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Abstract: This study evaluated the effect of the addition of green iron microparticles (Fe-MPs) as
a three-dimensional electrode on efficiency of the electrochemical oxidation process. Polyphenols
present in green tea extract act as a reducing and capping agent during green synthesis of the Fe-MPs.
Scanning electron microscopy and energy-dispersive X-ray spectroscopy analysis indicates that
the average size of particles is 100 µm, with about ~47 wt % of Fe in oxide form. The addition of
Fe-MPs as a third electrode in the conventional electro-oxidation (EO) process converts it into a three-
dimensional (3D) catalytic EO process to enhance the decolorization efficiency. Green synthesized
Fe-MPs function as several microelectrodes in the process. Adsorption study indicated that only 12%
of decolorization is due to adsorption on the Fe-MPs surface. Moreover, improvement in generation
of hydroxyl radicals was validated by applying dimethyl sulfoxide as scavenger, and it was observed
that generation of hydroxyl radicals decreased with the addition of DMSO. Results showed that
decolorization efficiency increased in the 3D EO process with Fe-MPs by about 24% compared to the
conventional 2D process without the Fe-MPs dosing, and initial pH as well as the Fe-MPs dose has
a significant effect on decolorization efficiency during the 3D process. It is observed that reaction
works better at highly acidic pH (2-4), and decolorization efficiency improved with higher doses of
Fe-MPs.

Keywords: electrochemical oxidation; green synthesis; iron microparticles; decolorization

1. Introduction

Researchers are empathizing more towards dye wastewater treatment on the grounds
of numerous adverse effects. Dye wastewater is a tremendous source of highly toxic,
carcinogenic and non-biodegradable organic and inorganic compounds. Dye wastewater
contributes to eutrophication and demotes the transparency of water bodies, which is an
aesthetic disadvantage. Discharge of dye wastewater into natural water bodies has various
demerits, including reduced light penetration that acts on photosynthesis and decreased
gas solubility that abates dissolved oxygen [1–3].

Conventionally, coagulation, membrane filtration, adsorption, ion exchange, chemical
oxidation, ozonation, bio-sorption, aerobic and anaerobic digestion and some other bio-
logical processes are practiced to deal with dye wastewater [4–6]. Each of these treatment
technologies has certain limitations of sludge production and formulation of secondary
pollutants that are causing greater threats than the primary pollutant itself. Advanced
oxidation processes (AOP) have great potential to conquer these limitations. AOPs such
as Fenton, electro Fenton, Ozonation are designed as destructive methods to decompose
pollutants into less harmful compounds and terminate production of secondary pollutants.
These technologies incorporate powerful oxidant hydroxyl radical (OH•) generation [7,8].
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Various studies with modifications in AOPs have been done to abate pollutants from
wastewater. Iron-based metal organic frameworks (MOFs) were modified to improve their
catalytic function during ozonation [9]. The combination or series of different AOPs is
considered as an effective approach to degrade pollutant efficiently in less time. It was ob-
served that degradation and mineralization of 4-nitrophenol increased with photocatalytic
ozonation while adding Fe-based MOF as catalyst compared to photocatalysis or catalytic
ozonation individually [10].

Electrochemical advanced oxidation processes (EAOPs) are exploited successfully
to oxidize persistent organics and dyes into harmless compounds. In the course of the
electrolysis procedure, electrically originated hydroxyl radicals support mineralization
of pollutants. EAOPs are generally bisected into the following stages: direct and indirect
oxidation. During direct oxidation, hydroxyl radicals are generated upon the exterior
surface of the anode, corresponding to Equations (1) and (2) [11–13].

M + H2O → M (OH•) + H+ + e− (1)

M (OH•)→ MO + H+ + e− (2)

Application of mixed-metal-oxides-coated titanium plate as anode is effectively prac-
ticed for pollutant mineralization in electrolysis [14]. A wide range of metal oxides such
as PbO2, SnO2, IrO2, RuO2, TiO2 have been employed as coating material [15,16]. In this
work, titanium plate coated with IrO2, RuO2, TiO2 was utilized as anode material in the
electrochemical oxidation process.

