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Abstract: The potential use of novel iron based mineral catalysts as an effective and available
material for electrocatalytic oxidation of refractory contaminants by heterogeneous electro-Fenton
(HEF) process was studied for the first time. For this purpose, four natural catalysts, namely ilmenite
(FeTiO3), pyrite (FeS2), chromite (FeCr2O4), and chalcopyrite (CuFeS2) were selected as the source of
ferrous iron (Fe2+) ions. The catalyst samples were appropriately characterized by X-ray diffraction
(XRD) and RAMAN analysis. The degradation kinetics and mineralization rate of 0.2 mM antibiotic
cefazolin (CFZ), as a contaminant of emerging concern, were comparatively investigated by HEF
using the catalysts mentioned above. The effect of important experimental parameters such as
catalysts loading and current on the process efficiency was investigated. Moreover, the performance
of these new mineral catalysts was compared in term of CFZ degradation kinetics, mineralization
power, mineralization current efficiency and electrical energy consumption. A greater enhancement
in degradation/mineralization of CFZ was obtained when using chalcopyrite as the catalyst in HEF.
The stability and reusability experiments demonstrated negligible decrease in catalytic activity of
chalcopyrite after five consecutive runs. Besides, the rate constant for CFZ oxidation by hydroxyl
radicals was estimated according the pseudo-first-order reaction kinetics. The empirical assessment,
in addition to economic evaluation, confirmed that iron based mineral catalysts and specifically
chalcopyrite could be an appropriate and cost-effective alternative catalyst for HEF due to its high
catalytic activity, availability, eco-friendly nature and low energy consumption compared to other
synthesized catalysts.

Keywords: iron based mineral catalysts; electrochemical advanced oxidation; mineralization; cefa-
zolin; wastewater treatment

1. Introduction

Pharmaceuticals, and especially antibiotics, in surface and ground water have exten-
sively received attention due to their toxic potential and serious risk to human and living
organisms due to antibiotic resistance, endocrine disruption, allergic reactions and can-
cer [1–5]. It has been reported that the major part of these pharmaceuticals could have been
discharged from pharmaceutical industries, hospital effluents and direct disposal of unused
drugs in wastewater [6–8]. Cefazolin (CFZ) is an antibiotic prescribed for the treatment of
several bacterial diseases in the stomach, lung, bones, joints, and urinary tract [9,10]. It is
present in surface and ground water in the range of ng L−1 to µg L−1 [11–13]. The presence
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of pharmaceuticals in effluents is mainly the result of ineffective removal technologies used
in conventional wastewater treatment plants [14–16].

Different treatment methods have been used to remove organic pollutants from
wastewater such as adsorption [17–21], membrane processes [22,23], biological meth-
ods [24,25] and advanced oxidation processes (AOPs) [26–29]. During recent decades,
AOPs confirmed their effective degradation ability due to the production of powerful reac-
tive oxidants [30–33]. Among different AOPs electrochemical advanced oxidation processes
(EAOPs) have proved their ability for effective and fast degradation of refractory, toxic
and non-biodegradable organic contaminants [4,34,35]. In addition, these processes have
significant advantages such as low operational cost, eco-friendly nature, high pollutant min-
eralization power, and operation under mild conditions (temperature and pressure) [36,37].
The Electro-Fenton (EF) process is one of the most powerful and attractive EAOPs. The
mechanism of this process is based on the in-situ generation of hydroxyl radicals (•OH)
from electrochemically formed H2O2 (Equation. (1)) when using a carbonaceous cathode
(such as carbon or graphite felt, carbon nanotubes, carbon sponge) in presence of the
externally added ferrous ions as catalyst. H2O2 thus formed reacts with Fe2+ ion according
to the Fenton reaction (Equation. (2)) to generate the highly oxidizing agent •OH. The
catalyst (Fe2+) is then electrochemically regenerated (Equation. (3)) to promote continuous
production of •OH in the solution [36,38,39].

O2 + 2H+ + 2e− → H2O2 (1)

H2O2 + Fe2+ → Fe3+ + OH− + •OH (2)

Fe3+ + e− → Fe2+ (3)

Moreover, the use of a high oxygen-overpotential anode like boron doped diamond
(BDD) allows the generation of heterogeneous hydroxyl radicals according to Equation
(4). The BDD electrode is known as the most powerful and effective anode material for
electrochemical applications. In comparison to other anode materials such as DSA, Pt
and SnO2, the BDD anode can produce more physisorbed •OH (BDD(•OH)) and a higher
oxidation rate is estimated [40–43]. As a result, more hydroxyl radicals are produced in
the system leading to the oxidation degradation rate of organic pollutants and effective
mineralization of treated solutions.

