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Abstract: Water treatment is one of the most research-challenging areas, and continuously requires the
development of efficient sustainable materials for catalytic total mineralization of organic compounds. Herein,
Moringa oleifera biomass was converted to "black gold" biochar loaded with ZnO nanoparticles (MOFB@ZnO)
by slow pyrolysis, at 500 °C under an inert atmosphere, (MOFB@ZnO). This composite catalyst was used for
the total degradation of Congo Red, a model organic pollutant. SEM confirmed the uniform distribution of
ZnO nanoparticles, while XPS and XRD indicated the presence of ZnO, primarily in the wurtzite crystalline
structure. Optimization was conducted using the central composite design (CCD) method and STATISTICA
12.0 software. The composite catalyst was applied in the electrochemical degradation of Congo Red dye, using
a platinum anode and a carbon felt cathode to generate H20: from Oz reduction. The ZnO-decorated Moringa
oleifera biochar catalyst permitted to achieve of 98% removal of total organic carbon in less than 6h. It is 10-fold
more efficient than pristine biochar and can be recycled up to 4 times without any significant loss. The process
is highly efficient producing sustainable low-cost catalysts for water purification from organics, and contributes
to sustainable chemical processes therefore addressing SDGs 6, 9, and 13.

Keywords: biocarbon; ZnO; Moringa oleifera; environmental remediation; circular-bioeconomy; waste-to-
wealth

1. Introduction

In the past decades, carbon nanotubes and graphene followed by other carbon allotropes have
dominated the research field [1]. The realization that green chemistry is an important brick in the
quest for sustainable development and circular bioeconomy, has led to ever-increasing attention to
biomass-derived carbon materials [2]. They can be mostly classified into biochar or hydrochar [3],
and to a lesser extent to the emerging ionochar [4]. Biochar is produced by a thermochemical process
called pyrolysis (in a limited or no oxygen environment) [5]. Biochar can also act as a precursor for
making other carbon allotropes such as graphene [6]. They possess peculiar properties such as surface
charge, water holding capacity, surface area, high porosity, surface functionalities ( -COOH, -OH, -
R-OH, C=0), cation exchange capacity, nutrient exchange site, carbon sequestration, high pH,
nutrients, salinity, etc [7,8], make them potential candidates for many applications. Biochars exist in
various shapes, sizes, and porosity depending on the process, precursors, and pyrolysis conditions
[9]. They are considered as substrates for green infrastructure [10]. They are successfully applied in
soil remediation [11,12], wastewater treatment [13,14], fuel [15], batteries [16], supercapacitors [17,18],
and paints [19], to mention a few. Biochar is found to be beneficial for the growth, productivity, and
improved physiological performance of crops even under toxic environments [20]. Henceforth,
biochar is one of the key materials to address sustainable environmental issues [21-25].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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In the current world, water pollution is becoming a great challenge. There are different reasons
for water pollution including the dyes coming from different industries [26]. One such dye is Congo
red which belongs to the class of azo dyes (compounds containing diazotized amine connected to an
phenol or amine) [27,28]. They are used in textile industry, pH indicator, pharmaceuticals and tissue
staining. They are mutagenic, carcinogenic, phytotoxic, increase chemical oxygen demand (COD),
and make surface water unaesthetic [29]. Therefore, an efficient treatment for the removal of dyes is
essential for environmental remediation.

Zinc oxide (ZnO) nanoparticles exhibit unique catalytic, electrical, UV-absorbing, optoelectronic
properties and photocatalytic properties which are found very efficient in pollutant removal [30-35],
electrochromic applications [36], temperature sensors [37], enhanced corrosion stability [38], CO:
hydrogenation to methanol [39], UV-light emitters [40], microbial desalination cells [41], to mention
few. Zinc oxide also plays a very important role in the ceramic industry [42].

In the literature, there are some works on biochar and ZnO related to Congo Red pollutants
removal such as green pea peels biochar/ZnO (biosorption) [43], ZnO/cotton stalks biochar
(adsorption) [44], and ZnO-green seaweed biochar (photocatalysis) [45]. Even just biochar is also used
to remove CR through adsorption [46]. However, the fate of CR after adsorption is not clear and other
methodologies where dyes are degraded, have used lengthy processes to synthesize catalysts.

