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ABSTRACT

The use of natural catalysts in various processes, including the electro-Fenton (EF) process, is a topic
of interest in current research and development. Natural catalysts are being explored as potential
alternatives to conventional catalysts due to their advantages such as sustainability, low-cost, and
environmental compatibility. It is worth noting that the application of natural catalysts in the EF
process is an active area of ongoing research, and their full-scale implementation may still require
further development and optimization. That is why in our work, we chose to use hematite and pyrite
as natural catalysts in the degradation of the black azo dye Eriochrome Black T (EBT) by EF process.
Color and chemical oxygen demand (COD) removal efficiencies were compared with those obtained
with the conventional catalyst (FeSO,). The pyrite-EF process followed a pseudo-second-order and
was found to be more efficient than the hematite-EF process due to the self-adjustment of its pH,
it gave slightly lower color (90.30%) and COD (89.20%) removal rates than those obtained with
the conventional catalyst (93.05% and 92.06%) after 60 min of treatment. The morphology, chemi-
cal composition and crystal structure of hematite and pyrite samples were identified by scanning
electron microscopy, X-ray fluorescence and X-ray diffraction analyses. Furthermore, the study of
some operating parameters effects allowed determining the optimal conditions for treatment of
the Eriochrome Black T solution: 0.03 g-L (pyrite dose), 8 x 10 M (supporting electrolyte concen-
tration) and 15 mA-cm™ (current density). The pyrite-EF process showed similar behavior to that
of FeSO,-EF with a low energy consumption. Therefore, EBT can be efficiently removed electro-
chemically using natural pyrite as an eco-friendly catalyst.

Keywords: Persistent organic pollutants; Wastewater treatment; Advanced oxidation processes;

Electro-Fenton; Hematite; Pyrite

1. Introduction

The global dye industry has experienced signifi-
cant growth over the last few years, driven by increasing
demand from various sectors such as textiles, printing,
leather, paper, and plastics [1]. The industry encompasses

* Corresponding author.

both natural and synthetic dye production, with synthetic
dyes being more predominant due to their wide range of
applications and cost-effectiveness [2]. The textile industry
is one of the primary drivers of dye consumption due to its
extensive use of dyes for fabric coloring. Dyes, particularly
synthetic azo dyes can pose risks to humans by causing
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allergic reactions, endocrine disruption and carcinogenic-
ity [3-6]. In the environment and water sources dye waste-
water, if not properly treated, can be discharged into water
bodies, leading to the pollution of both surface and ground
waters [7]. Dyes can impart intense coloration to water bod-
ies, reducing light penetration and disrupting aquatic eco-
systems. Some dyes and their degradation products have
the toxic potential to accumulate in the tissues of aquatic
organisms and thus enter the food chain. This can result
in the increase of dye-related risks as higher trophic levels
consume contaminated organisms [8,9].

To mitigate the risks associated with dyes, several stan-
dards, regulations and measures can be followed, including
implementing proper wastewater treatment technologies
to remove dyes and minimize their environmental impact
before discharge. Classical methods for water treatment refer
to the traditional and widely used techniques that have been
employed for decades. These methods have many advan-
tages but also have multiple limitations; they can either
partially remove the pollution or displace it, creating a new
problem for the management of dye-laden waste. For exam-
ple, filtration can improve water clarity but alone may not be
sufficient for the removal of dissolved organic compounds,
nutrients, or certain pathogens also regular maintenance
and cleaning of filters are necessary and high-pressure drop
across filters can lead to increased energy consumption [10].
Coagulation and flocculation effectively removes suspended
particles, colloids, and turbidity, the process is relatively
simple and widely applicable but may require the use of
chemical coagulants, such as aluminum or iron salts, which
can contribute to sludge generation and increased chemical
usage [11]. Disinfection kills or inactivates a wide range of
microorganisms, including bacteria, viruses, and parasites;
however, it can produce disinfection by-products, some of
which may be harmful [12]. Adsorption effectively removes
dissolved organic compounds, taste, odor, and some chem-
icals; in revenge, it requires regular replacement or regen-
eration of the adsorbent material [13]. It is important to
note that the selection and combination of water treatment
methods depend on the specific water quality characteris-
tics, target contaminants, regulatory requirements, and the
desired treated water quality. Often, a combination of mul-
tiple treatment processes or the use of advanced oxidation
processes (AOPs) are employed in water treatment to achieve
comprehensive and efficient water purification [14-17].