On the other hand, in indirect oxidation, intermediate oxidizing agents are produced
in the liquid according to the present electrolyte. If NaCl is present as supporting elec-
trolyte, chlorine (Cl2) and hypochlorites (OCl− and HOCl) are generated, as shown in
Equations (3)–(5). These chlorine compounds are strong oxidative species, while with
Na2SO4 as a supporting electrolyte, weak oxidative species like ozone and peroxodisul-
phate (S2O8

−2) ion are produced by oxidation of SO4
−2 according to

Equations (6) and (7) [17–19].
2Cl− → Cl2 + 2e− (3)

Cl2 + H2O → HClO + H+ + Cl− (4)

HClO → OCl− + H+ (5)

2SO−2
4 → S2O8

−2 + 2e− (6)

3H2O → O3 + 6H+ + 6e− (7)

In our previous study, experiments were performed using the electrolytes NaCl and
Na2SO4 during electrochemical oxidation (EO) for decolorization of Rhodamine-B dye.
Results showed a lower efficiency of EO with Na2SO4 [14]. A longer time was required
with Na2SO4. This was due to little or no indirect oxidation process at anode and poor
oxidation potential of the peroxodisulphate group in comparison to chloride species [20,21].
Therefore, there is a requirement to advance the efficiency of EO with Na2SO4. The catalytic
electro-oxidation process was recently developed as an innovative and environmentally
benign advanced oxidation technology. Since this operation is straightforward with high
degradation efficiency for most compounds, this ecofriendly approach has drawn the
interest of scientists lately. Directly or indirectly produced hydroxyl radicals can de-
grade nonbiodegradable contaminants through the reactions on the catalytical activity
electrode efficiently under normal temperature and pressure [22–24]. Employment of
three-dimensional (3D) electrochemical reactions for removal of recalcitrant contaminants
is a recent advancement in the catalytic EO process. The 3D EO system is analogous to the
usual two-electrode method. However, it involves a particle third electrode that predomi-
nately acts as a heterogeneous catalyst [25]. Usually, a granular material that may include
metal oxides is utilized as a particle electrode and loaded between anode and cathode.
The particle electrodes get polarized throughout the electrolysis process. As a result of
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the polarization, the particles turn into a plethora of charged microelectrodes by means
of cathode on one side and anode on another side [26]. Additional microelectrodes shoot
up the ionic strength of the electrolytic system by providing supplementary ion species
in the cell and also remove the pollutant by means of the sorption method. Owing to its
advanced mass transfer and hefty surface for reaction on microelectrodes, the degradation
efficiency achieved during three-dimensional EO arrangement is elevated compared to the
typical EO arrangement [27].

Few researchers have used the 3D EO process for dye removal. Zhang et al. 2014
employed zero-valent nanoscale iron/activated carbon in the 3D electro-Fenton system that
acts as a heterogeneous Fenton catalyst and observed that degradation efficiency of methyl
orange improved by 30% [28]. Steel slag derivative particle electrodes and manganese-
loaded particle electrodes were applied as catalyst by Wang et al. 2014 [29]. An ultrasound
impregnation calcination approach was utilized during the 3D process using stainless steel
plate as cathode with Pt plate as anode for the elimination of Rh-B from the wastewater
sample. Observations show that dye is totally removed in 50 min reaction time. Wang et al.
2008 conducted an electrolysis study to decompose real dyeing wastewater with the help
of graphite rings particle electrode to achieve 70.6% decolorization. Electrolysis for the
removal of Rh-B was conducted using particle electrode made from steel slag and reported
82.4% of Rh-B removal efficiency [25].

