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Abstract: Biochar and ferromagnetic biochar obtained from the pyrolysis of dried mango seeds and
modified using a hydrothermal method were used as catalyst for the heterogeneous degradation of
indigo carmine in an aqueous medium. These prepared biochars were characterized using different
techniques: Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX). The analyses of the results
revealed the presence of iron oxide in the form of magnetite (Fe3O4) in the catalyst. The catalytic
tests carried out with this composite material showed a significant degradation of indigo carmine.
The maximum degradation of indigo carmine in the aqueous solution was reached after 240 min of
agitation. The Fenton degradation process using irradiation with a 100 W electric lamp and hydrogen
peroxide (concentration 4 mol/L) showed the best results at pH = 3. From this study, it emerged
that the second-order kinetic model better described the degradation process, and it gave lower
half-lives compared to those obtained with the first-order kinetic law. The study also showed that
ferromagnetic biochar could be prepared from mango seeds and used for the degradation of indigo
carmine in an aqueous solution.

Keywords: ferromagnetic biochar; indigo carmine; Fenton process; hydrothermal method

1. Introduction

The expansion of anthropogenic activities inevitably leads to discharges of effluents
laden with several toxic chemicals into the environment. These effluents contain various
compounds such as heavy metals, pesticides and dyes, and they appear in dissolved or
insoluble forms. These chemicals currently occupy an important place in the industrial
sector. They are widely used in the paper, cosmetic, food and textile industries [1–5]. The
continued release of these recalcitrant compounds into the environment leads to long-term
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accumulation in the ecosystem. Once released and accumulated in different environments,
these potentially toxic substances can be absorbed by living organisms, accumulate in
biological tissues and harm the health of living organisms in the polluted environment [6,7].
In addition, the interactions between these polluted ecosystems and living beings lead
to harmful effects, given the nuisances that these pollutants can cause. Some of these
substances, which bioaccumulate in plants, animals and humans, are known to be toxic,
carcinogenic, teratogenic or cause death, sterility or malformations [8].

As an example, indigo carmine of the indigoid family is considered one of the toxic
environmental pollutants. It is used as a dye in the textile industry; it is also used as a color
indicator in analytical chemistry. However, according to the World Health Organization,
its concentration limit in water intended for human consumption is 0.005 mg/L. Beyond
this dose, it is considered toxic and can cause gastrointestinal disorders characterized by
nausea, vomiting and diarrhea upon ingestion [9,10].

Faced with the dangers posed by this dye, the search for solutions has led to the devel-
opment of methods such as adsorption, flocculation/coagulation and chemical oxidation
for its elimination in effluents [1,2,11,12]. However, techniques such as adsorption and
flocculation can be very limited because some pollutants still persist in the medium after
treatment [13]. Chemical oxidation has also shown a limited capacity in the face of the
complexity of certain pollutants. Thus, new treatment processes have emerged over the
past 20 years, including advanced oxidation processes (AOP), which have proved to be
very interesting for the degradation of recalcitrant organic molecules. Advanced oxidation
aims at the complete mineralization of aqueous pollutants into CO2, H2O and other mineral
ions [10]. These processes are based on the formation of very reactive and non-selective
radical entities such as OH•, which have a very high oxidizing power (Eθ = 2.8 V) [14]. The
AOP used in this study is the Fenton process.

The Fenton process, which is one of the advanced oxidation processes, is a method that
has proven to be effective in the elimination of a significant number of organic pollutants
from wastewater [15,16]. This process essentially uses Fe2+ and H2O2 to generate highly
reactive OH• capable of oxidizing even the most persistent organic compounds. In addition,
hydrogen peroxide is a powerful oxidant, which also has the particularity of being able
to act as a reducing agent under certain conditions. Hydrogen peroxide is one of the
strongest oxidants known to be stronger than chlorine, chlorine dioxide and potassium
permanganate [17]. Through catalysis, H2O2 can be converted into hydroxyl radicals (OH•)
with a reactivity second only to fluorine. Also, the stability of H2O2 is much less due to
the presence of an O–O bond or a peroxide bond as shown in the structure. This tendency
makes H2O2 a better oxidizing agent compared to water, which is more stable due to its
hydrogen bonds. Hydroxyl radicals are produced from the catalytic decomposition of
H2O2 by ferrous or ferric salts. This process uses relatively inexpensive and non-toxic
reactants and catalysts and has great potential for industrial applications [18,19].