AOPs are a set of treatment methods that utilize highly
reactive hydroxyl radicals ("*OH) which are very strong oxi-
dants (E =2.8 V vs. Standard Hydrogen Electrode, SHE) [18]
to degrade and remove organic pollutants from water and
wastewater, these radicals attack most organic molecules
with rate constants usually in the order of 10°~10° L-mol™-s™
[19]. AOPs involve the generation of hydroxyl radicals
through various mechanisms, including chemical reactions,
photocatalysis, or electrochemical reactions. They have
gained significant attention due to their ability to effectively
treat recalcitrant and persistent organic compounds. The
electro-Fenton (EF), one of the highly used AOPs is based
on Fenton’s reagent which is a reaction between Fe* and
H,O, Eq. (1) [20].

Fe* +H,0, — Fe® +OH +"OH 1)

EF process holds significant importance for the treatment
of various pollutants, including dyes [21], pharmaceuticals
[22-24], pesticides [25] and other aromatic compounds that
are resistant to conventional treatment methods in waste-
water treatment due to its unique capabilities to transform
them into benign compounds like carbon dioxide, water
and inorganic ions. It can be applied to treat diverse types
of wastewater, including industrial effluents, municipal
wastewater, and contaminated groundwater.

Despite the encouraging results obtained in numer-
ous studies on the EF process, the latter remains relatively
expensive. Ongoing studies aim to enhance process effi-
ciency, reduce energy consumption, and address challenges
related to byproduct formation and catalyst regeneration.
This can be improved by using natural catalysts, derived
from renewable resources that are being investigated as
alternatives to conventional catalysts. These natural cata-
lysts can offer several benefits such as cost-effectiveness, as
they can be obtained from readily available sources, reduc-
ing the reliance on expensive or rare metals. They have low
toxicity and are more environmentally friendly compared
to conventional catalysts, which may contain hazardous or
polluting substances.

While the use of natural catalysts in the EF process is still
a relatively new area of research, there have been promising
findings to enhance the efficiency and effectiveness of the
EF process. Researchers are investigating various alterna-
tives such as the use of industrial by-products [26] or nat-
ural minerals (hematite, magnetite, goethite, pyrite, etc.) as
catalysts in the EF process [27-36]. However, few studies
report a comparison of the efficiency of these natural cat-
alysts with the commonly used catalyst, iron sulphate.

That is why in our study, we chose to replace the con-
ventional catalyst (FeSO,) with natural minerals hematite
and pyrite, the Eriochrome Black T (EBT) removal effi-
ciencies were compared with those of FeSO,-EF. Scanning
electron microscopy (SEM), X-ray fluorescence and X-ray
diffraction (XRD) techniques have been applied to charac-
terize natural catalysts. Energy consumption and the effect
of certain operating parameters on the removal efficiency
of the process were investigated.