To our knowledge, no study was found for the synthesis and subsequent use of a
green catalyst as a third electrode in the EO process. In the present study, iron micropar-
ticles (Fe-MPs) were synthesized by a biosynthetic method that is novel, quick, and a
one-step synthesis method. Aqueous extract of green tea was utilized as both the reducing
and capping agent. Biosynthesis of nanoparticles can be defined as a type of bottom-up
approach in which the core reaction taking place is oxidation or reduction. The polyol
elements available in the extracts of plants are accountable for the green synthesis of metal-
lic particles during the bioreduction, while the created microparticles are stabilized by
the water-soluble heterocyclic components. The green synthesis process is ecofriendly,
cost-efficient and can be scaled up for large-scale production effortlessly. This process does
not require energy, high pressure and high temperature, which also opens plausibility of
easy and improved process control and offers better manipulation. Further, biosynthesis
provides good control over crystal growth and stabilization. Green synthesis is attracting
significant attention because of easy availability of plant resources and their pharmacologi-
cal importance [30–33]. In the current study, green synthesized iron microparticles were
used as a three-dimensional electrode along with EO to analyze its effect on the efficiency
of the EO process.

2. Material and Methodology
2.1. Chemicals Used during the Process

The synthetic dye solution containing Rhodamine-B is used as model pollutant.
Rhodamine-B is recalcitrant dye that is mostly used in the food and cosmetic industries.
Rhodamine-B dye with 99% purity (C28H30N2O3, Molecular weight = 479.02 g/mol &
15 gm/L solubility in water) having maximum adsorption at 554 nm was purchased
from a chemical laboratory in India. The molecular structure of Rh-B is depicted in
Figure 1. Sodium sulphate (Na2SO4, Loba Chemie) and sodium chloride (NaCl, Loba
Chemie) are used as supporting electrolyte, sulphuric acid (H2SO4, Sulab Laboratory) and
sodium hydroxide (NaOH) solution are used to adjust the pH of the sample. Mixed-metal
oxide (MMO) is used as anode and stainless steel as cathode. Other chemicals used are
ferric chloride anhydrous (FeCl3·6H2O, Sulab Laboratory) as the metal precursor and
dimethyl sulfoxide (DMSO, Loba Chemie). The green tea leaves (Tetley green tea) were
purchased from a local super market. All the abovementioned chemicals were analyti-
cal grade reagents without further purification. For dilution and preparation purposes,
distilled water was used.
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Figure 1. Structure of Rhodamine-B.

2.2. Production of Iron Microparticles (Fe-MPs)

The first step in the production of iron microparticles is preparation of the reducing
agent—green tea extract. The mixture was formulated by adding 20 g of green tea leaves in
1 L of distilled water and heated at 80 ◦C for 20 min. The solution was cooled and filtered
using Whatman filter paper. The collected and filtered extract (solution-1) was stored at
4 ◦C for further application. Next, for the synthesis of iron microparticles, 500 mL of
0.01 M ferric chloride (solution-2) were added drop-wise in the 500 mL of the earlier-
prepared solution-1 in the cleaned and dried flasks. Immediate color change took place by
mixing both the solutions. The resulting solution was of black color. The immediate color
change was indicative of synthesis of iron microparticles. The supernatant was discarded
once the solution was centrifuged at 10,000 RPM for 15 min. The pellets were washed
several times using distilled water and then dried at (100 ± 5) ◦C in water bath. The
microparticles, in dried powder form, were obtained and stored in a clean dry container
for further use [34]. Scanning electron microscopy (SEM, Jeol JSM 500F, Tokyo, Japan),
energy-dispersive X-ray spectroscopy (EDS, Oxford instruments, Abingdon, Oxfordshire,
UK), and X-ray diffraction spectroscopy (XRD, PANalytical, Almelo, The Netherlands)
analysis were performed to examine the size, structure, and crystalline phase of synthesized
Fe-MPs.

