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Abstract: In the current investigation, elements extracted from Saccharum officinarum were identified
as exporters of Fenton catalysts. Saccharum officinarum was soaked in an alkali prior to acidic treatment
and then subjected to pyrolysis for elemental recovery. X-ray diffraction (XRD) and scanning electron
microscopy (SEM) augmented with energy-dispersive X-ray spectroscopy (EDX) were used to identify
the prepared catalyst. The material was combined with hydrogen peroxide, which led to Fenton’s
reaction. Then, the modified Fenton system was applied to eliminate the textile dye, named Bismarck
Brown Azo dye, contaminating the aqueous effluent. Response surface methodological model (RSM)
analysis was used to identify the most effective operational parameters, and the model set the
optimized values as 39 and 401 mg/L for Saccharum officinarum and H2O2 doses, respectively, at pH
2.9. The maximum Bismarck Brown Azo dye removal achieved was 85%. Increasing the temperature
to 60 ◦C improved the dye oxidation efficiency. However, the dye treatment efficacy was reduced
when the dye loading increased. Additionally, the kinetic rate order was investigated and the system
was fitted to second-order rate reaction kinetics. The thermodynamic variables show that the reaction
is endothermic and non-spontaneous.

Keywords: Bismarck Brown dye; oxidation; waste management; kinetics; thermodynamics

1. Introduction

Agro-industrial waste residuals produced indiscriminately constitute extreme environ-
mental pollution. However, currently, such waste is attracting researchers’ attention since
it can be converted into wealth [1,2]. For instance, Gu et al. [3] valorized sewage sludge to
be used as a catalyst for wastewater elimination. Ullah et al. [4] applied sugarcane bagasse
to adsorb dye from an aqueous stream. Sugarcane bagasse, or Saccharum officinarum, is an
agro-industrial waste by-product, and its lignocellulosic residuals have attracted scientists’
attention for their use as adsorbent materials [5]. Several authors have applied chemi-
cal enhancement to improve the activity of such materials [6,7]. Sun et al. [8] enhanced
Saccharum officinarum by etherification with extra stearic acid. Ahamad et al. [9] washed
Saccharum officinarum with NaOH and then sonicated it to improve its catalytic activity.
Xiong et al. [10] used various acids to treat such waste material. However, the use of
Saccharum officinarum as an adsorbent material is not considered an ideal solution since it
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only transfers the pollutants’ phase, with no respect for their mineralization [11]. However,
due to the chemical nature of modified Saccharum officinarum, which possesses several
elements, as well as its reasonably high surface area [12], it can be used as a photocatalyst.

The primary goal of academics and scientists is to identify an industrial ecology
approach that will lead to harmless end products, the aim being to diminish persistent
toxic materials [13]. In this regard, Fenton’s reagent is proposed as an environmentally
sustainable benign reagent [14,15]. Fenton’s reaction is one of the most advanced oxidation
processes (AOPs) and is categorized as a rapid and efficient process. Fenton’s reaction is
based on the oxidization of iron metal with hydrogen peroxide to initiate the additional
charge production of highly reactive species called hydroxyl radicals, which are mineraliz-
ing pollutants. However, the cost of chemical precursors and the acidic working pH range
prevent the use of Fenton’s treatment in real applications [16]. Thus, it is important to
identify an alternative iron source instead of fresh chemicals for use as a photocatalyst. The
combination of metals, i.e., aluminum and manganese, with iron from a waste source to
serve as a source of the Fenton heterojunction is a good alternative [17,18]. Additionally, an
augmented copper–carbon composite can be introduced as the source of a heterogeneous
Fenton-like system. Such elements, when augmented with hydrogen peroxide, produce
non-specific hydroxyl radicals, which are the horsepower of oxidizing reactions since such
radicals attack the wide range of pollutants in aqueous streams. Thus, this system has
a high chance of avoiding Fenton restrictions because it can solve the associated system
problems [19,20].

Since the 20th century, there is growing awareness about the large amounts of pollu-
tants produced by industrial activities and their effect on the environment. Water shortages
are causing severe damage and must be addressed to meet ecological societal needs [21,22].
Enormous amounts of toxic effluents from the textile industry are discharged into canals
and drains, causing severe destruction of the environmental ecosystem. The textile in-
dustry is among the industrial sectors that require substantial quantities of water in the
various processing steps [23]. Aqueous effluents from the industry contain fibers, metals,
suspended solids, and solvents and have high biological oxygen demand (BOD) and chem-
ical oxygen demand (COD). Due to restrictive environmental regulations worldwide and
public health safety rules, it is important for such effluents to be remediated prior to their
discharge [24,25].

To the best of the authors’ knowledge, the research on the modulation of Saccharum of-
ficinarum as a photocatalytic material to be an exporter of Fenton’s reagent is deficient. The
current study is focused on using bagasse residuals, which are the waste material left behind
when Saccharum officinarum is processed, as a source of elements to be used as a photocatalyst
for textile dye elimination. The residuals were treated and calcined catalyst analysis and
characterization were performed to investigate their activity. The impact of the operational
variables, i.e., the Saccharum officinarum catalyst and the dose of the hydrogen peroxide
reagents, the impact of the pH level in the aqueous solution, dye loading, and wastewater
temperature, on the oxidation reaction were evaluated. Response surface methodology was
applied for statistical analysis and optimization of the operational parameters.