2. Materials and methods
2.1. Chemicals

The dyestuff solution was prepared dissolving
100 mg-L" of Eriochrome Black T (provided by Sigma-
Aldrich) in bi-distilled water. Sodium sulfate Na,SO, and
ferric sulfate FeSO,-7H,O, supplied by Sigma-Aldrich, were
used as supporting electrolyte and catalyst, respectively.
Other reagents used for chemical oxygen demand (COD)
determination including potassium dichromate (K,Cr,O,),
mercuric sulfate (HgSO,), sulfuric acid (H,SO,), silver sul-
fate (Ag,SO,) were purchased from Merck. The natural
hematite and pyrite used in this work as catalysts come
from the Anini (Sétif, Algeria) and Ain Barbar (Annaba,
Algeria) mountains, respectively. The particle size of the two
natural catalysts used in this study is approximately 65 um.
The carbon felt was purchased from Carbone Lorraine
and the pharmaceutical grade 316 L stainless steel plates
were supplied by MD Metal Tunisia.
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2.2. Electrochemical process

The experimental set-up (Fig. 1) employed in the EBT
degradation by electro-Fenton essentially comprises a
power supply (Voltcraft PS 405 Pro) and an undivided and
open electrochemical reactor, in the form of a cylindrical
cell. Electrolysis in galvanostatic mode of solution (200 mL)
at room temperature was performed between a carbon felt
cathode and a stainless-steel anode with an effective geo-
metric area of 31.5 cm? The current intensity was monitored
with a multimeter (Metrix MX52). Experiments were con-
ducted in batch mode and the solution was continuously
mixed with a magnetic stirrer. Oxygen was supplied to the
solution by bubbling (0.2 L-min™) compressed and purified
air. Before starting the electrolysis, a well-defined amount
of catalyst (pyrite, hematite ore or ferrous sulfate) has been
added to the EBT solution containing Na, SO, as the sup-
porting electrolyte and shortly after the pH was adjusted to
3 with 0.1 M of H,SO,. At given time intervals, samples of
5 mL were collected from the electrochemical reactor and
Eriochrome Black T concentration and COD were analyzed
immediately. All the results were expressed as an aver-
age of three replicates.

2.3. Analytical procedures

Color removal was monitored by measuring absorbance
decrease at a 540 nm wavelength using a spectrophotome-
ter (SPECORD 200). pH was measured using a HANNA
Instruments 211 pH-meter. The color removal of Eriochrome
Black T was calculated from Eq. (2), where C;, and C, are
the concentration at initial time and at time ¢, respectively.

Color removal (%) = &G x100 2)
C

0

The limit of detection (LOD) and limit of quantification
(LOQ) of the EBT concentration by the spectrophotometric

B

-t

method using the SPECORD 200 spectrophotometer are
2.04 and 6.82 mg-L™, respectively.

Solution mineralization efficiency was monitored by
measuring its COD evolution. COD was determined by the
dichromate method using a thermoreactor (WTW CR2200)
and the spectrophotometer. The method consists on oxidiz-
ing the organic matter by an excess of potassium dichro-
mate in concentrated sulfuric acid medium in the presence
of silver sulfate (Ag,SO,) and mercuric sulfate (HgSO,).
The solution obtained is heated during 2 h at 150°C. The
absorbance value of the excess dichromate is translated
into COD using a calibration curve [37]. The COD removal
was calculated according to Eq. (3). Where COD, and COD,
are, respectively, the solution COD values at initial and t
time of the electrolysis.

COD, —COD,

x100 3)
COD

COD removal (%) =

0

3. Results and discussion
3.1. Characterization of natural catalysts
3.1.1. Scanning electron microscopy

The Thermo Scientific Quattro environmental scan-
ning electron microscope was used to analyze and confirm
the surface morphology of the natural catalysts used. SEM
images (Fig. 2a) of the pyrite powder show crystals with
well-defined contours and a very smooth surface.

However, SEM analysis of the hematite powder in
Fig. 2b reveals non-uniform and entangled lamellar crystals
of stubby shape with a rough surface. This morphology is
characteristic of hematite crystals.

3.1.2. X-ray fluorescence

The results of the X-ray fluorescence analysis of the
pyrite and hematite samples are presented in Tables 1

Power supply

+—— Ammeter
r”;\.

—
Compressed air

A

Ajdr drying solution

i

Anode

Pollutant selution

Cathode

- hizgnetic stirrer bar

hiapnstic stirrer

Fig. 1. Schematic diagram of electro-Fenton experimental set-up.
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Fig. 2. Scanning electron microscopy images of the natural catalysts (a: pyrite; b: hematite).