BDD + H2O→ BDD(•OH) + H+ + e− (4)

EF process can be classified as homogeneous or heterogeneous according to the nature
of the catalyst used. In contrast to the classical EF using a soluble iron salt, the heteroge-
neous EF (HEF) process is based on the use of an iron containing solid catalysts [3,44]. The
HEF presents advantages such as the easy separation and reusability of the catalyst (avoid-
ing a secondary pollution) and a wide pH range on working [45,46]. Among various types
of solid catalysts, natural iron-based materials have attracted researcher’s attention due
to availability, low cost, non-toxicity, high catalytic activity and ease of separation [47,48].
In this regard, natural catalysts containing iron such as pyrite (FeS2), bornite (Cu5FeS4),
magnetite (Fe2O3) and wustite (FeO) have been stated as effective natural catalysts in
HEF [38,39,48–50]. Ilmenite (FeTiO3), chromite (FeCr2O4), pyrite (FeS2) and chalcopyrite
(CuFeS2) are green, cheap and available natural iron-based materials which can offer Fe2+

ions for employment in HEF [38,51–53].
To study the potential of these natural iron-based catalysts, we have performed an

investigation on the degradation/mineralization of the antibiotic CFZ as target contaminant
by HEF. In order to obtain the catalytic efficiency of each catalyst, comparative CFZ
degradation trials were done under the same operating conditions. Moreover, the effect
of current on the CFZ degradation efficiency, mineralization rate, mineralization current
efficiency (MCE) and specific energy consumption (SEC) were investigated. Optimum
dosage of catalysts was assessed during CFZ degradation. Furthermore, the reusability
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tests in five consecutive runs were studied to evaluate the ability of the catalyst for practical
wastewater applications. In short, in this study, comparative experiments were performed
to highlight the capacity of mineral iron-based catalysts as a promising candidate for HEF.

2. Results and Discussion
2.1. Characterization of Mineral Iron based Catalysts

X-ray diffraction analysis (XRD) was performed to recognize the structure of catalysts
and confirm their crystalline structure. XRD analysis was carried out for ilmenite (FeTiO3),
chromite (FeCr2O4), pyrite (FeS2) and chalcopyrite (CuFeS2) samples and the outcomes
presented in Figure 1. In comparison with Joint Committee on Powder Diffraction Stan-
dards (JCPDS) data, the main peak positions in Figure 1a are in good agreement with
characteristic peaks of ilmenite at about 24.1, 27.7, 32.9, 35.6, 40.6, 44.5, 49.1, 53.4, 56.6, 61.9,
63.7, 70.5 and 74.8 (JCPDS No 98-001-7090). The XRD peaks of pyrite (Figure 1b) were
found to correspond well with the characteristic peaks of pyrite at 2θ values of 25.5, 26.9,
32.3, 33.3, 37, 40.9, 47.7, 56.5, 59.5, 64.3 and 68.2 (JCPDC No of 98-008-1773). Furthermore,
the index peaks presented in Figure 1c were in accordance with standard JCPDS references
of chromite (JCPDS No 98-004-8655). Finally, according to the patterns in Figure 1d, it was
demonstrated that the peaks located at 2θ values of 29.7, 34.4, 49.2, and 58.3 are in agree-
ment with the characteristic peaks reported for chalcopyrite (JCPDC No of 00-001-0842).
The high intensity of parasitic peaks related to impurities were not found in any iron-based
catalysts, which make it possible to conclude that all titled catalysts are mainly pure.

Raman spectroscopy analysis can be used to explore the vibrations and features of
crystal structures of materials [54]. The Raman spectra of ilmenite, pyrite, chalcopyrite
and chromite catalysts are shown in Figure 2. In the Raman spectra of ilmenite sample
(Figure 2a), the results indicated the presence of peaks at 240, 373, and 689 cm−1 related
to the FeTiO3 [55]. Figure 2b showed the Raman spectrum of pyrite comprising three
sharp peaks between 200 cm−1 and 500 cm−1 (343, 380, and 430 cm−1) and their positions
agree with those reported for FeS2 [56]. The bands at 400–800 cm−1 in Figure 2c with two
peaks at around 557 cm−1 and 693 cm−1 are attributed to chromite on the basis of previous
Raman studies [57]. The chalcopyrite samples (Figure 2d) displayed four characteristic
peaks at 290, 317, 350, and 470 cm−1 in accordance with Yang et al. [58]. Therefore, it can
be concluded that the Raman analysis confirmed the nature of all mentioned catalysts.
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2.2. Effect of Operating Parameter on CFZ Decay Kinetics during HEF

Among the influential parameters in HEF, the applied current and the catalyst dosage
constitute the most important. Therefore, the effect of these two parameters on the oxidative
degradation of CFZ was investigated.