2. Materials and Methods
2.1. Aqueous Dye Effluent

Commercial textile dye named Bismarck Brown dye (supplied by Macsen Lab. Udaipur,
Rajasthan, 313024, India), with a molecular formula of C21H24N8.2HCl, 11 g/L water solubility
at 25 ◦C, and thermal stability, was used as the synthetic wastewater source. A 1000 ppm dye
solution was prepared as a stock aqueous solution, and the aqueous stream was auxiliary
diluted as needed. The Fenton reagent oxidation system for Saccharum officinarum was initiated
using H2O2 as the peroxide reagent source (30% w/v, provided by Sigma-Aldrich, Darmstadt,
Germany). The pH of the aqueous dye stream was adjusted to the required values using
Sigma-Aldrich’s H2SO4 or NaOH as needed. All chemicals were used as received from the
supplier, without any additional treatment.
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2.2. Saccharum Officinarum Activation and Preparation

Sampling expeditions were conducted to obtain Saccharum officinarum residuals from
a sugarcane refinery located in the southern region of Egypt, where it is extensively grown.
The dried and milled Saccharum officinarum powder was thoroughly washed repeatedly
before being dried overnight in an electric oven at 105 ◦C to eliminate any remaining
moisture. Then, the obtained material was subjected to chemical treatment described in
the literature [26,27], as follows: It was soaked for 2 h in an alkali (1 N NaOH). While
being soaked, it was heated and stirred. Then, the soaked material was washed multiple
times with distilled water until it reached a neutral pH, when the washing water was
disposed of. The resultant blend was then subjected to 1 h of stirring with sulfuric acid
under heating. After separation and drying, the material was ball milled for size reduction
prior to pyrolysis at 500 ◦C. The material was thus activated and ready for use.

2.3. Bench Scale Set-up

To investigate the impact of dye loading on photo-catalytic oxidation, a glass vessel was
filled with 100 mL of wastewater effluent containing Bismarck Brown dye. A stock solution of
1000 ppm dye was prepared and then diluted to the required concentrations (5, 10, 20, and
40 ppm) as per the experimental conditions. Subsequently, Saccharum officinarum ranging from
20 to 80 mg/L and H2O2 ranging from 100 to 800 mg/L were added to the aqueous stream as
a source of Fenton’s reagent. To ensure proper catalyst dispersion, the solution was sonicated
for 5 min. An ultraviolet lamp (15 W, 230 V/50 Hz) emitting UV illumination of a specific
wavelength (253.7 nm) was employed to initiate the photo-catalytic reaction. The lamp was
covered with a silica tube jacket to shield it from the aqueous solution and then submerged in
the solution. The solution temperature and pH were adjusted as required before the catalyst
was added. To carry out the oxidation experiment, the dye solution containing the reagents
was subjected to UV irradiance. The sleeved UV lamp was placed inside the aqueous solution
to ensure UV irradiance while the solution was magnetically stirred during the reaction time,
which led to the oxidation process. Next, at specific time intervals (each 10 min), samples
were withdrawn for analysis. Each sample was first passed through a micro-filter for catalyst
separation. Finally, the Saccharum officinarum substance was removed through settling and
washed repeatedly and the substrate was filtered for cyclic use.

The Bismarck Brown dye removal performance was computed using the following
relation:

ζ(%) =
Co − Ct

Co
× 100 (1)

where

ζ(%) is the Bismarck Brown dye removal performance and
Co and Ct are the initial dye concentration and the final (postoxidation) dye concentration,
respectively.

In addition, the data plotted against time are the values of Ct/Co [28]. Figure 1 presents
a graphical illustration of the experiment.
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Figure 1. Graphical representation of the catalyst preparation and photocatalytic treatment steps.

2.4. Analytical Determination

To determine the extent of Bismarck Brown dye removal and oxidation, UV–Vis analy-
sis was performed using a Unico UV-2100 spectrophotometer, USA, that investigated at the
maximum wavelength of the dye (λ 526 nm), which represents the maximum absorbance
peak. The pH of the Bismarck Brown dye aqueous effluent was monitored and adjusted
through a digital pH instrument (AD1030, Adwa company, Szeged, Hungary).

2.5. Catalyst Characterization

The X-ray diffraction (XRD) analysis of the crystallinity of the chemically and thermally
prepared Saccharum officinarum material, as well as native Saccharum officinarum material,
was conducted using a Bruker-Nonius Kappa CCD diffractometer with a CuKα radiation
source at a wavelength of λ = 1.5406 Å in step-scanned mode for 18.87 s. The diffractometer
machine operated at 45 kV. The micro-structure morphology of Saccharum officinarum was
explored using scanning electron micrographs (SEMs) obtained from a field-emission
scanning electron microscope (FE-SEM), Quanta FEG 250, with typical magnifications
of ×8000 and ×60,000. The analysis was complemented with energy-dispersive X-ray
spectroscopy (EDX) to analyze the principal oxides.