In order to reduce the cost linked in particular to iron intake, it may be interesting to
turn to local materials such as mango seeds transformed into ferromagnetic biochar, which
is rich in iron and could be used as an iron substitute. Today, there are several methods
to immobilize iron in the form of oxides on a biochar support, namely the hydrothermal
method, the co-precipitation technique and the sol-gel method [20,21]. The hydrothermal
method is the most commonly used because it is easy to implement and it takes place
at relatively lower temperatures. This technique is probably the simplest and most con-
venient chemical route to synthesize magnetic nanoparticles. The hydrothermal method
consumes less energy, thanks to non-extreme reaction temperatures on the one hand. On
the other hand, it allows the use of simple and inexpensive chemicals. As the temperature
in the hydrothermal treatment is low, the reactions occur very quickly and yield crystalline
products [22,23]. Considering the advantages offered by the hydrothermal method for the
synthesis of a robust catalyst containing iron oxides that can be effectively used for the
treatment of contaminated water, this method was chosen and employed for the function-
alization of the precursor biochar obtained by pyrolysis of biomass feedstocks (mango
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seeds). Based on the abundant sources of biomass feedstocks and flexible preparation
processes, biochar with various functions can be developed and used in various processes
of degradation and mineralization of water pollutants. In addition, the recovery of this
agricultural waste by pyrolysis to obtain carbonaceous materials is generally performed
in closed furnaces with or without the presence of a very small amount of oxygen. This
has the advantage of limiting air pollution through the release of greenhouse gases into
the environment [24–27]. In addition to what was mentioned above, in a context where the
shortage of digestible water for consumption or for urban and domestic work is increas-
ingly felt in developing countries, this study is part of the implementation of an economical
process for wastewater treatment, which is essential for recycling useful water for other
cost-effective activities.

In this study, biochar was prepared from dried mango seeds using simple pyrolysis.
Subsequently, the hydrothermal method was used for the immobilization of iron in the
previously prepared biochar. The prepared ferromagnetic biochar as well as the precur-
sor material (non-modified biochar) were characterized by various techniques, such as
Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) analysis. The ability of
the particles to facilitate the Fenton oxidation of indigo carmine was also studied under
different pH, H2O2 concentration and light intensity conditions. The kinetics of the indigo
carmine degradation were also modeled using kinetic models already described in the
literature in order to define the kinetic parameters related to the catalysis or degradation
processes involved.

2. Materials and Methods
2.1. Materials and Chemicals

The mango (Mangifera indica) seeds used in this study were collected from the town
of Foumbot, in the Noun Division of the West Region of Cameroon. Iron (II) sulfate
heptahydrate (FeSO4·7H2O, purity 99%) was purchased from Sigma Aldrich (Schnell-
dorf, Germany), sodium hydroxide (NaOH, purity 97%) from Fischer Scientific (Waltham,
MA, USA), hydrogen peroxide (H2O2, 50%) from PROLABO and indigo carmine (IC)
(C16H8N2Na2O8S2, 98%) from Sigma Aldrich.

2.2. Preparation of Non-Modified Biochar (BNM) and Ferromagnetic Biochar (BNMF)

The collected mango seeds were washed with water and dried in the sun and preserved
to be used as precursor in the preparation of the biochars. To prepare the non-modified
biochar, 50 g of mango seeds were packed in closed ceramic crucibles to limit their exposure
to oxygen. The crucibles were then placed in an ISUNU furnace and pyrolyzed at 450 ◦C for
1 h. After cooling to room temperature, the biochar obtained was ground with a porcelain
mortar and sieved to obtain biochar particles of sizes ≤ 1000 µm. This resultant product
was called non-modified biochar and was coded BNM.

Ferromagnetic biochar was then prepared from the non-modified biochar using the
following hydrothermal method: 10 g of non-modified biochar (BNM) was introduced
into 250 mL of an aqueous solution containing 5 g of NaOH and 30 g of FeSO4·7H2O. The
mixture was subjected to magnetic stirring at 80 ◦C for 2 h. The resulting mixture was
then filtered, and the residue washed several times with distilled water until the pH of
the supernatant collected from the washing corresponded to the pH of the initial distilled
water. The residue was first dried in air, and then in the oven set at 105 ◦C for 24 h to obtain
ferromagnetic biochar (BNMF). It was stored in a desiccator for further use.

2.3. Material Characterization

The non-modified biochar (BNM) and the ferromagnetic biochar (BNMF) were charac-
terized using physico-chemical techniques.

To determine the pH at the point of zero charge (pHPZC), 30 mL of sodium chloride
(NaCl) solution with a concentration of 0.1 mol/L was put into different vials and the pH
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was adjusted from 2 to 12 using a 1 mol/L solution of NaOH or HCl, and the values noted
and called initial pH. A total of 100 mg of the biochar was then added into each vial and the
suspensions were stirred for 24 h. After stirring, the resulting solutions were filtered using
filter paper and the pH values of the filtrates were read and called final pH. From the plots
of the final pH as a function of the initial pH, the pHPZC for the corresponding biochar was
obtained as the intersection between this curve and the bisector of the first quadrant.