2.2.1. Effect of Applied Current

The applied current constitutes a significant operating variable in HEF, which con-
siderably affects the process efficiency and the operating costs. Indeed, this parameter
controls the •OH generation rate in the bulk solution according to the Equations (1)–(3)
and on the anode surface (Equation. 4), and hence strongly affect the abatement of con-
taminants. Thus, the effect of applied current on the CFZ degradation kinetics during
HEF with different mineral iron-based catalysts, namely, ilmenite, chromite, pyrite and
chalcopyrite, was investigated. The comparative studies were done for 0.20 mM CFZ
concentration in 230 mL solution of 0.050 M Na2SO4 with 1 g L−1 dosage of different
catalysts in a BDD/carbon felt cell at currents ranging between 50 and 500 mA and results
are shown in Figure 3. As can be seen, a complete abatement of CFZ concentration was
obtained for all currents and mineral catalysts under the same operating conditions. Low
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currents required about 40 min to reach complete depletion of CFZ (except the ilmenite
requiring a longer electrolysis time than 40 min). Oxidative degradation kinetics of CFZ
concentration decay are enhanced by increasing the applied current value, and complete
disappearance of CFZ was attained at 500 mA with all catalysts. On the other hand, the
degradation kinetics curves are close for the currents from 200 to 500 mA (Figure 3a–d). As
high currents cause high-energy consumption, a current of 200 mA was kept as optimum
value. When comparing the results at 200 mA, it can be seen that the chalcopyrite provides
a higher •OH production ability than the others in the degradation of CFZ during HEF.
The complete depletion of CFZ takes place in 15 min, while it requires 20 min with others.
This can be explained by the intrinsic property of chalcopyrite, which releases Cu2+ ions in
addition to Fe2+ ions into the reaction medium. Cu2+ ions behave as catalyst like Fe2+ ions
to catalyze H2O2 decomposition and generate •OH according to Equations (5)–(8). First,
Cu2+ ions can be reduced to Cu+ ions in the bulk of solution according to Equations (5) and
(6), or at the carbon felt cathode (Equation (7)). Then the produced Cu+ ions can react with
H2O2 according to the Fenton-like reaction and produce •OH (Equation (8)). In addition, it
is worthy to note that Cu+ ions can also regenerate Fe2+ ions and consequently enhance
the Fenton reaction (Equation (9)) [36,52,59].

Cu2+ + H2O2 → Cu+ + HO•2 + H+ (5)

Cu2+ + HO•2 → Cu+ + O2 + H+ (6)

Cu2+ + e− → Cu+ (7)

Cu+ + H2O2 → Cu2+ + OH− + •OH (8)

Cu+ + Fe3+ → Cu2+ + Fe2+ (9)
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2.2.2. Effect of Catalyst Dosage

The catalyst loading has a significant impact on the efficiency of HEFPs. To investigate
the effect of ilmenite, pyrite, chalcopyrite and chromite loading on CFZ degradation several
tests were performed at 100 mA and 230 mL of 0.20 mM CFZ. The HEFPs were performed
with a BDD anode and carbon felt cathode while the catalyst dosage was varied in the range
of 0.5–2.0 g L−1. The results of these experiments which are depicted in Figure 4a–d show
that, by using the lowest amount of pyrite, chromite, and ilmenite catalysts, the complete
degradation of CFZ was attained in 40 min of reaction, while in the case of chalcopyrite
CFZ totally degraded at a slightly shorter time of HEFP (30 min). A quick decay of CFZ
concentration happened by increasing the catalysts, loading from 0.5 g L−1 to 1 g L−1

for all named catalysts. This increase could be due to the enhancement in Fe2+ release
from the surface of iron-based catalysts which consequently produce more •OH in HEFPs
by increasing the catalytic loading. On the contrary, CFZ degradation was decreased by
further increase in catalyst loading (up to 2.0 g L−1). The reason for this decrease can be
due to the participation of excess Fe2+ ions in the wasting reactions (Equation (10)). Parallel
consumption •OH by reacting with Fe2+ ions inhibits the oxidation of CFZ by •OH and in
this way decreases CFZ degradation.