Table 1
Chemical composition of pyrite sample analyzed by X-ray
fluorescence

Table 2
Chemical composition of hematite samples analyzed by X-ray
fluorescence

Element/compound wt.% Compound wt.%
Fe 53.04  FeO, 92.38
s 3645  Sb0, 233
SiO, 7.31 As,0, 1.31
P,0, 091 SiO, 1.20
ALQO, 0.65 PbO 1.10
CaO 0.71 ALQO, 0.71
PbO 0.55 PO, 0.42
CoO 0.49 ZnO 0.41
AsO, 0.30 SO, 0.15
WO, 0.11 CuO 0.03

and 2, respectively. The pyrite sample shows weight per-
centage values of iron of 53.05% and sulfur of 36.45%
(Table 1). Compared to the existing ratio between iron and
sulfur (Fe/S:56/64) in the pyrite molecule (FeS,), the weight
percentage of Fe is superior to that of S in the pyrite sam-
ple. This result means that in addition to pyrite, iron exists
in the sample in other compounds. On the other hand,
Table 2 reveals that the hematite sample is relatively rich
in hematite (92.38%), which corresponds to an iron weight
percentage of (64.66%). Finally, it can be noticed that the
hematite sample is slightly richer in iron than the pyrite
sample.

3.1.3. X-ray diffraction

To characterize the crystal structure of pyrite and hema-
tite powders by XRD we used PANalytical diffractometer
Empyrean with CuKa = 1.5418 using software programs
DataCollector and HighScore Plus. The peaks intensity
and their position in the diffractogram of the pyrite sample

presented by Fig. 3 are given in Table 3. The correspondence
of the 20 values of the peaks obtained with those stan-
dards of pyrite is evaluated with a score of 50%.

The hematite powder diffractogram presented in Fig. 4
is richer in peaks than that of pyrite. The 20 values and their
intensities of hematite sample are presented in Table 4.
The three peaks with 20: 21.32, 33.13 and 35.65 indicates
the presence of goethite.

3.2. Comparison of EBT degradation efficiencies by electro-Fenton
using natural and conventional catalysts

Hematite and pyrite as natural catalysts, and ferrous sul-
phate, the most commonly used catalyst in EF, were tested
in the degradation of Eriochrome Black T by EF. A com-
parison of the efficiency of the natural catalysts (hematite
and pyrite) with that of the conventional catalyst (ferrous
sulphate) is shown in Fig. 5a. For all three catalysts the
degradation kinetics of EBT follows the order: iron sul-
phate > pyrite > hematite. It is noticeable that the degradation
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Fig. 3. X-ray diffraction of pyrite.

Table 3

Values of 20, the d-spacing and the peaks size of the pyrite powder

Pos. (°20) Height (cts) FWHM Left (°20) d-spacing A) Rel. Int. (%)
9.6144 74.70 0.3070 9.19939 3.71
18.3434 23.15 0.4093 4.83669 115
20.8092 50.65 0.3070 4.26880 2.52
26.6469 250.82 0.4093 3.34538 12.46
28.5334 683.78 0.3070 3.12835 33.98
33.0439 2,012.57 0.3070 2.71091 100.00
37.0846 1,196.00 0.3070 2.42429 59.43
40.7693 527.12 0.4093 2.21330 26.19
47.4574 549.71 0.4093 1.91582 27.31
50.2208 34.71 0.3070 1.81669 1.72
56.3052 1,298.14 0.3070 1.63396 64.50
59.0388 22717 0.3070 1.56466 11.29
61.7312 212.89 0.3070 1.50273 10.58
64.3309 222.44 0.3070 1.44813 11.05
76.6512 102.78 0.3070 1.24319 5.11
79.0273 54.23 0.3070 1.21167 2.69
81.3955 72.06 0.3070 1.18229 3.58
83.7310 25.40 0.3070 1.15516 1.26
88.4064 26.35 0.4093 1.10575 1.31
Visible Ref. code Score Compound name Displ. (°20) Scale fac. Chem. formula
* 01-074-8366 50 Iron sulfide 0.000 0.895 Fe .S