To determine the pH of the biochar material, 30 mL of distilled water was put in
contact with 100 mg of the biochar in a conical flask. The mixture in the flask was shaken
for 24 h. Finally, the suspension was filtered and the different pH values of the filtrates read
using a pH meter.

The functional groups present in the BNM and BNMF materials were determined by
Fourier transform infrared spectroscopy (FTIR). A Nicolet IS5 Thermoscientific Infrared
Spectrophotometer was used. The reflection attenuation (RTA) method was used. Record-
ing was performed using a Nicolet IS5-TF spectrophotometer. For each run, the germanium
surface was cleaned with methanol, then a few milligrams of the biochar was deposited on
the measuring surface consisting of a diamond crystal. After covering the sample with a
device integrated into the apparatus, the recording of the spectra of the material and of the
blank was carried out.

The X-ray diffraction analysis of the two materials, BNM and BNMF, was performed
using an automated PAN XPERT Pro analytical powder diffractometer with anode-filtered
Cu-K radiation. The samples were scanned with an accelerating voltage of 40 kV, a radiation
wavelength, λ = 1.5406 Å, a current of 40 mA and a 2θ range between 4◦ and 65◦.

The EDX and SEM analyses were performed using a JEOL JSM-6390A (Tokyo, Japan)
scanning electron microscope at an accelerating voltage of 10 kV. Prior to measurement, the
samples were coated with a thin layer of sputtered gold to increase their conductivity.

2.4. Experimental Procedure for the Degradation of Indigo Carmine in Aqueous Solution

To evaluate the catalytic activity of the prepared biochar materials, 100 mL of indigo
carmine solution (100 mg/L) was brought into contact with 300 mg of the prepared biochars
in a conical flask, and 5 mL of H2O2 of concentration 17.49 mol/L was added to the mixture.
The pH was adjusted using 1 mol/L solution of NaOH or H2SO4. To explore the effect
of pH on the Fenton-like reaction and to compare the catalytic degradation of indigo
carmine using ferromagnetic biochar (BNMF) as catalyst, several different pH conditions
were selected. For degradation studies, the pH of the reaction mixture ranged from 2 to 8.
The suspension was stirred using a magnetic stirrer at 100 rpm at room temperature for
240 min in the dark to ensure degradation. At an appropriate time, 5 mL of the suspension
containing indigo carmine solution was withdrawn from the conical flask, placed in an ice
bath to stop the reaction and then filtered. The absorbance of the filtrate was read from the
UV-Vis spectrophotometer at maximum absorption wavelength of 612 nm. Other samples
were extracted at defined time intervals ranging from 5 to 240 min and their corresponding
absorbance also read (Figure 1). The procedure was repeated but with the suspension
exposed to daylight.

The percentage degradation (%R) of indigo carmine was calculated from the follow-
ing formula:

%R =
C0 −Ct

C0
× 100 (1)

where C0 (mg/L) is the initial concentration of indigo carmine while Ct (mg/L) is it
concentration at the reaction time t.

Kinetic studies were performed using first-order and second-order kinetic models. The
indigo carmine bleaching equation (Equation (2)) in solution as well as those corresponding
to the different orders of the kinetic models are described below.

Indigo carmine + OH• → degradation products (2)
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For a kinetics of order 1:
V = −dC

dt
= kC (3)

Upon integration (with C = C0 at t = 0);

ln
Ct

C0
= − kt (4)

For kinetics of order 2:
V = −dC

dt
= kC2 (5)

Upon integration (with C = C0 at t = 0);

1
Ct
− 1

C0
= kt (6)

where C0 (mg/L) is the initial concentration of indigo carmine and Ct is the concentration
(mg/L) of indigo carmine at a certain reaction time t (min), while k is the reaction rate
coefficient (min−1).
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3. Results
3.1. Characterization of Materials

The different functional groups present on the surface of the non-modified biochar
(BNM) and the modified biochar (BNMF) were determined using FTIR spectroscopy. The
analyses were carried out in the wavelength range from 4000 to 500 cm−1. The infrared
spectra are shown in Figure 2.

The FTIR spectra of the two materials, BNM and BNMF, show that in the region
between 2550 and 2000 cm−1

, peaks characteristic of the aliphatic stretching vibrations C-C
appear. We also observe peaks appearing at 1650 cm−1 on these spectra that are attributed
to the stretching of the carbonyl C=O groups of ketones, aldehydes or lactones. The peak
observed at 1025 cm−1 is attributed to the C-O ether stretching vibrations [28–32]. There is
a significant difference between the two FTIR spectra for BNM and BNMF. This testifies to
the effectiveness of the modification with the appearance of new chemical functions after
functionalization of the biochar BNM by iron to obtain the ferromagnetic biochar BNMF.
For example, on the FTIR spectrum of the ferromagnetic biochar (BNMF), an intense peak
centered around 540 cm−1 appears contrary to what is observed on the spectrum of the
precursor biochar (BNM). This intense peak is characteristic of the stretching mode of the
vibration of iron oxides (Fe-O). These results are similar to those obtained by Ngankam
et al. [33].