The characteristics of biochar change depending on the biomass sources, which is due to
variations in cellulose, hemicellulose, and lignin composition. In the race for biochar, one such
biomass is Moringa oleifera. It belongs to the genus Moringa and family Moringaceae, commonly
known as ‘drumstick tree” or “horseradish tree’ [47]. There are only a few works on the utilization of
M. oleifera biochar for water treatment such as the removal of arsenite arsenate ions [48], fluorides
[49], crystal violet [50], and methylene blue [51]. In the context of waste water treatment,
electrochemical methods are preferable over other techniques because of fast, cost-effectiveness and
good efficiency. For example, Pd supported corn-husk biochar was used for electrochemical Cr (VI)
reduction [52]. Modified biochar with ZnCl: and FeCls for electrochemical degradation of
nitrobenzene [53], to cite few. Concerning, organic pollutants, biochar loaded with nanocatalysts is
scarcely used in electro-Fenton applications [54,55], but the reported methods are long and tedious,
and concern only iron as the immobilized catalyst, in contrast to this work which follows a simple
route for making biochar loaded with nanocatalyst for the electrochemical degradation of organic
pollutant.

This study explores the feasibility of using Moringa biochar and ZnO-modified biochar for the
electro-degradation of Congo red, an azo dye, from aqueous solutions. The research optimizes key
parameters using central composite design (CCD) to enhance Congo red treatment efficiency. It
investigates the capacities of Congo red degradation on both biochar and biochar-ZnO composite,
characterizes the properties of the modified biochar, and examines various degradation mechanisms
including kinetic studies and reusability. SEM, XRD, and XPS investigations are employed to
elucidate the molecular interactions of the Congo red dye, complementing experimental findings.
The study highlights the superior degradation performance and interaction dynamics of ZnO-
modified biochar compared to unmodified biochar, emphasizing the role of electrolysis in enhancing
degradation mechanisms for efficient wastewater treatment applications.

2. Materials and Methods
2.1. Chemicals

All the aqueous solution used in this work are made using double distilled water. Moringa
Oleifera powder (MOF) was obtained from Tunisia. The waste generated from the seed pods were
dried and ground. Zinc acetate (99.99%) was procured from Sigma-Adrich.

2.2. Apparatus

GeminiSEM 360 was used to understand the surface morphology. This instrument was operated
at accelerating voltage 5kV and current 30pA with a working distance of 8-9. XRD characterization
was performed on X'Pert PRO PANalytical instrument maintained at tube current of 40 mA and
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operating voltage of 40 kV. Thermo Scientific K Alpha + instrument, fitted with Al Ka source (hv =
1486.6 eV) was used to perform XPS analysis with pass energy 200 eV for survey scans, and 80 eV for
the acquisition of the high-resolution spectra. Raman characterization was done on Horiba HR 800
spectrometer (Kyoto, Japan). TGA characterization was performed using an HP DSC SETARAM
SENSYS EVO (Caluire, France) in the presence of air (29°C to 890°C), at a heating rate of 10 °C/min.

2.3. Synthesis of ZnO-Coated Biochar

A wet impregnation technique was used to create ZnO nanoparticles [56]. Firstly, 1.5 g of
Moringa oleifera powder (MOF) was mixed with 10 ml solution containing 275 mg Zinc acetate, dried
and ground. Further, they were subjected to pyrolysis as follows: Type of Method- P10 KOH free,
Ramp- 20 °C / min, Temperature - 500 °C, Residence time — 1 hour, and cooling time-1 hour (Figure
1).

Percentage yield = 0.5901g / 1.5869g x 100 = 37.19 %

Zinc acetate
L Wet impregnation

Moringa Oleifera dry Zinc acetate
powder (MOF) impregnated MOF

Moringa Oleifera

MOFB@ZnO

Figure 1. Steps involved in the synthesis of biochar@ZnO.