2.3. Electrochemical Experimentsin 3D Approach

The 250 mL of undivided polyacrylic electrochemical with measurements of
7 cm × 6.5 cm × 13 cm were used to conduct experiments. Commercially available
mixed-metal-oxide (TiO2, IrO2, RuO2)-coated titanium plate was employed as anode and a
stainless steel plate was employed as cathode. Both the electrodes were of the same size of
5 cm × 5 cm and placed vertical and parallel to one another at 6 cm apart in a bench-scale
batch process, as shown in Figure 2. Rhodamine-B dye solution with concentration of
100 mg/L was prepared using distilled water. Prepared synthetic dye was transferred
into the reactor. The anode and cathode were connected to the respective nodes of the
DC current meter. Current was applied using DC power supply having a range of 0–2 A
and 0–32 V. A magnetic stirrer was used to keep the solution well mixed. During the 3D
electrochemical process, 1 gm/L of Fe-MP was added in dried powder form in the reactor
containing 250 mL of 100 mg/L of Rh-B dye. The solution was aerated at the rate of 2 LPM
and mixing was provided at 500 RPM. The 3D EO process occurred in the presence of 0.1 M
Na2SO4 electrolyte, 10mA/cm2 current density, 25 ◦C temperature, and pH 4 (solution pH).
To verify whether decolorization was achieved due to the in situ generation of hydroxyl
radicals, experiments were carried out by adding radical scavengers as 2.4 mM of DMSO
for hydroxyl radicals in 2D and 3D electrode reactors.
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Figure 2. Experimental set-up in the 3D EO process.

The UV-Vis spectrophotometer (UV-1800, Shimadzu, Tokyo, Japan) was utilized to
record UV-Vis spectra between 200 and 900 nm for the samples. While using Fe-MP
as particle electrodes, samples were withdrawn at fixed time intervals, centrifuged at
10,000 RPM for 10 min, and supernatant was collected and analyzed for color removal. The
concentration of Rhodamine-B was evaluated by determining the absorbance before and
after treatment at 554 nm wavelength. Percentage of color removal is evaluated by the
following Equation:

Color removal(%) =

[
ABS0–ABSt

ABS0

]
× 100 (8)

where ABS0 and ABSt are the absorbency of sample before electrolysis and absorbency of
sample after electrolysis at time t, respectively.

3. Results and Discussion
3.1. Characterization of Synthesized Iron Microparticles

Characterization of the iron microparticles was done by SEM analysis to verify the
morphology, shape, and size of synthesized particles, and EDS evaluation was carried out
to study the functional groups of the microparticles [35]. The samples were observed by
scanning electron microscopy, SEM (Jeol JSM 500F, Tokyo, Japan). Initially, the powdered
samples were attached onto adhesive tapes reinforced on metallic disks and then secured
with a thin, electric conductive gold film. Micrographs of samples were produced at
two different resolution of Figure 3a 500 µm and Figure 3b 100 µm at voltage of 20 kV. Iron
microparticles were found to be of average diameter of about 100 µm. The shape of the
particles is irregular because of the agglomeration and drying process.
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Figure 3. (a) SEM image of synthesized iron microparticles at 500 µm resolution, (b) SEM image of
synthesized iron microparticles at 100 µm resolution.

EDS is performed to evaluate the content of every single component in the sample
of synthesized iron particles. Figure 4 shows EDS analysis of synthesized iron particles.
The image clearly demonstrated strong peaks for iron atoms. The high signal peaks were
observed at 0.7 KeV and between 6 KeV and 7 KeV near to 6.3 KeV as a result of absorption
of iron crystals, which reveals the presence of iron microparticles. EDS spectrum recorded
high peaks for 47.77% iron and 47.34% oxygen, which suggest that iron is in oxide form.
Various peaks of other elements are reported such as 2.31% chlorine, 1.74% phosphate,
0.42% sulfur, and 0.42% cobalt. These compounds from plant extract are also present on
the surface of Fe-MPs.
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Figure 4. EDS spectrum of synthesized iron microparticles.