Energy dispersive X-ray spectroscopy was also used to qualitatively and quantitatively
highlight the chemical elements present in the biochars. The non-modified biochar, for
example, contains the chemical elements carbon (68.3%) and oxygen (31.7%), (Figure 3A),
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while the ferromagnetic biochar contains carbon (34.3%), oxygen (30.5%) and iron (35.2%),
(Figure 3B). The circular diagrams presented in Figure 3A,B give the percentages of the
major chemical elements present in the structure of each of these two materials. The
EDX analysis revealed the coexistence of the elements Fe, O and C on the surface of the
ferromagnetic biochar, suggesting the possible formation of iron oxides. This testifies to
the successful functionalization of the precursor biochar BNM by iron in solution. This is
reflected in the coating of the surface of the biochar by iron atoms following iron–oxygen
interactions as confirmed by the FTIR analyses, with the formation of nanoparticles of iron
oxides on the surface of the biochar.

The SEM images of the two samples show porous surfaces with granular morphology,
with the particles agglomerated with each other. The SEM image of the ferromagnetic
biochar shows a homogeneous surface, where the iron particles are indistinguishable from
the components of the unmodified biochar. This highlights the fact that the functional-
ization of the biochar by iron did not really modify the surface properties of the resulting
ferromagnetic biochar.

In order to understand the arrangement of iron in the BNMF ferromagnetic biochar, a
mapping study was carried out as shown in Figure 3B1 (B1: C, B2: O, B3: Fe). This study
presents the distribution of carbon, oxygen and iron atoms in the BNMF material. The
surface mapping of the ferromagnetic biochar (Figure 3B1) shows a surface filled with
iron oxide that covers the porous carbonaceous and oxygenated surface of the biochar. In
addition, the presence of cavity-shaped pores on the surface of the biochar is favorable to
the adsorption of iron particles during synthesis [34,35].

The XRD analysis of the BNM and BNMF samples is shown in Figure 4. The XRD
pattern of the biochar (BNM) shows the absence of crystalline peaks compared to that of
the BNMF sample. This means that biochar prepared from mango seeds using pyrolysis
is mostly amorphous [36]. On the BNMF XRD model, crystalline peaks are distinctly
observed at 2θ values of 30.2◦, 35.5◦, 43.3◦, 53.7◦ and 57.2◦, corresponding to the Miller
indices (220), (311), (400), (422) and (511). These values are characteristic of the inverse
cubic spinel group of magnetite [37]. The hydrothermal treatment applied to the biochar
BNM during its modification by iron to prepare the ferromagnetic biochar structurally
modified the amorphous structure of the BNM to obtain the ferromagnetic biochar BNMF
of crystalline structure. The crystal structure obtained for the ferromagnetic biochar sample
as well as its crystallinity were evidenced by the appearance of well-defined peaks visible
on its X-ray diffractogram (red colored pattern) in Figure 4. The pattern of BNMF indicates
that the preparation of the ferromagnetic biochar was successful with a structural and
crystallographic reorganization of the resulting product.
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The elemental composition and semi-quantitative analysis of the non-modified biochar
(BNM) and the ferromagnetic biochar (BNMF) are shown in the EDX spectra of Figure 3A,B.
In these two figures, there is a notable difference in the two materials. In Figure 3A, it is
observed that BNM contains carbon and oxygen. In Figure 3B, it can be seen that the BNMF,
besides carbon and oxygen, also contains a high percentage of Fe (35.2%).
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3.2. Degradation of Indigo Carmine in Aqueous Solution
3.2.1. Influence of the Type of Catalyst on the Degradation Process

The results obtained during the degradation of indigo carmine by the homogeneous
and heterogeneous Fenton processes are shown in Figure 5.
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Figure 5. Influence of the presence of BNMF on the degradation of indigo carmine in comparison
with the results obtained using Fe(II) in an oxygenated medium as catalyst.