0.98772

kinetics obtained with pyrite is slightly lower than that
recorded with the conventional catalyst. Indeed, after only
60 min of treatment, the degradation rates obtained with
hematite, pyrite and the conventional catalyst are 77.19%,
85.71% and 90.17%, respectively.

On the other hand, the study of the mineralization
efficiency of EBT by EF using different catalysts (Fig. 5b)
shows a sequence of catalyst efficiency identical to that of

Eriochrome Black T degradation. The COD removal rates
recorded after 60 min of electrolysis for hematite, pyrite
and FeSO, are 76.13%, 84.01% and 89.73%, respectively.
For the mineralization efficiency we also found out that
the difference between the removal rates obtained with
pyrite and the conventional catalyst is not significant.
However, the high efficiency of the pyrite-EF process com-
pared to the hematite-EF process could be attributed to the
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Fig. 4. X-ray diffraction of hematite.

Table 4

50 60 80

Paosition [728] (Copper [Cu})

Values of 20, the d-spacing and the peaks size of the hematite powder

Pos. (°20) Height (cts) FWHM Left (°26) d-spacing A) Rel. Int. (%)
21.3164 17.83 0.6140 4.16836 1.76
24.1566 158.33 0.3070 3.68432 15.62
33.1280 455.40 0.3070 2.70422 44.93
35.6543 1,013.68 0.3070 2.51820 100.00
40.8839 124.61 0.4093 2.20735 12.29
49.4593 155.73 0.3070 1.84286 15.36
54.0331 198.06 0.3070 1.69717 19.54
57.4957 36.03 0.6140 1.60293 3.55
62.4274 95.98 0.4093 1.48763 9.47
64.0252 395.26 0.2558 1.45431 38.99
71.8890 11.18 0.8187 1.31335 1.10
85.0303 19.48 0.6140 1.14080 1.92

Visible Ref. code Score Compound name Displ. (°20) Scale fac. Chem. formula
* 01-087-1165 13 Iron oxide 0.000 0.376 Fe,O,

self-regulation of iron ions in solution in the presence of
O,. This result leads to the conclusion that natural pyrite
could be used instead of FeSO, to effectively degrade the
Eriochrome Black T dye by the EF process. That is why
we have chosen pyrite as a catalyst in order to carry out
experiments on the degradation of EBT by EF.

3.2.1. Effect of different operating parameters on the
degradation of EBT using a natural catalyst (pyrite)

In order to optimize the operating conditions for
the EBT oxidation by the pyrite- EF process, the effect of

certain operating parameters on the process efficiency was
investigated.

3.2.2. Effect of pH

Most studies reported that the optimum pH of Fenton
process is around 3 [21,38,39]. On the other hand, some
studies reported that the use of FeS, as a heterogeneous
catalyst overcomes the need to adjust the pH value of the
solution to about 3 (optimal pH for the Fenton reaction) by
self-regulating the pH around 3 by natural pyrite. To ver-
ify this, we prepared four solutions of EBT at 50 mg-L™
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Fig. 5. Kinetics of (a) degradation and (b) mineralization of Eriochrome Black T by electro-Fenton using natural and conven-
tional catalysts ([EBT] = 50 mg-L™"; [FeSO,] = 0.076 g-L; [pyrite] = 0.06 g-L™'; [hematite] = 0.08 g-L™'; [Na,SO,] = 1.7 x 10> M; pH = 3;

i=15mA-cm? V=200 mL).