2.4. Electrochemical Degradation

The electrochemical process unfolded within a single, unpartitioned cylindrical container
containing 250 mL of vigorously stirred solutions, facilitated by a magnetic stir bar. The anode,
crafted from cylindrical Pt mesh, measured 4.5 cm in height and featured an internal diameter of 3
cm. A 3D carbon felt component (dimensions: 10 cm * 3 cm * 0.5 cm, Carbon-Lorraine, Paris, France)
serves as the cathode. The anode consistently maintained its central position within the
electrochemical cell, surrounded by the cathode, which covered the inner wall of the cell. A
continuous supply of air to the solution initiated 20 minutes before the start of electrolysis and
maintained throughout, was sustained at a rate of 1 L/min. The electrochemical degradation process
involved solutions containing 20 mg/L of congo-red in a 0.05 M Na250s solution, with a biochar-ZnO
dosage of 0.2 g/L. To attain a solution pH of around 3, a small quantity of 2 M sulfuric acid was added.
All experiments were conducted in a light-free environment to prevent any photolytic effects. The
current-voltage remained constant at 300 mA, and the catalyst was effortlessly retrieved after the
treatment through filtration.

Design of experiments and optimizing the variables were carried out by central composite
design (CCD). The data were analyzed using STATISTICA Software, and the CCD model.

3. Results and Discussions
3.1. ZnO Modified Biochar Characterizations
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The surface morphology of the synthesized materials was investigated using FESEM techniques.
Low- and high-resolution SEM spectra (Figure 2) clearly indicates the presence of uniform ZnO
nanoparticles, homogeneously distributed over the biochar surface. The nanoparticles size range is
40-75 nm approximately. They are mostly spherical in shape.

Figure 2. FESEM images of MOPB@ZnO at different magnifications.

Literature have suggested that ZnO can exist in different shapes and sizes on the surface of
biochar. For Example, ZnO nanorods [57], flowers [58], spheres [59], etc. The pyrolysis temperature
plays a major role in tunning the shape and size of ZnO nanoparticles on the surface of biochar [60].
It should be noted that there was no aggregation of ZnO particles, indicating that nucleation
primarily occurred on the external surface [61]. Furthermore, the oxygen-containing functional
groups on the biochar surface served as nucleation sites for the ZnO nanospheres, resulting in the
independent formation of micro-cracks around each ZnO sphere on the biochar surface. The micro-
cracks can be attributed to several factors; Differences in thermal expansion coefficients between ZnO
and biochar may induce mechanical stresses during heating and cooling cycles, leading to cracks or
internal stresses generated during nanoparticle growth reactions or dehydration processes which can
also cause cracks [62]. In our case, it seems that interactions between the biochar and ZnO
nanospheres, as well as variations in particle concentration or distribution, may further exacerbate
these stresses and contribute to the formation of micro-cracks as mentioned by Ozturk et al. [63].

The crystalline phase was analyzed using X-ray diffraction (Figure 3).
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Figure 3. XRD Pattern of MOFB@ZnO.

The presence of sharp and intense peak is a clear indication of ZnO nanocrystals. The peaks at
20=237.6,40.2,42.3, 55.8, 66.8 and 74.5, corresponds to the reflection from the plane (010), (002), (011),
(012), (110), and (013) respectively. This observation suggested that ZnO formed with a hexagonal
wurtzite structure, aligning with literature on ZnO obtained through pyrolysis with organic bases
[64-66]. No impurity peaks were detected in the XRD patterns of MOFB@ZnO. Moreover, carbon was
not visible in the XRD patterns, likely due to its minimal amount and amorphous nature. The
hydrozincite phase of ZnO was not detected in this XRD patterns Indeed, such phases are usually
obtained at low pyrolysis temperature (80°C) via both hydrothermal and chemical precipitation
methods [67,68]. The crystallite size of the nanoparticles was calculated using Debye Scherrer
equation from the strongest diffraction peak (011) as follows:

D =KA /p Cos6 (Eq. 1)