X-ray diffraction (XRD) spectroscopy was performed using X-ray diffraction (XRD)-
PANalytical equipped with a Cu-anode to the phase and crystalline nature of prepared iron
microparticles. The pattern obtained, as shown in Figure 5, is lacking distinctive diffraction
peaks, which suggests that the structure of iron microparticles is amorphous. The results
are in agreement with the other previously reported studies [36,37]. A broad peak observed
at around 2θ of 15−25◦ is possibly due to organic materials present in green tea extract that
play a role of capping agent during the synthesis of iron microparticles.
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3.2. Results of 3D Electrochemical Process
3.2.1. Evaluation of Catalytic Effect of Fe-MP as Third Electrode

During our previous studies, 2D electrochemical oxidation results showed lower
removal efficiency while using Na2SO4 as electrolyte [14]. Hence, to improve the efficiency
of electrochemical oxidation with Na2SO4, synthesized Fe microparticles were used as a
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three-dimensional particle electrode/catalyst in this study. Figure 6 indicates that, in the
presence of Na2SO4, in the 2D EO process, 49% color removal was observed in 120 min
of reaction time. On the other hand, during the 3D EO treatment, 73% color removal was
observed in the same period of 120 min of electrolysis time. This clearly shows that the
addition of Fe-MP as third electrode has a catalytic effect on the electro-oxidation process.
For the investigation of adsorption on Fe-MPs, the solution of 100 ppm Rh-B with 1 g/L
dose of Fe-MPs was continuously stirred at 500 RPM for two hours. The samples were
taken at predetermined time intervals, centrifuged, and analyzed by UV-spectroscopy. A
result of UV-spectrophotometers revealed that only 12% adsorption of Rh-B dye occurs on
Fe-MPs in 120 min.
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Figure 6. Effect of addition of Fe-MPs on the electro-oxidation process.

There can be possibly two mechanisms present during the 3D process. One is elec-
trosorption, as the adsorption of dye on particle electrode is unavoidable due to elevated
porosity and the large specific surface area of particle electrode. As soon as an external
electrostatic field is introduced, positive charges and negative charges will accumulate at
two sides of the particle. The charged pollutant dye ions are compelled to reallocate to
the counter-charged side of microparticle electrodes, producing the mechanism of elec-
trosorption. The blend of adsorption and electrosorption successfully improves the removal
mechanism [38–40]. The other mechanism can be catalytic degradation since every particle
of Fe-MPs converts into a micro-electrolytic cell by means of the polarization. Electro-
Fenton or electro-Fenton-like reactions occurs whenever any solid catalysts comprising
iron groups are utilized as the supply of iron for a replacement of ferrous salt. Hydrogen
peroxide, which is formed at the cathode surface, reacts with released iron species from the
heterogeneous catalyst in the mixture same as in the usual Fenton process. Occasionally,
with no iron content dissolution in solution, the Fenton reactions possibly take place at
the surface of catalyst. Efficient mixing should be provided in these situations to keep
the catalyst in suspension for sound contact between particle electrodes and pollutant
particles. These oxidation and catalytic behaviors of microparticles promote the removal of
pollutants [26,41,42].
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3.2.2. Analysis of Free Radicals

To detect whether formation of free radicals increased with the use of Fe-MPs, radical
scavenger DMSO was used. Affinity of DMSO towards hydroxyl radical is higher than dye
molecules, thus DMSO associates with hydroxyl radical and methane sulfinic acid to form
methyl radical. Detection of hydroxyl radicals was carried out using 2.4 mM of DMSO in
100 mg/L of Rh-B dye with 0.1 M of Na2SO4 at 10 mA/cm2 with initial temperature of
25 ◦C, 500 RPM and at pH 4 in 2D, and during the 3D EO process, 2 LPM air flow with 1 g/L
of Fe-MP were added. DMSO was used for scavenging hydroxyl radicals, and therefore,
reduction in the rate of decolorization should occur if hydroxyl radicals are present. During
2D EO, slight reduction in decolorization efficiency was observed, as shown in Figure 7,
indicating the presence of hydroxyl radicals in small quantity, because during the 2D EO
process in the presence of Na2SO4, degradation of pollutant mainly occurs due to direct
oxidation at the anode; detection or formation of hydroxyl radicals in large quantity did
not take place. During 3D EO, a major reduction in decolorization process was observed
after the addition of DMSO, indicating that a higher amount of hydroxyl radicals was
produced in the 3D EO process. As the Fe-MPs showed catalytic effect during the 3D
electro-oxidation process, further investigation has been done to analyze the effect of pH
and Fe-MPs dose on the process.
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Figure 7. Effect of addition of DMSO on color removal during 2D and 3D approaches.