Table 5
Initial pH of the Eriochrome Black T solution as a function
of the dose of natural pyrite

Pyrite dose (g-L") 0.012 0.03 0.06 0.12

Solution pH 3.1 2.8 2.8 2.7

each containing Na SO, at 1.7 x 10 M. To each solution we
added a different amount of natural pyrite. After a good
stirring of the solution we measured the pH of the solu-
tion (Table 5). It was revealed that all four solutions had a
pH value close to 3. There was also a slight tendency for
the pH to decrease as the dose of natural pyrite increased.
Thus, it is concluded that it is not necessary to adjust the
pH of the solution to the optimal value (3).

3.2.3. Effect of EBT concentration

The effect of the dye concentration on the degradation
efficiency of EBT by heterogeneous electro-Fenton was
studied by varying the Eriochrome Black T concentration
between 10 and 100 mg-L. Fig. 6 shows that for both cata-
lysts (natural pyrite (Fig. 6a); conventional catalyst (Fig. 6b)),
the discoloration efficiency of the Eriochrome Black T solu-
tion decreases with increasing Eriochrome Black T concen-
tration. Indeed, after 60 min treatment of Eriochrome Black
T solutions at concentrations of 10, 25, 50 and 100 mg-L™ by
the pyrite-EF process, the discoloration efficiencies recorded
are 91.17%, 87.36%, 86.75% and 78.15%, respectively. We
noted that increasing the Eriochrome Black T concentration
from 10 to 50 mg-L~ does not result in a significant decrease
in efficiency. However, for a concentration of 100 mg-L™,
the decrease in the efficiency of the pyrite-EF process is
relatively significant. With the conventional catalyst, the
same trend of efficiency variation with EBT concentration
observed with natural pyrite was recorded. The increase in
Eriochrome Black T concentration also influences the effi-
ciency of COD removal. For both catalysts (natural pyrite

(Fig. 6¢c) and conventional catalyst (Fig. 6d)) tested, increas-
ing the initial Eriochrome Black T concentration leads to a
decrease in COD removal efficiency. This decrease is slightly
more pronounced when the concentration is increased
from 50 to 100 mg-L™. The decrease in discoloration effi-
ciency with increasing Eriochrome Black T concentration
was probably due in large part to the decrease in the *OH/
Eriochrome Black T ratio with increased Eriochrome Black
T concentration and also to the increase in the amount of
oxidation products on the electrode surface which prevent
contact between Eriochrome Black T molecules and active
sites [40]. The same trend was observed with the results
of COD removal (Fig. 6¢c). However, EBT mineralization
was found to be slightly more difficult than discoloration.
Indeed, for the Eriochrome Black T solutions 10, 25, 50 and
100 mg-L™* and after 15 min of process, the color removal
percentages were 61.02%, 60.22%, 62.57% and 57.93%. On
the other hand, for the same solutions and the same dura-
tion COD removal rates were 47.94%, 50.10%, 59.73% and
54.25%, respectively. Moreover, the comparison between
the discoloration (Fig. 6a and b) and mineralization (Fig. 6¢
and d) efficiencies shows insignificant differences between
the efficiencies of pyrite-EF and FeSO,-EF.

3.2.4. Effect of natural catalyst dosage

In order to optimize the dose of pyrite to be intro-
duced into the system, experiments on the degradation
of EBT solution by electro-Fenton were carried out for
different doses of pyrite Fig. 7a clearly shows that the
efficiency of the pyrite-EF process depends on the pyrite
dose. First, an increase in discoloration efficiency from
81.23% to 87.50% was observed when the dose of natural
catalyst was increased from 0.012 to 0.03 g-L7!, and then
beyond the 0.03 g-L™" dose the effect was negative. Indeed,
the Eriochrome Black T degradation efficiency recorded
for the 0.12 gL dose is equal to 75.24%. For the miner-
alization of the Eriochrome Black T solution, an identical
effect of the pyrite dose on the COD removal efficiency was
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Fig. 6. Effect of Eriochrome Black T concentration on color (a) pyrite, (b) conv. catalyst and chemical oxygen demand (c) pyrite and
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i=15mA-cm™; V=200 mL).