The degradation of indigo carmine was studied using different methods, namely ho-
mogeneous (Fe2+/H2O2) and heterogeneous (BNMF/H2O2) Fenton processes in a solution
of 100 mg/L of indigo carmine at pH 3. The results showed a percentage of degradation of
indigo carmine of 99.66% in the presence of the ferromagnetic biochar as catalyst. This is
due to the electron-rich biochar surface of the quinone groups, which facilitate ion exchange
during catalysis [38], while that of the homogeneous Fenton process is only 60.50% after an
equilibrium time of 4 h. The ferromagnetic biochar ensures a continuous and regulated
flow with respect to Fe2+ during the Fenton reaction while the degradation in the absence
of the ferromagnetic biochar quickly reaches equilibrium after about 1 h with a very low
percentage of degradation. This rapid termination of the homogeneous Fenton reaction
can be attributed to the decrease in iron concentration in the solution. These results are
similar to those obtained by Ngankam et al. for the removal of methylene blue by the
homogeneous and heterogeneous Fenton processes [33]. Since the highest percentage
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of degradation was obtained using ferromagnetic biochar compared to Fe(II)/H2O2, the
following experiments were conducted using ferromagnetic biochar (BNMF) as catalyst.

3.2.2. Influence of pH on the Degradation Process

The pH is one of the most important parameters affecting the Fenton process. The
results obtained from the variation of the pH are presented in Figure 6.
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The measurements of the concentration of indigo carmine were carried out using the
UV-Vis set at the 612 nm wavelength. By adjusting the pH of the mixture to 3, a percentage
degradation of 99.95% was obtained after 240 min of treatment. The decolorization of
the dye was compared to those obtained for a pH of 2, 6 and 8. Some previous studies
have shown that for pH values greater than 4, ferrous ions are unstable and tend to easily
form complexable ferric ions in iron hydroxides [39,40]. The indigo carmine degradation
experiments in the solution via the Fenton process were carried out using ferromagnetic
biochar as catalyst, which contains a high concentration of iron as revealed by EDX analyses
performed on this material. In the case of pH, the chemistry of iron requires that the Fenton
reaction is carried out under acidic conditions (pH = 3–4) to avoid its precipitation in the
form of hydroxide. At pH 3 (strongly acidic pH) and in the presence of H2O2, ferric iron
was the major dissolved iron species, and pH under acidic conditions maintains relatively
high levels of dissolved iron in the aqueous solution. The higher iron concentration in the
ferromagnetic biochar matrix or in the solution contributed to the efficient production of
hydroxyl radicals and degradation of indigo carmine [41–44]. Dutta et al. in 2001 found that
the optimum pH in the treatment of methylene blue by the Fenton process was between 2
and 3 [45]. Our results are also similar to those of Karale et al. [46], who found an optimal
pH of 3 for the treatment of 2-aminopyridine by advanced oxidation using laterite. They
showed that the low percentage of degradation at pH 2 and 2.5 was due to the trapping
of H+ ions from hydroxyl radicals and the inhibition of the formation of ferrous ions in
solution [46].

3.2.3. Influence of H2O2 Concentration on the Degradation Process

Hydrogen peroxide (H2O2) is the source of HO• in the Fenton process. Therefore, its
concentration will have a direct impact on the degradation of indigo carmine. The effect of
the concentration of H2O2 on the degradation of indigo carmine is shown in Figure 7.
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Figure 7. Effect of H2O2 concentration on the degradation of indigo carmine in the aqueous solution.

Figure 7 reveals that increasing the concentration of H2O2 from 8 to 17 mol/L leads
to a corresponding increase in the degradation of the pollutant in the solution. This is
consistent with the results reported in the literature [47–49]. Nevertheless, the surprisingly
high removal percentage (99.97%) of the pollutant with a hydrogen peroxide concentration
of 4 mol/L can be related to the fact that with a low H2O2 concentration, a limited amount
of OH• is generated and the Fenton reaction does not come to an end. This leaves room
for the pollutant to be adsorbed onto the surface of the BNMF instead. Therefore, Fenton
degradation and adsorption synergy can be achieved using low concentrations of H2O2
in the presence of heterogeneous catalyst supports. The H2O2 plays an important role in
the degradation process of indigo carmine. The Fenton reaction involves the generation
of hydroxyl radicals by the catalytic decomposition of hydrogen peroxide in the presence
of ferrous iron. A greater amount of iron should therefore lead to the production of many
more OH• in the presence of hydrogen peroxide. This reaction is based on the electron
transfer reactions between H2O2 and ferrous ions. During the process, regeneration of the
ferrous ion in the presence of hydrogen peroxide and hydroperoxyl radical takes place.
These reactions are an advantage for the Fenton process in terms of additional degradation
by ferrous ions, which allows the production of many more OH• radicals that will lead to
further degradation of the organic molecules in the solution [50,51].

3.2.4. Influence of Light Intensity on the Degradation Process

The results obtained for the study of the influence of light on the degradation of indigo
carmine are shown in Figure 8.