Where, k represents Scherrer constant, A = wavelength, 3 = Full width at half maximum. The
average crystallite sizes for ZnO were determined to be 25 nm. According to Dumbrava et al. [45], the
crystallite sizes for pure ZnO samples were either 35.86 nm or 31.67 nm regardless of the synthesis
method. As expected, a higher synthesis temperature resulted in greater crystallinity and a decrease
in crystallite size for the ZnO modified biochar sample, which is consistent with other studies
showing that higher reaction temperatures in hydrothermal treatments decrease nanoparticle size for
various nanomaterials [67,68]. The lower values for ZnO-based nanospheres in our study compared
to other ZnO modified biochar are due to the presence of long hydrocarbon chains. Comparing the
XRD patterns of MOFB@ZnO composites with those of pure ZnO existing in several literature and
XRD data base may show difference in the intensity ratio of the three most intense peaks, suggesting
a different distribution of atoms among the three diffraction planes. Some researchers [67,68] suggest
that minor differences in peak positions (26 values) and similar interplanar distance (d) values may
indicate that carbon atoms were not incorporated into the ZnO lattice.

The elemental analysis and oxidation state of Zn were studied using XPS analysis. The survey
spectrum (Figure 4a) reveals the presence of different elements such as Zn (4.95 %), S (0.73%), N
(2.91%), C (67.57 %), O (19.42%), Si (0.59%), Ca (2.25%), Na (0.43%), Mg (0.40%) and ClI (0.76%). The
contribution of sulphate can be due to Fucan [69]. The presence of Zinc in the oxide form [70] is
confirmed by the Figures 5b, ¢ . The modified Auger parameter o = 2009.9 eV, matching values
reported elsewhere [71,72] . Even though there is the presence of sodium and chloride, there is not
any adverse effect on the catalytic effect of MOFB@ZnO. The presence of zinc (4.95 %) and oxygen
(19.4%), in significant quantity indicated the high loading of ZnO on the biochar support.
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Figure 4. XPS survey spectra, ZnLMM, and Zn2ps2 of MOFB@ZnO.
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Figure 5. Raman peak fitting of MOFB@ZnO.

The Raman study was performed to understand the purity and quality of synthesized
nanocomposite. The Raman peak fitting is reported in Figure 5. The Raman D/G band was fitted with
6 components: Sr (hydrogen circulation along periphery), Ds (alkyl- alkyl ether), D1 (defects and
heteroatoms), D2 (sp?-c), G (degree of graphitization) and G (carbonyl function) [73]. D/G ratio is
greater than 1 for the fact that high loading of ZnO nanoparticles creates defects in the biochar.
Nevertheless, they also provide higly active sites for catalytic reactions.

3.2. Thermal Analysis

The thermos gravimetric analysis (TGA) was performed to understand the thermal stability of
the materials [74]. The thermal decomposition of MOFB@ZnO (Figure 6) can be divided into three
stages [75]. Stage 1 (60 °C- 181°C), corresponds to water vaporization. After this temperature until
410 °C, devolatilization and dehydrogenation occurs. This stage also shows the combustion of biochar
itself. After this stage, the mass remains constant as remained ZnO has high melting temperature.
The mass loss proceeds until ~730 °C, indicating relative robust system, compared to ZnO-loaded
spent coffee biochar [76]. Such a stability is possibly due to biochar-O-Zn interface [76].

The differential scanning calorimetry (DSC) curve (Figure 6b) is on a positive scale indicating
the process is exothermic. Derivative thermogravimetry (DTG) plot as shown in Figure 6¢ has
revealed that Tmwi (temperature of maximum weight loss rate) is 420 °C.
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3.3. Electrochemical Degradation of Congo Red

3.3.1. Optimization and Prediction

The experimental field shown in Table 1, was a resume from many research [77] dealing with
dyes electro-degradation using biochar-based material.

Table 1. Experimental field for studied factors.