recorded (Fig. 7c). The optimum pyrite dose is 0.03 g-L™".
On the other hand, a similar trend of discoloration and
mineralization of the Eriochrome Black T solution was
observed with the conventional catalyst (Fig. 7b and d).
Thus, 2.5 x 10* M FeSO, is an optimum concentration for
discoloration and mineralization of the Eriochrome Black
T solution by FeSO,-EF. It is to be noted that for the two
processes pyrite-EF and FeSO,-EF, the concentration of
iron has a significant effect on efficiency.

The decrease in effectiveness from a certain dose of
pyrite or FeSO, can be explained by the excess of iron spe-
cies (Fe** and Fe*). Indeed, the excess of Fe* accentuates
the trapping of hydroxyl radicals [Eq. (4)] [41]. On the other
hand, the excess of Fe* ions formed consumes hydrogen
peroxide [30,31].

Fe” + 'OH — Fe* + OH~ 4)

3.2.5. Effect of supporting electrolyte concentration

The presence of an electrolyte in a solution improves
its conductivity and accelerates the transfer of electrons,

which promotes the electro-Fenton reaction. Therefore, for
low conductivity solutions, the addition of a supporting
electrolyte is essential. In EF process, sodium sulfate is com-
monly used as the supporting electrolyte [42]. However,
there is no unanimity on its optimal concentration. It seems
that each system has its own optimal concentration of sup-
porting electrolyte. In order to investigate the effect of the
supporting electrolyte concentration on the degradation
efficiency of EBT, pyrite-EF and FeSO,-EF experiments were
conducted at different Na,SO, concentrations in the range
of 4 x 107 to 3.5 x 102 M.

The results obtained show that when the concentra-
tion of the supporting electrolyte is increased from 4 x 10
to 8 x 10° M, the color removal efficiency increases from
83% to 90% for pyrite-EF (Fig. 8a) and from 84% to 93% for
FeSO,-EF (Fig. 8b). However, increasing the concentration
from 8 x 107 to 3.5 x 10 M leads to a regression in color
removal to 82.5% and 88% for pyrite-EF and FeSO,-EF,
respectively. The effect of the supporting electrolyte con-
centration on the solution mineralization observed with the
pyrite (Fig. 8c) and FeSO, (Fig. 8d) catalysts was found to
be identical to that of color removal. This result is logical
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Fig. 7. Effect of the catalyst dose on color (a) pyrite, (b) conv. catalyst and chemical oxygen demand (c) pyrite and (d) conv.
catalyst removal of Eriochrome Black T solution ([EBT] = 50 mg-L™; pH = 3; [Na,SO,] =8 x 10° M; i = 15 mA-cm™ V =200 mL).

since the mineralization of the solution is the final step
in the degradation process. This result indicates that the
effect of the supporting electrolyte concentration is inde-
pendent of the catalyst nature.

The decrease in Eriochrome Black T removal efficiency
resulting from increasing the Na,SO, concentration from
8 x 107 to 3.5 x 102 M is probably due to the increased
consumption of hydroxyl radicals by SO, ions in high
concentrations [Eq. (5)] [40].

*OH+S0> — OH™ +507 )

3.2.6. Effect of current density

In order to investigate the effect of current density
on the degradation of the EBT solution by pyrite-EF and
FeSO,-EF, some current values in the range of 5-35 mA-cm™
were tested under the same operating conditions. The
results reported in Fig. 9 show that for both natural (Fig. 9a
and c) and conventional (Fig. 9b and d) catalysts, the rates
of color (Fig. 9a and b) and COD (Fig. 9c and d) removal
first increase as the current density increases from 5 to
15 mA-ecm™, then decrease with increasing current den-
sity in the range 15-35 mA-cm™. This analysis shows that

15 mA-cm™ is an optimal value for the current density.
The decrease in Eriochrome Black T removal efficiency
with current density in the range of 15-35 mA-cm™ can
be interpreted by the competitiveness of parasitic reac-
tions with reactions 3, 4. Indeed, the increase in current
density intensifies the hydrogen evolution at the cathode
[Eq. (6)], the oxidation of Fe*" to Fe** at the anode [Eq. (7)]
and the oxidative/reductive decay of H,O, at the anode
[Eq. (8)] and cathode [Eq. (9)] [41,43].