3.2.3. Effect of pH on 3D EO Process

Experiments were conducted using 100 mg/L Rh-B dye along with 1 gm/L Fe-MP
dose, 3.55 g/L (0.1 M) of Na2SO4 at 10 mA/cm2 with initial temperature of 25 ◦C and
500 RPM, 2 LPM air flow with varying pH (2, 4 and 6). Results in Figure 8 show that
pH produced the significant effects on the efficiency of color removal. At pH above 4,
decomposition rate decreases, because the oxidation potential of hydroxyl (OH•) radicals
and dissolved portion of iron species decreases when pH increases. Optimum pH range for
electro-Fenton reaction is also 2 to 4. At lower pH value, hydrogen peroxide is converted
to H3O2 that is more stable and also reduces its reactivity with ferrous ions, which reduces
production of hydroxyl (OH•) radicals.
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3.2.4. Effect of Fe-MP Dose on 3D EO Process

Experiments were conducted with 100 mg/L of Rh-B dye along with 3.55 g/L
(0.1 M) of Na2SO4 at 10 mA/cm2 with initial temperature of 25 ◦C and 500 RPM, 2 LPM air
flow at pH 4 with varying Fe-MP dose, (1, 1.5, and 2 g/L). Figure 9 clearly shows that with
increases in dose of Fe-MPs, color removal efficiency and decolorization rate increased.
This is because of obvious reasons that the concentration of Fe2+ ion and numbers of
microelectrodes increases with an increase in dose of Fe-MPs, which leads to a higher
decolorization rate and color removal efficiency.
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4. Conclusions

The study evaluates decolorization of Rhodamine-B dye from artificially prepared
wastewater in a bench-scale reactor consisting of anode made up of Ti plate covered
with mixed-metal oxide (TiO2, RuO2, IrO2) with cathode prepared of stainless steel plate.
Excellent oxidation capacity of MMO anode was observed for decolorization of Rhodamine-
B dye from artificially prepared wastewater. The novel microelectrodes were added to
improve the efficiency of EO with Na2SO4 as electrolyte. The green synthesis approach was
utilized for synthesis of iron microparticles where green tea extract was used as reducing
and capping agent. Due to agglomeration, particles of micro size are produced. All the
Fe-MPs were found stable with an average size less than 100 µm. XRD analysis suggested
that prepared microparticles are amorphous in nature. Addition of Fe-MP as third electrode
has a catalytic effect on the electro-oxidation process. Apart from key electrodes, Fe-MPs
particle electrode play a significant role in enhancing the removal efficiency. The merits of
third-electrode Fe-MPs include high specific area for adsorption, greater electro-catalytic
activity, and excellent conductivity, enhancing the current efficiency. Initial pH and Fe-MP
dose play a dynamic role in achieving decolorization using Fe-MPs as third electrode in
the 3D EO process. The addition of DMSO confirmed the formation of hydroxyl radicals
and as observed, production of hydroxyl radicals was increased during the use of Fe-MPs
as particle electrode. It can, therefore, be concluded that green synthesized Fe-MPs can be
used as third electrode in the EO process for its catalytic effect.

Author Contributions: Conceptualization, method development and formal analysis was done by
M.S.K. and supervised by K.A.S. and A.A.H. All authors discussed the results and contributed to the
final manuscript; writing—original draft preparation by M.S.K. and K.A.S.; writing—review and
editing by A.A.H. All authors have read and agreed to the published version of the manuscript.
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