Figure 8 above shows that when irradiating the reaction medium with a 100 W lamp,
a higher percentage of degradation (98.20%) is achieved compared to daylight (90.34%).
However, these results show that daylight also contributes significantly to the degradation
of the pollutant. On the other hand, the lowest percentage of degradation is obtained in
the dark. Indeed, the 100 W radiation produces more HO• radicals by initiating the direct
photolysis of H2O2 and the photoreduction of Fe3+ to Fe2+, which generates more HO• for
the Fenton reaction.

The Fenton reaction is optimal in the presence of hydrogen peroxide and leads to the
cleavage of chemical bonds of H2O2 by ferrous or ferric ions (Fe2+ and Fe3+, respectively).
The presence of H2O2 is therefore essential during the Fenton process for the generation
of more HO• radicals, which allow the complete mineralization of complex and reactive
organic substances such as dyes [52]. Under the effect of light irradiation, the heterogeneous
Fenton process produces HO• radicals. The radical formation equations are denoted
in Equations (7)–(11), which occur simultaneously. The reactions take place mainly on
the surface of the ferromagnetic catalyst (BNMF biochar). In the heterogeneous Fenton
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process, the particles of iron oxides (Fe2O3) and/or ferric ions covering the surface of the
ferromagnetic biochar react with molecules of hydrogen peroxide and form complexes
(Equation (7)). Thereafter, charge transfers between the ligands and the central metal take
place and give rise to the formation of transient intermediate complexes with the structure:
(≡ FeII•O2H) (Equation (8)). Subsequently, these transient complexes dissociate and lead
to the formation of hydroperoxyl HO2

• radicals and the generation of iron (II) species
(Equation (9)). In the Equation (10), the iron (II) species previously formed interact with the
molecules of hydrogen peroxide in the solution, allowing the formation of HO• hydroxyl
radicals [52–54]. Thus, the HO• radicals formed lead to the degradation and mineralization
of indigo carmine molecules in the solution. At the end of the process, the catalyst (BNMF)
is regenerated and an optimal degradation of the indigo carmine (IC) molecules leads to
the production of carbon dioxide and water molecules as reaction products (Equation (11)).

≡ FeIII – OH + H2O2 → (H2O2)s (7)

(H2O2)s→ (≡ FeII•O2H) + H2O (8)

(≡ FeII•O2H)→≡ FeII + HO2
• (9)

≡ FeII + H2O2 →≡ FeIII – OH + •OH (10)
•OH + IC→ CO2 + H2O (11)
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3.3. Kinetic Studies of the Degradation of Indigo Carmine

To describe the degradation kinetics of indigo carmine in the aqueous solution, first-
and second-order kinetic models were used. Subsequently, the first- and second-order rate
constants and half-lives of the Fenton reactions were determined. Figure 9 presents the
linear regression plots of the first-order kinetics of indigo carmine degradation under the
influence of pH (a), light intensity (b) and H2O2 concentration (c), while Table 1 summarizes
the kinetic parameters associated with the degradation process considering the first-order
kinetic model.
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Table 1. First-order rate constants and half-lives for degradation of indigo carmine.

Parameters Variables R2 k (min−1) t1/2 (min)

pH

2 0.63 0.0162 42.59
3 0.78 0.0271 25.46
6 0.93 0.0115 60.00
8 0.93 0.0114 60.52

Concentration of H2O2 (mol/L)
4 0.97 0.0615 11.21
8 0.98 0.0478 14.43

17 0.90 0.0295 23.38

Intensity of the light

Day light 0.93 0.0119 58.98
60 W bulb 0.97 0.0132 52.27
100 W bulb 0.99 0.0158 43.67
Darkness 0.93 0.0119 57.88

For the first-order kinetics, the higher the value of the rate constant (k), the shorter
the half-life (t 1

2
) and the faster the degradation of the pollutant. By varying the pH of

the medium, the fastest degradation rate is reached at pH 3 followed by pH 2. Indeed,
at these pH values, there is a higher protonation of the aqueous medium, which favors
the generation of more hydroxyl radicals to degrade the pollutant [33]. The correlation
coefficient R2 values obtained at these pH values are less than 0.9 and therefore the first-
order rate law cannot be used to describe the degradation of indigo carmine in the presence
of ferromagnetic biochar at pH 2 and 3 (Table 1). For the other conditions, this model seems
to be appropriate for describing the kinetics of the degradation process with significantly
higher R2 values. The value of R2 close to unity is obtained with a hydrogen peroxide
concentration of 8 mol/L, indicating the adequacy of the first-order rate law to describe
the kinetics of degradation with this concentration. We also note that degradation at a
concentration of 4 mol/L has a half-life of only 11.21 min (Table 1), which means that the
elimination of the pollutant is very rapid at this concentration thanks to the synergy of
degradation and Fenton adsorption involved. The kinetic studies under the influence of
light reveal that the degradation is faster with a 100 W bulb as the source of radiation
and slower in total darkness. The R2 with the 100 W bulb is close to unity and therefore
degradation follows the first-order kinetics with the 100 W bulb.