Fe2+ + •OH → Fe3+ + OH− (10)
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Consequently, the 1 g L−1 of all mentioned catalysts seems to be the most effective
amount of for degradation of CFZ antibiotic and the remaining tests were performed with
this amount.
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2.3. Mineralization of CFZ during HEFPs

In order to assess the iron-based catalytic oxidation of CFZ and its removal from water,
it is essential to investigate the total organic carbon (TOC) decay analysis of the solution
during HEF experiments. To assess the mineralization ability of different catalysts, the TOC
removal of CFZ (0.2 mM) against reaction time was studied as a function of the applied
current. Samples were collected during HEF treatment using ilmenite, pyrite, chromite,
and chalcopyrite as catalysts in a BDD/carbon felt cell. As can be seen from Figure 5, TOC
removal always gradually reduced with electrolysis time. Besides, the TOC removal rate
of CFZ solution increased when raising the value of current in accordance with the trend
noticed in CFZ oxidation, due to the higher •OH production (in bulk solution and on the
BDD surface) at higher applied current values, as explained in the previous sub-section.
The higher amount of produced •OH can oxidize CFZ and its byproducts more quickly.
Higher currents (400 and 500 mA) lead to a mineralization rate of more than 90% after
6 h of experiments. As mentioned, when using chalcopyrite as catalyst, almost complete
mineralization was reached at 8 h electrolysis. A TOC removal rate of about 94% was
obtained with other catalysts (ilmenite, pyrite and chromite) with a difference lower than
1% at 500 mA and 8 h. This means that ilmenite, pyrite and chromite have almost the same
mineralization ability. At such a mineralization rate, the remaining TOC is composed of
residual short-chain carboxylic acids.
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2.4. Kinetics of CFZ Degradation by HEF

The degradation kinetics of 0.2 mM CFZ in HEF using different natural catalysts was
studied under the same operating condition. The current applied to the electrolytic cell
being constant, •OH are produced at a constant rate in the system. As •OH are a very
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reactive species, they is consumed as soon as they are produced. Therefore, the steady
state assumption can be applied to the concentration of •OH. In this case, the second order
reaction kinetics of CFZ can be written as follows:

CFZ + •OH→ products (11)

d[CFZ]
dt

= −k [CFZ][HO•] = −kabs [CFZ] (12)

where kapp = apparent rate constant = k [•OH] = constant. Thus, under these condi-
tions, the second order reaction becomes a pseudo first-order reaction. The integration of
Equation (12) gives the following Equation (13):

Ln [CFZ]t = Ln [CFZ]0 − kapp × t (13)

Then, kapp for oxidative degradation of CFZ can be obtained from Equation (17)
by plotting Ln([CFZ]0/[CFZ]t) versus t. The slope of straight line allows the value of
kapp [38,39,46,52] and results obtained are gathered in Table 1 with linear regression coef-
ficients (R2) for CFZ degradation by HEF using different iron-containing mineral-based
catalysts. According to the high values of R2 obtained in all the trials, it can be concluded
that the pseudo-first order kinetics model for oxidation of CFZ by HEF is satisfactorily de-
scribed.

Table 1. Apparent rate constants for HEFPs using different mineral iron-based catalysts. ((CFZ)0 =
0.2 mM).

Parameters. I (mA) kapp (min−1) R2

Chalcopyrite

50 0.111 0.994
100 0.196 0.957
200 0.241 0.991
400 0.329 0.995
500 0.368 0.999

Pyrite

50 0.074 0.986
100 0.117 0.995
200 0.219 0.986
400 0.285 0.992
500 0.331 0.997

Chromite

50 0.109 0.995
100 0.123 0.99
200 0.209 0.996
400 0.323 0.997
500 0.355 0.999

Ilmenite

50 0.069 0.987
100 0.125 0.956
200 0.179 0.979
400 0.219 0.977
500 0.221 0.989

The determined kapp values in Table 1 indicate that, in all currents applied in HEF,
the chalcopyrite had the highest kapp values compared to other catalysts. This result
can be explained by the presence of double catalyst ions (Fe2+ and Cu+) in the structure
of chalcopyrite, allowing the production of higher amounts of •OH, as mentioned in
Section 2.2. Overall, it can be said that the apparent rate constants of CFZ degradation by
•OH in HEF decrease in the following order: chalcopyrite> chromite> pyrite> ilmenite,
although the difference between the three last is very small.
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2.5. Mineralization Current Efficiency (MCE) and Specific Energy Consumption (SEC)