2H' +2¢” > H, (©)
Fe* —» Fe* +e” %
H,O,+2H" +2e” —2H,0 8)
H,0, —» OZ(K) +2H" +2e” )

On the other hand, the results also revealed that the
pyrite catalyst is as efficient as the conventional cata-
lyst. For example, for the current density 15 mA-cm=, the
color removal (86.75%) and the COD removal (82.86%)
obtained with the natural catalyst (Fig. 9a and c) are slightly
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lower than those obtained with the conventional catalyst
(93.24%) and (91.97%) (Fig. 9b and d).

3.3. Kinetic analysis at optimal catalyst concentration

The rate constants k, and k, and the correlation coef-
ficient R? calculated for the pseudo-first-order and pseu-
do-second-order kinetic models are shown in Table 6. The
R? values clearly indicate that the pseudo-second-order
model gives a better prediction than the pseudo-first-
order model for EBT removal using pyrite as a natural cat-
alyst. On the other hand, degradation of Eriochrome Black
T using conventional catalyst follows the pseudo-first-order.

3.4. Energy consumption

The energy consumption (EC) (Table 7) in kWh-(g-COD)™!
for the mineralization of the Eriochrome Black T solu-
tion using the two catalysts (FeSO, conv, FeS)) under opti-
mal conditions ([EBT] = 50 mg-L7; [pyrite] = 0.03 gL
[FeSO,]=0.038g-L";pH=3;[Na,SO,]=8x10°M;i=15mA-cm™;
V=200 mL) can be calculated according to the Eq. (10) [44]:

IUt

EC=————
(ACOD)V;

(10)

where I: the applied current (A); U: cell voltage (V); t: elec-
trolysis time (h); V: the solution volume (dm’), and ACOD
is the decrease in COD (g-dm™).

According to the results obtained (Table 7), it is noted
that after 60 min of treatment by the EF process, the treat-
ment with pyrite presents an energy consumption close
to that of conventional catalyst, which shows that the het-
erogeneous-EF using pyrite as a catalyst is as effective as
conventional homogeneous-EF using iron sulfate.

4. Conclusions

The discoloration and mineralization efficiency of the
EBT solution by heterogeneous EF using natural catalysts
(pyrite and hematite) was compared to that of homoge-
neous EF using the conventional catalyst (FeSO,). Pyrite as
a catalyst was found to be as effective as the FeSO, catalyst.
It was also revealed that the effect of operating parame-
ters on the efficiency of the pyrite-EF process showed a
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Table 6
Kinetic analysis at optimal catalyst concentration

Catalyst dose Pseudo-first-order ~ Pseudo-second-order
(8L k (min?) R k, (M min) R

[FeSO,] =0.03  0.0463 0.9840  0.4326 0.9602
[FeS,]=0.038  0.0361 0.9145  0.2961 0.9980

Table 7
Energy consumption

Catalyst I A uw Energy consumption (kWh-(g-COD)™)

FeSO, 051 6.1 222
FeS, 051 6.7 2.44

similar trend to that observed with the FeSO,-EF process.
Furthermore, the study of the effect of some operating
parameters allowed determining the optimal conditions for
the treatment of the Eriochrome Black T solution: 0.03 g-L™

(pyrite dose), 8 x 10 M (supporting electrolyte concentra-
tion) and 15 mA-cm™ (current density). This study demon-
strated that natural pyrite could replace the conventional
catalyst in the EF process.
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