Figure 10 below displays the linear regression plots of the second-order kinetics of the
indigo carmine degradation reactions under the influence of pH (a), light intensity (b) and
H2O2 concentration (c), while Table 2 summarizes the kinetic parameters associated with
the degradation process considering the second-order kinetic model.
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Table 2. Second-order rate constants for indigo carmine degradation.

Parameters Variables R2 k (dm3/mol·min) t1/2 (min)

pH

2 0.930 0.011 1.075
3 0.921 0.088 0.129
6 0.880 0.001 18.796
8 0.880 0.001 17.820

Concentration H2O2 (mol/L)
4 0.538 0.622 0.022
8 0.696 0.103 0.106

17 0.554 0.006 1.891

Intensity of the light

Day light 0.968 0.001 18.331
60 W bulb 0.938 0.001 14.930

100 W bulb 0.785 0.002 5.739
Darkness 0.981 0.001 18.911

The values of R2 close to unity are obtained for pH values 2 and 3 with second-
order kinetics. The fastest degradation rate is achieved at pH 3 with a half-life of only
0.1294 min. By varying the concentration of hydrogen peroxide, the fastest decolorization
rate is achieved at 4 mol/L. The R2 values at the concentration values 4, 8 and 17 mol/L
are less than 0.9 and therefore the second-order rate law cannot be used to describe the
degradation of indigo carmine in the presence of ferromagnetic biochar at these H2O2
concentration values. Under the effect of light, the second-order kinetic model also reveals
how fast the degradation with a 100 W bulb is and how slow it is in the dark. When a
light source is present, the photo-Fenton rate has been reported to be positively enhanced
compared to the dark condition. This is mainly due to the regeneration of Fe2+ from
the photochemical effect of light and the simultaneous generation of OH• radicals in the
system. In the Fenton reaction, the ferrous and/or ferric cation catalytically decomposes
the hydrogen peroxide to generate powerful oxidizing agents, capable of rapidly degrading
a number of organic and inorganic substances. Light is therefore a determining parameter,
which makes it possible to accelerate the degradation of organic molecules in the solution
by the Fenton process and thus to increase the rate constants and reduce the catalytic
reaction times associated with the Fenton processes involved [55,56].

3.4. Plausible Mechanism of Indigo Carmine Degradation

A plausible reaction mechanism for the degradation of indigo carmine in the aqueous
solution is illustrated in the reaction scheme in Figure 11 as proposed by Ramos and
co-workers [51].
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The reaction scheme described above for the mechanism of degradation of indigo
carmine by the photo-Fenton process shows the formation of the reaction intermediates ByP-
1: 2,2,3,3′-tetrahydroxy-5′-sulfo-2,2,3,3′-tetrahy1H,1′H-4[2,2′-bindole]-5-sulfonate; ByP-
2: 3,3′-dihydroxy-2,2′,3,3′tétrahydro 1H,1′H-2[2,2′-bindole]-5,5′-disulfonic acid; ByP-3:
3-hydroxy-2,2,3,3′-tetrahydro 1H,1H-[2,2′-bindole]-5,5′-disulfonic acid; ByP-4: 2,2′,3,3′-
tetrahydro-1H,1′H-[2,2′-bindole]-3,3′,5′-triol; ByP-5: 3-hydroxy-1,3-dihydro-2H-indol-2-
one; ByP-6: 2-(2-aminophenyl)-2-hydroxyacetic acid; ByP-7: 2-mehtylcyclohex-1-en-1-
amine; IntP-1: 2,3-dihydro-1H-indole-2,3-diol; ByP-7*: 2-cyclohexen-1-ylmethanol; IntP-
2: 2-aminobenzyl alcohol; IntP-3: 2-methylaniline; IntP-4: methylcyclohexa-1,5-diene-1-
amine; IntP-5: benzyl alcohol.

According to this mechanism, the degradation of indigo carmine under light irradi-
ation in the presence of hydrogen peroxide begins with the breaking of the C=C double
bond between the central carbons of the molecule, followed by a structural reorganization
of the indigo carmine molecule with cleavage of the carbonyl functions of the molecule
and their transformation into hydroxyl groups. The hydroxyl radicals interact with the
carbons adjacent to those of the C=C double bond as well as with the two carbon atoms
that constituted the previously cleaved C=C double bond. This process resulted in the
formation of the reaction intermediate ByP-1. The next step in indigo carmine degradation
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occurs when the OH• radicals approach the ByP-1 molecule and promote the abstraction of
the hydroxyl groups previously attached to the two adjacent and central carbon atoms to
generate H2O2 [11]. Subsequently, H• radicals are grafted onto the molecular intermediate
leading to the reaction intermediate indexed ByP-2. The presence of more H• radicals in
the presence of the ByP-2 intermediate favors the production of ByP-3 by cleavage of one of
the C–OH bonds, followed by covalent interactions between the carbon radical formed and
the proton radicals in the reaction medium. During this process, molecules of hydrogen
peroxides (H2O2) are released [57].