The MCE% during electrolysis of 0.2 mM CFZ solution (corresponding to 33.6 mg
L−1 initial TOC) by HEF with different iron-based catalysts in 8 h was evaluated and the
results are depicted in Figure 6. The MCE% values are meaningfully higher at 50 mA
compared to other current values with all catalysts. Maximum MCE% is attained at about
29.2%, 32.2%, 30.0% and 35.7% when using ilmenite, pyrite, chromite and chalcopyrite
catalysts, respectively, in the first hour of processing. A slightly greater MCE% was
found for chalcopyrite compared to other catalysts, in agreement with oxidation and
mineralization experiments. Chromite follows chalcopyrite, presenting slightly better
efficiency for all currents.
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However, MCE% decreased with longer electrolysis time in all cases. This trend is in
agreement with previous reports [36,48,60,61] and can be related to the impoverishment of
carbon matter in the medium and to the formation of persistent intermediates which are
hardly mineralized such as short chain carboxylic acids. Moreover, increasing the current
values led to a reduction in the MCE% values as a result of the energy loss through parasitic
reactions consuming generated •OH. The most important of these parasitic reactions
include the wasting of •OH by Fe2+ (Equation (6)), recombination of •OH to H2O2 in the
bulk (Equation (14)), oxidation of heterogeneous •OH at the BDD surface (Equation (15))
and electroreduction of H2O2 at the carbon felt (Equation (16)).

2•OH → H2O2 (14)

2 BDD(•OH)→ 2BDD + O2 + 2H+ + 2e− (15)

H2O2 + 2H+ + 2e− → 2H2O (16)
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The amount of specific electrical energy consumed per TOC mass removed (SECTOC)
is one of the important parameters for evaluating the energy for an electrochemical process
from an industrial point of view. The values of SECTOC (in kWh per g TOC removed) in HEF
with different natural catalysts are depicted in Figure 7. As these results show, an increase
in applied current (between 50–500 mA) augments the electrical energy consumption
regardless of the type of catalyst. In addition, the SECTOC values obviously increased
with longer electrolysis times for all cases. For example, in the case of ilmenite, SECTOC
is quite low (about 0.08 kWh (g TOC)−1) in the early stage of treatment at 50 mA but it
increased significantly (to about 0.22 kWh (g TOC)−1) at the end of the electrochemical
process. Besides, the SECTOC values are significantly high even at early treatment times
(0.40 kWh (g TOC)−1 at 1 h) when applying high current (500 mA) and strongly increase
over the electrolysis time (2.58 kWh (g TOC)−1) at 8 h. It can be inferred that the energy cost
of working at 50 mA is 11.7 times lower than that of 500 mA at the end of the electrolysis,
although it is important to note, as in Section 2.4, that higher applied currents lead to higher
TOC removal efficiency. According to the results of Figure 7, among four iron-based natural
catalysts, the chalcopyrite provides slightly better performance after 8 h electrolysis.

Catalysts 2021, 11, x FOR PEER REVIEW 11 of 18 
 

 

The amount of specific electrical energy consumed per TOC mass removed (SECTOC) 
is one of the important parameters for evaluating the energy for an electrochemical pro-
cess from an industrial point of view. The values of SECTOC (in kWh per g TOC removed) 
in HEF with different natural catalysts are depicted in Figure 7. As these results show, an 
increase in applied current (between 50–500 mA) augments the electrical energy con-
sumption regardless of the type of catalyst. In addition, the SECTOC values obviously in-
creased with longer electrolysis times for all cases. For example, in the case of ilmenite, 
SECTOC is quite low (about 0.08 kWh (g TOC)−1) in the early stage of treatment at 50 mA 
but it increased significantly (to about 0.22 kWh (g TOC)−1) at the end of the electrochem-
ical process. Besides, the SECTOC values are significantly high even at early treatment times 
(0.40 kWh (g TOC)−1 at 1 h) when applying high current (500 mA) and strongly increase 
over the electrolysis time (2.58 kWh (g TOC)−1) at 8 h. It can be inferred that the energy 
cost of working at 50 mA is 11.7 times lower than that of 500 mA at the end of the electrol-
ysis, although it is important to note, as in section 2.4, that higher applied currents lead to 
higher TOC removal efficiency. According to the results of Figure 7, among four iron-
based natural catalysts, the chalcopyrite provides slightly better performance after 8 h 
electrolysis. 