Factors Code (- ) (-1) (0) (+1) (+0)
Electrolysis time t. (min) X1 28 120 240 360 452
Dye concentration C (mg/L) Xz 12 20 30 40 48

Electrolysis current I (mA) X3 124 200 300 400 476

The d is the code of rotatability and orthogonality for the adopted CCD design and it is calculated
using the Eq.2[78]

4 |ns x(Vn— [ny)?
5= /# (Eq. 2)

When, nris the number of runs proposed by the factorial plan (Eq.3) and n is the total number of
runs proposed by the CCD model, explained as the Eq.4 [78,79]

ny = I3 (Eq. 3)

n=nys+1l X3 +c xr(Eq.4)

When, [ is the level, c is the number of model centers, and r is the number of repetitions. In our
case, n and the code 0 are 16 runs and 1.69, respectively. The equivalency between design codes and
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factor values was presented elsewhere [80]. The optimum conditions for the dye’s degradation
generated by the software are present in Figure 7.

Optimum conditions for electrodegradation of CR using biochar@zZnO
tc(min) C(mglL) I(mA) Desirability
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Figure 7. Optimum conditions of the CR electro-degradation using MOFB@ZnO.

The adsorption yields’ ranges recorded were from 0 to 70% for the CR dye. We could conclude
herein that the MOFB@ZnO seems have catalytic properties. The optimum conditions generated by
the software were 341 min, 22 mg/L and 217 mA for the contact time, dye concentration and applied
current, respectively. At this stage, the high value of applied current 217 mA as adequate current for
a better CR degradation would propose a slow kinetic process.

The degradation yield of CR at these optimum conditions were exactly 70.06 %.

The mathematical prediction model generated by the software for the CR dye is present in Eq.5:

Yer (%) = 35.03 4+ 2.22 x; + 0.11x%; — 0.081x, + 0.01x%, + 1.86 x3 + 0.02 x5 4 0.01x;x, +
0.03 x,x53 + 0.42x,x5 +0.21 (Eq. 5)

The detailed significance of each parameter was presented elsewhere [79]. Accordingly, to Eq.4,
the contact time and applied current density seem to have positive effect on the adsorption yield. This
is due to the positive coefficients of main effect recorded. Additionally, the negative value of dye
concentration’s coefficient was inversely proportional to the response. This would confirm that the
electrodegaradation process is spontaneously favorable [80].

The regression coefficient and the superposition between experimental data and the predicted
values calculated using Eq.4 are presented in Figure 8.
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Figure 8. Linearity test between predicted and observed response values of the CR
electrodegaradation yield using MOFB@ZnO.

The recorded R? for simulation was 0.93 for the CR. This would proving the correct choice of the
CCD matrix for the electro-degradation process modelling. Another interesting information could be
seen in the Figure 8; The CR electrodegradation yields accumulation was between 20 to 70 %. This
would confirm that MOFB@ZnO catalyst still efficient for CR dye treatment as suggested above. In
all subsequent experiments, we maintained the optimal conditions constant except for the parameter
under study.

3.3.2. Kinetic Study

Figure 9 illustrates the comparative reduction of total organic carbon (TOC) during electrolysis
using the unmodified Biochar and MOFB@ZnO as a catalyst.
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Figure 9. TOC abatement vs electrodegradation time for electrocatalyst/MOFB@ZnO and
electrocatalyst/Biochar. For 250 mL of 21mg/L congo-red solution in 0.05M Na2SOs at pH 3 and room
temperature, using a Pt/carbon-felt cell at 217 mA.

The TOC measurements show, when unmodified biochar was used, a fall from 11.8 to 10 mg/L
accompanied with a discoloration of the solution during the first 30 minutes. This rapid discoloration
has been widely observed when using catalysts with azo dyes. Indeed, the complex molecular
structure is barely resistant to electro-oxidation; the weakest and first chemical group to be oxidized
is the chromophore. The disappearance of the CR color observed during electro-oxidation is due to
the rupture of the azo chromophore (-N=N-). This process destroys the conjugated structure
responsible for the absorption of visible light and therefore the color. The electrons transferred during
electro-oxidation can break this nitrogen-nitrogen double bond, producing free radicals or ions that
react with the azo groups to form colorless or differently colored intermediate compounds [81]. Sassi
et al. [79,82] concluded that the discoloration may indicate the presence of harmful intermediates,
which alone do not sufficiently explain the success of the total dye treatment. Worse, Congo red may
be less dangerous than these intermediates. The two main degradation products following the
rupture of the N=N bond are 1-naphthylamine-4-sulfonic acid (naphthionic acid) and benzidine
[83,84]. These derived aromatic amines are toxic and potentially carcinogenic.