The conversion of ByP-2 to ByP-4 occurs after the removal of the two bisulfite groups in
a process that could occur via two pathways. The first pathway includes the removal of the
HSO3

• radicals from the indigo carmine molecule by the interactions of the OH• radicals
with the sulfur atom, resulting in the cleavage of the S–C bond, the release of sulfuric acid
and the formation of a carbon radical. Another pathway results in the formation of a bond
between the OH• radicals and the carbon of the S–C bond, resulting in the removal of
HSO3

− and the formation of a hydroxyl group [57–60]. Subsequently, the attack of the
central C–C bond of the ByP-4 intermediate by the hydroxyl radical results in the cleavage
of the C–C bond and the formation of a new C–OH bond, generating the IntP-1 intermediate
and a radical C8H8NO2

•. Bonding between the newly formed hydroxyl group and the OH•

radicals results in the subtraction of the H• radical and H2O molecules with the generation
of a carbonyl group giving rise to the dioxindole intermediate ByP-5 [58,61,62].

The interaction of the carbonyl carbon of ByP-5 with OH• causes the cleavage of
the N–C bond, followed by the subsequent connection of H• to nitrogen resulting in the
formation of ByP-6. In the sequel, the hydrogen from the -COOH functional group of
ByP-6 is extracted by the attack of OH•, resulting in the formation of a second C–O bond
with the subsequent removal of carbon dioxide and addition of H• to produce the reaction
intermediate IntP-2. The reaction allowing the conversion of IntP-2 into IntP-3 occurs via
the abstraction of the OH group by the action of OH• following the cleavage of the C–OH
bond in the IntP-2 molecule [51]. Subsequently, the attack of the aromatic nucleus of IntP-3
by hydroxyl radicals leads to the removal of electrons with the formation of a carbon radical
and a carbanion, which, after the addition of H• forms IntP-4. The mechanism leading to
the conversion of the reaction intermediate indexed IntP-4 to that named ByP-7 is similar
to that leading to the conversion of IntP-3 to IntP-4. An alternative route from IntP-2
allows the cleavage of the NH2 group of this reaction intermediate, thus generating the
benzyl alcohol IntP-5. In this case, the release of electrons from the aromatic ring of IntP-5
occurs as described for IntP-3, thus giving rise to the formation of the reaction intermediate
ByP-7*. Finally, in the presence of oxygen, the OH• radicals promote the degradation
and mineralization of ByP-7 and ByP-7* with the formation of carbon dioxide (CO2)and
water (H2O) as reaction products [51].

4. Conclusions

Ferromagnetic biochar was prepared by a hydrothermal method using biochar obtained
from the pyrolysis of mango seeds. The physico-chemical characterizations carried out on the
prepared materials (BNM and BNMF) showed a good dispersion of the magnetite particles
on the surface of the ferromagnetic biochar with a structural reorganization in the crystalline
matrix of the ferromagnetic biochar, compared to the amorphous structure of the precursor
biochar. Ferromagnetic biochar has been shown to be very useful in the degradation of indigo
carmine in aqueous media using the heterogeneous Fenton process. The use of H2O2 as an
oxidizing agent strongly favored the degradation. The variation of the parameters revealed
that the optimal conditions for the degradation of indigo carmine include a pH range between
2 and 3, and irradiation from a 100 W electric lamp. Regarding the H2O2 concentration, it
was recorded during the experiment that a maximum of pollutant can be eliminated from
an aqueous solution by using a concentration of 4 mol/L. Kinetic studies have also shown
that the degradation rate is fastest with a pH of 3, a 100 W electric lamp and a hydrogen
peroxide concentration of 4 mol/L. Therefore, it can be conclusively stated that ferromagnetic
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biochar can be prepared from agricultural waste to effectively remove indigo carmine from
wastewater using the Fenton process. Percentages of degradation greater than 90% have
been obtained under certain experimental conditions. Experimental work on real industrial
effluents is envisaged in addition to the work already carried out in this study. However, in
view of the results already obtained it appears that water samples containing indigo carmine,
which is relatively toxic for fauna and flora and having effects on human health, can be
effectively processed and reused for other major needs.
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