 
Figure 7. Effect of current and electrolysis time on specific energy consumption (SEC)TOC during mineralization of 0.2 mM 
CFZ by HEF process using different mineral iron-based catalysts: (a) ilmenite, (b) pyrite, (c) chromite, and (d) chalcopyrite. 

2.6. Stability and Reusability of the Catalysts 
Stability and reusability are the main benefits of a heterogeneous catalyst compared 

to homogeneous catalysts, due to their easier separation from solution for reuse. Along 
with the catalytic activity, reusability is also important, because this can reduce the treat-
ment cost. Therefore, this parameter was investigated under the same experimental con-
ditions by five consecutive runs for chalcopyrite. After each run, and before the next ex-
periment, the used chalcopyrite particles were collected from the experimental medium 
and washed several times with water to eliminate the impurities. The washed chalcopyrite 

Figure 7. Effect of current and electrolysis time on specific energy consumption (SEC)TOC during mineralization of 0.2 mM
CFZ by HEF process using different mineral iron-based catalysts: (a) ilmenite, (b) pyrite, (c) chromite, and (d) chalcopyrite.

2.6. Stability and Reusability of the Catalysts

Stability and reusability are the main benefits of a heterogeneous catalyst compared to
homogeneous catalysts, due to their easier separation from solution for reuse. Along with
the catalytic activity, reusability is also important, because this can reduce the treatment
cost. Therefore, this parameter was investigated under the same experimental conditions
by five consecutive runs for chalcopyrite. After each run, and before the next experiment,
the used chalcopyrite particles were collected from the experimental medium and washed
several times with water to eliminate the impurities. The washed chalcopyrite particles
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were dried in the oven (80 ◦C for 24 h). The results for CFZ degradation by HEF using
chalcopyrite in five cycles are presented in Figure 8. As is obvious from these results,
chalcopyrite presented significant chemical stability and only a negligible reduction (5%)
was observed in the process efficiency after the fifth run. This very slight decrease in the
catalytic activity of chalcopyrite can be due to catalyst poisoning by contaminant molecules,
or the formation of intermediates and/or catalyst deactivation after five electrochemical
cycles. These findings indicate the possibility of chalcopyrite for reuse and its application
over a longer operation time.
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Figure 8. Stability for reusability of chalcopyrite in CFZ degradation during HEF within five consec-
utive cycles: Evolution of (a) catalytic activity and (b) Decay (%) in CFZ concentration.

2.7. Comparison of the Performance of the HEF Process Using Mineral Catalysts with other
Processes for CFZ Degradation/Mineralization

This is the first study on the degradation of CFZ with the HEF process. Therefore,
a literature review was carried out in order to compare the performance of the HEF
process in degradation/mineralization of CFZ with already published reports (Table 2) on
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the treatment of CFZ. This table summarizes the comparison between the current study
and different other methods used for the degradation/mineralization of CFZ. As can be
observed, the CFZ degradation by mineral iron-based HEF seems to be more efficient than
that in other strategies. The obtained results highlight the potentiality of the low cost and
available iron-based minerals to be used as catalysts for CFZ degradation/mineralization
by the HEF process.

Table 2. Comparison of CFZ degradation/mineralization by HEF and other processes.

Method Catalyst Experimental Condition Results Ref.

Photocatalysis TiO2
[CFZ] = 10 mM, [Cat] = 1.2 g L−1,

pH = 6.4
53% degradation in 60 min [9]

Photocatalysis N-doped TiO2
[CFZ] = 10 mM, [Cat] = 1.2 g L−1,

pH = 6.4
80% degradation in 30 min [9]

Sono-catalysis Ag3PO4/BiOBr
composites

[CFZ] = 0.03 mM, [Cat] =
0.75 g L−1, pH = 6.25

complete degradation in
30 min [12]

Photocatalysis TiO2
[CFZ] = 0.04 mM, [Cat] = 0.4 g L−1,
pH = 5, Light intensity = 17 W m−2

86% COD removal in
120 min [62]

Photocatalysis ZnO/Activated carbon [CFZ] = 0.2 mM, [Cat] =
100 mg L−1, pH = 3 96% degradation in 60 min [63]