The unmodified catalyst appears to be ineffective in mineralizing the organic compounds within
the first 50 minutes, with the TOC measurement stabilizing between 6.5 and 7 mg/L for the duration
of the experiment, which lasted approximately 6 hours.

On the other hand, the electrolysis kinetic seems to be enhanced when using the MOFB@ZnO.
The rapid degradation, reaching 55% mineralization in the first 25 minutes. However, extended
degradation times resulted in a slowdown, with TOC reduced by 98% after 360 minutes.

The electrolysis process has been observed to completely degrade Congo red (CR) into various
smaller molecular components. These breakdown products indicate a comprehensive transformation
of CR under the electrolysis conditions applied, reflecting the decomposition of its aromatic azo dye
structure into simpler, potentially less harmful chemical entities leading to the formation of carbon
dioxide (CO), water (H20), ammonium ions (NHs*), nitrate ions (NOs’), sulfite ions (SOs%). and
carboxyl groups (COOH).

3.3.3. Mechanism of Mineralization

With the results obtained in this work and the examination of intermediary products identified
by several authors [85-89], we propose a general reaction mechanism for mineralization of azo dye
molecules by oxidative action of hydroxyl radicals in the Electro-Fenton process is proposed after
refereeing the literature [85-89] (Figure 10). The degradation process appears to occur according to a
mechanism proposed by Mansour et al. [90]. The degradation of the dye is more efficient in acidic
conditions due to the enhanced sensitivity of the protonated form to the oxidation process.
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Figure 10. Pathway proposed for the degradation of CR by the electro-Fenton process.

The degradation of organic matter is mainly attributed to the reaction with *OH formed on the
surface of the Pt anode [91]. The Zn?* ijons were released into the solution. They catalyse the
decomposition of H20z, leading to the formation of -OH and Zn?* through a Fenton-like reaction
(Eq.9).

For this reaction to occur, Zn?" is first reduced both at the cathode via reaction (Eq.6) and in the
solution according to reactions (Eq.7) and at (Eq.8).

Zn* +¢é — Zn* (Eq. 6)
Zn%+ HoO2 — Zn* = HO>* + H* (Eq.7)
Zn>+ HO2* —» Zn*+ H + Oz (Eq. 8)

Zn' + Hx02 — Zn2 + HO® + OH- (Eq. 9)
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For all dyes, decolorization is visually significant for the consumed charge. The electrophilic
addition of *OH to the azo double bond leads to its rapid destruction. Studies have detected
decolorization through UV-visible spectroscopy. Observing the decrease in the absorption band
associated with the -N=N- bond confirms this hypothesis. The compound was converted to 3,4-
diaminonaphthalene-1-sulfonate and biphenyl-4,4’-diamine via an oxidation reaction with hydroxyl
radicals. This intermediate was transformed into 4-amino-3-hydroxynaphthalene-1-sulfonate, which
was oxidized by hydroxyl radicals to produce 4-aminonaphthalene-1-sulfonate. These latter
intermediates have been reported in previous studies [92]. Finally, all aromatic intermediates would
be oxidized by hydroxyl radicals via ring cleavage reactions to form short-chain aliphatic carboxylic
acids, such as 2-hydroxybutanedioic acid, propanedioic acid, acetic acid, and oxaloacetic acid.

3.3.4. Catalyst Mass Effect

The influence of the quantity of MOFB@ZnO on the degradation of CR was studied under
optimal mineralization conditions (I =217 mA, 21 mg/L Congo-red concentration). These results are
presented in Figure 11.
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Figure 11. Influence of the catalyst mass on the degradation of an aqueous solution of congo-red.
Experimental conditions: For 250 mL of 21mg/L congo-red solution in 0.05M Na2504 at pH 3 and
room temperature, using a Pt/carbon-felt cell at 217 mA.

