy con-
sumption, and finally, the output pH was within the safe
range for being released into the aqueous matrices. The
optimal [H,O,]/[Fe] was 10, and the concentration of
sodium sulfate electrolyte solution showed a maximum
removal efficiency of 0.02 M for amoxicillin removal.
The optimal distance between the electrodes was 5.5
cm, and the current density of 5.5 mA.cm > showed
the optimum condition. Finally, the removal kinetic
was investigated, and the laboratory data were in good
agreement with the pseudo-first-order kinetics.
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