Peroxy-mono-
sulfate

oxidation
CoFe2O4-rGO and PMS [CFZ] = 0.04 mM, [Cat] = 0.1 g L−1,

[PMS] = 0.1 mM, pH = 6.5
almost complete degradation

in 30 min [64]

MnO2 oxidation δ-MnO2
[CFZ] = 0.3 µM, [Cat] = 4 mg L−1,

pH = 4
20% degradation in 30 h [65]

Heterogeneous
electro-Fenton Chalcopyrite [CFZ] = 0.2 mM, [Cat] = 1 g L−1,

I = 200 mA, pH = 3

complete degradation in
15 min and almost complete

mineralization in 8 h
This study

Heterogeneous
electro-Fenton

Ilmenite Pyrite
Chromite

[CFZ] = 0.2 mM, [Cat] = 1 g L−1,
I = 200 mA, pH = 3

complete degradation in
20 min and almost complete

mineralization in 8 h
This study

3. Material and Methods
3.1. Materials

All chemical materials used in this research were in analytical grade and purchased
from Fluka (Buchs, Switzerland), Merck (Darmstadt, Germany), and Acros Organics (Fair
Lawn, New Jersey, United States). Sodium sulfate (Na2SO4) and sulfuric acid (H2SO4)
were used as the electrolyte of the solution and the pH regulator, respectively. High purity
CFZ (C14H14N8O4S3) was obtained from Daana pharmaceutical company (Iran). The CFZ
structure and chemical characteristic are shown in Table 3. All solutions were prepared
by double-distilled water (Millipore Milli-Q) and experiments were performed at room
temperature. Potassium hydrogen phthalate (C8H5KO4, 99.5%) was used for calibration
of TOC analyses. Natural mineral tuffs of ilmenite, chromite, pyrite and chalcopyrite
were attained from the Moeil mine of Ardabil province (Iran) and used as heterogeneous
catalysts in the HEF process. Natural iron-based tuffs were crushed and sieved to obtain fine
particles with a size of approximately 270 µm by ball milling. To remove any unexpected
impurities and water-soluble residues, the micro-grained natural samples were washed
with ethanol and water. The procedure was followed by drying in the oven (343 K, 24 h).
Then the mineral catalysts were ready to be used in HEF.
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Table 3. Characteristic of the cefazolin.

Common
Name

Chemical
Formula

PubChem
Chemical Structure

λmax
CAS No.

MW

Substance ID (nm) (g/mol)

Cefazolin C14H14N8O4S3 23675322
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3.2. Analysis Methods

The crystalline structures of mineral catalysts were evaluated by a Siemens X-ray
diffraction (XRD, D5000, Munich, Germany) armed with a Cu Kα (40 mA, 45 kV, and
λ = 1.5418 A◦). XRD analysis was performed in 2θ range of 10 to 80◦. The molecular struc-
ture of the catalysts was characterized by using Raman spectroscopy (Takram P50C0R10)
equipped with a diode light (λ = 780 nm).

The time course of CFZ decay through oxidation was monitored by a reversed phase
HPLC using a Merck Lachrom system (Hitachi, Darmstadt, Germany) equipped with an
L-7100 quaternary pump and mounted by a Purospher RP 18 (5 µm, 25 cm × 4.6 mm
column at 40 ◦C) and an L-7455 photodiode array detector (Hitachi, Darmstadt, Germany),
which was set to 270 nm. The analysis of CFZ was performed isocratically and the pH
of the mobile phase was maintained at 6.8 by means of a phosphate buffer (a standard
aqueous solution of K2HPO4, KH2PO4, and H3PO4). The mobile phase consisted of a
mixture of phosphate buffer and methanol at volume ration of 70:30 with a flow rate of
0.8 mL min−1. Mineralization of the CFZ solutions was assessed from the decrease of
total organic carbon (TOC) which was evaluated by a Shimadzu analyzer (VCSH TOC,
Shimadzu, Kyoto, Japan). The solution pH was adjusted with a CyberScan pH-meter
(EuTech Instruments, Toronto, Canada) using H2SO4 or NaOH solutions.