The CR degradation reaction is very rapid. Indeed, complete decolorization is achieved at
around 3 minutes for 250 mg and 200 mg of catalysts, and approximately 8 and 20 minutes for 125
mg and 50 mg, respectively. The degradation of organic compounds significantly depends on the
amount of released Zinc, which must be optimized to achieve the best degradation. As shown in
Figure 11, the efficiency of degradation increased with the amount of MOFB@ZnO catalyst. The
improvement in electrocatalytic degradation performance may be due to the enhanced release of Zn?
ions from the MOFB@ZnO surface, which can increase *OH radicals.

3.3.5. Regeneration of MOFB@ZnO

In practical applications, the stability and reusability of electro-catalysts are paramount. The
electro-catalytic degradation experiments were repeated multiple times under consistent conditions.
Figure 12 shows the variation in degradation activity of the MOFB@ZnO composite catalysts over
five consecutive electrolysis cycles.
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Figure 12. Recycling of the MOFB@ZnO in the electrodegradation of congo-red from aqueous
solution.

The results indicate that there was no notable decrease in catalyst activity, affirming the stability
and long-term durability of the MOFB@ZnO modified biochar.

Indeed, the recycling of biochar modified with ZnO does not disrupt the electrolysis of Congo
red due to their distinct functional roles in the process. Biochar seems to be acting purely as a
chemically inert support material, providing a stable platform for the immobilization of ZnO
nanoparticles. These nanoparticles, in turn, serve as the active sites for catalytic reactions during
electrolysis. Their role involves initiating redox reactions and generating reactive species (such as
hydroxyl radicals) essential for the degradation of Congo red as mentioned by Sassi et al. [82].

When, the biochar remains unchanged chemically and mechanically during the process, its
recycling does not compromise the catalytic effectiveness of the ZnO nanoparticles. This ensures
consistent and efficient performance of the composite material across repeated cycles of use,
maintaining its capability to degrade Congo red through electrolysis effectively.

The present methodology was compared with one reported for the Congo red dye degradation
and found that this work has superiority over other in terms of degradation efficiency over other
methods including the one treated electrochemically as shown in Table 2.

Table 2. Comparison of degradation efficiency of present catalyst with literature.

Amount of Time/ %
f 1 hesi R .
Name of Catalyst Synthesis procedure CR dye conc catalyst Conditions Degradation
- 150 ml of 50 60 min / o
Pt/Cu NPs Electrodeposition me /L Electrochemical 95.95% [93]
90
500 mL of 100 . o
MWCNT-MnO2/Ni foam Hydrothermal meg/L min/ El.ectroche 92% [94]
mical
. 0.05g
ZnO-biochar .
(Ulva lactuca extract from Hydro-thermal 30 mg/L catalyst/100 120 min /UV 89.28% [45]
. mL CR lamp
Algae as a source of biochar) .
solution
. . Fungal strains used o~ More than
Aspergillus strains isolated from soil 100 mg/L 7 days at 30 °C 86%. [95]
MWNTS supPorted Ag—Co Chemical reduction  10mL (80 0.02¢ 75 min/UV 90.37% [96]
oxides method ppm)
TiO: Not given 250 ml of 0.1g 0min/UV- - foag0,  o7]
4ppm lamp
(Mol:qoiiiz;;) Pyrolysi 20mbof g5 3 min for 98% N
inga oleifera as a yrolysis 20mg/L 8 complete ’ work

precursor of biochar)
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decolourization
and
360 min for
TOC removal/
electrochemical

4. Conclusions

The present work reports on the utilization of one pot wet impregnation technique to make
MOFB@ZnO nanocomposite catalyst. This work is a good example of agricultural biomass waste
conversion from trash to biochar (black gold). The applicability of the present material is successfully
demonstrated by degrading Congo Red dye electrochemically. This catalyst is highly efficient in
obtaining almost total mineralization (98% removal of TOC) of the Congo red solution. This work
takes into account the United Nations Sustainable Development Goals 6: clean water and sanitation.
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