3.3. Procedures of Heterogeneous Electro-Fenton Process

The electrolysis experiments were performed in an undivided and open cylindrical
cell (250 mL) at room temperature. A 3D carbon-felt piece was used as cathode with
dimensions of 15 cm × 5 cm × 0.5 cm and a thin-film BDD on Nb substrate (25 cm2,
Condias Gmbh, Germany) was used as anode. The BDD anode was placed at the center
of the cell while surrounded by the carbon felt cathode. The solution was subjected
to vigorous stirring with a magnetic bar and continuously compressed air (1 L min−1)
was bubbled into the cell to maintain O2 saturation. A schematic representation of the
electrochemical experimental setup is shown in Figure 9. All comparative tests were carried
out under the same operational conditions. Electrolysis was conducted with 0.2 mM CFZ
in 0.05 M Na2SO4 solutions in presence of different amounts of natural iron-based catalysts
(0.5–2 g L−1), applying constant current between 50 and 500 mA by a Hameg HM8040
triple power supply (Mainhausen, Germany). The pH solution was regulated by sulfuric or
hydrochloric acids to about 3 before starting the electrolysis. During the experiments, the
samples were taken from the solution at different time intervals to evaluate the degradation
rate and TOC removal efficiency using Equations (17) and (18), respectively.

Degradation (%) =
[C]0 − [C]

[C]0
× 100 (17)

TOC removal (%) =

(
TOC0 − TOC

TOC0

)
× 100 (18)

where (C)0 and TOC0 are CFZ concentration and solution TOC value of initial solution
whereas (C) and TOC are CFZ concentration and solution TOC value at any time. The
obtained TOC values were then used to calculate the mineralization rate of final CFZ
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solution, the mineralization current efficiency (MCE) and specific energy consumption
(SEC) from Equations (19) and (20), respectively:

MCE% =
nFVs∆(TOC) exp

4.32× 107mIt
× 100 (19)

SECTOC

(
kWhg−1TOC

)
=

EcellIt
Vs∆(TOC)exp

(20)

where n, F and Vs are the number of electrons spent for CFZ mineralization, the Fara-
day constant (96485 C mol−1) and the volume of solution (L), respectively. ∆(TOC)exp
is the TOC decrease at time t (mg L−1), 4.32 × 107 is a conversion coefficient for unit
normalization, m is the number of carbon atoms of CFZ (=14), I is the applied current
(A), t is reaction time (h) and Ecell is the cell voltage (V) developed between anode and
cathode. The number of electrons (n) consumed for mineralization of the CFZ molecule
was determined as 56 according to electrochemical mineralization reaction (Equation
(21)), assuming the transformation of the organic nitrogen to ammonium ions during the
mineralization process.

C14H14N8O4S3 + 36H2O → 14CO2 + 8NH+
4 + 3SO2−

4 + 54H+ + 56e− (21)
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4. Conclusions

Different iron-based natural catalysts, namely ilmenite, pyrite, chromite, and chalcopy-
rite, were used, as sustainable heterogeneous catalysts, in HEF. The chemical structures of
iron-based catalysts were confirmed by XRD and Raman analyses. The catalytic activities
of titled catalysts were comparatively evaluated for oxidation efficiency and mineralization
rate during treatment of the antibiotic CFZ by HEF using BDD and carbon felt electrodes.
These mineral catalysts can properly provide Fe2+ ions for generation of a powerful oxidant
(•OH) through the Fenton reaction. In all cases, the effect of the applied current, as one
of the most significant operating parameters, was investigated on the degradation and
mineralization of CFZ. Moreover, the amount of catalyst loading was investigated under
the optimized current value of 200 mA. Results showed that the highest CFZ degradation
efficiency was attained at 1 g L−1 for all mentioned mineral catalysts. The kinetic studies
revealed that CFZ degradation by HEF follows the pseudo first-order kinetics. The chal-
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copyrite presented the highest rate constant (kapp = 0.241 min−1 for I = 200 mA) among
different catalysts, which can be related to the presence of Cu2+ ions which catalyze the
H2O2 decomposition in a Fenton like reaction to generate additional •OH. The CFZ com-
plete degradation in HEF using chalcopyrite occurred, comparatively, in a short reaction
time at different currents, although the comparative performance of all mentioned catalysts
showed very close ability for CFZ mineralization. Consequently, the MCE and energy
consumption outcomes were almost similar for ilmenite, pyrite, chalcopyrite, and chromite
catalysts after 8 h electrolysis. The excellent reusability and negligible reduction in catalytic
activity of chalcopyrite catalyst in five consecutive runs highlights the practical applicability
of this mineral catalyst for use in HEF to remove organic pollutants from wastewaters.
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