2.6. Experimental Design

A three-level factorial design (Box–Behnken model) with triplicates of central values
was used to understand the effect of independent variables on the dependent parameter of
Bismarck Brown dye oxidation (%). The independent parameters selected, on the basis of
their influence on the process, were pH value, Saccharum officinarum, and H2O2 dose. The
level of each Box–Behnken factor was determined on the basis of preliminary experiments
and is presented in Table 1.
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Table 1. Coded and un-coded levels of the selected independent variables used in Box–Behnken
factorial design.

Selected Parameters
Symbol Codified Levels

Low Medium High

Un-Coded Coded −1 0 1

pH E1 ε1 2 3 4
Saccharum officinarum dose (mg/L) E2 ε2 30 40 50

Hydrogen peroxide (mg/L) E3 ε3 350 400 450

The full factorial experimental design matrix was generated using statistical analysis
software (SAS, Institute, New York, NY 10019, USA). Statistical and graphical analyses were
performed using SAS and Matlab (7.11.0.584), respectively. The adequacy of the proposed
statistical model was assessed using the analysis of variance (ANOVA) test. A second-order
polynomial model was employed to establish the relationship among Bismarck Brown dye
oxidation rate (%), the dependent parameter, and the operating independent variables. The
corresponding quadratic equation is presented as Equation (2).

ζ = βo + Σβoεi + Σβiiε
2
i + ΣΣβijεiε j (2)

where

ζ is the projected (suggested by the model) dye oxidation removal rate dependent variable
response (%); i = 1, 2, 3, and j = 1, 2, 3; βo, βi, βii, and βij are the design regression coefficient
variables;
and ε i is the input controlling coded variable.

To simplify the proposed design calculations, the un-coded parameters of the oper-
ating system (Ei) were assigned to coded variables (εi) in accordance with Equation (2).
In addition, after the model significance, the optimum values were calculated through
Mathematica software (V 5.2). Then, three additional experiments were carried out at the
optimal predicted values to validate the predicted model.

3. Results and Discussions
3.1. Structural and Morphological Characterization of Saccharum officinarum
3.1.1. XRD Analysis

X-ray diffraction analysis was performed to investigate and evaluate the mineralogical
composition of pure and treated Saccharum officinarum material, and the data are represented
in Figure 2. The pattern displays the characteristics of the mineral. The XRD analysis shows
that in terms of mineralogical composition, Saccharum officinarum consists of a bundle of
minerals, and not only one mineral, as indicated by the various peaks for each mineral [12,29].
Various oxides identified in the XRD pattern of the treated Saccharum officinarum are Na2O,
SiO2, CaO, MgO, Al2O3, and Fe2O3 (Figure 2b). The peaks at 2θ of 32.4, 37.1, and 43.1 indicate
the occurrence of CaO [30,31]. In addition, the existence of quartz (SiO2) is signified by the
peaks of 21.0, 21.4, 27.1, 37.2, 39.5, and 44.9 [32]. Na2O is specified by the 2θ value of 37.8.

Further, Fe2O3 can be identified from the 2θ value of 24.4. Al2O3 is located at the peaks
of 33.3, 37.2, and 43.1 [33]. The pure Saccharum officinarum displayed in Figure 2a shows the
existence of SiO2, CaO, and Al2O3 in lesser amounts than in the treated Saccharum officinarum.
It is noteworthy to mention that other oxides, such as Na2O, MgO, and Fe2O3, did not ap-
pear in the native sample. The disappearance of the amorphous nature is also indicated in
the treated material.
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Figure 2. XRD pattern of the prepared Saccharum officinarum: (a) pure Saccharum officinarum and
(b) modified Saccharum officinarum.

The significant increase in the cellulose content in the chemically treated sample is the
reason behind the increased cellulose crystallinity. However, such behavior is not observed
in the untreated sample, as shown in Figure 2a, due to the occurrence of high amounts
of lignin, which might cover the outer space of the cellulose structure [34]. Additionally,
chemical–thermal treatments lead to decomposition reactions, which produce some oxides,
in accordance with Cordeiro et al. [35].

Table 2 presents the EDX analysis of the arrangement of the elements in Saccharum of-
ficinarum, showing its elemental composition. The major elements present are CaO, SiO2,
Al2O3, Fe2O3, MgO, Na2O, and MnO. The occurrence of considerable amounts of Fe2O3,
Al2O3, MnO, and MgO, indicated by the XRD analysis, confirms the source of metals before
Fenton’s reaction. The waste-derived catalyst with a high elemental content, which reflects
good catalytic activity along with other active factors, can essentially catalyze the oxidation
reaction.

Table 2. Chemical composition of Saccharum officinarum calcined at 500 ◦C as inferred by EDX.

Element CaO SiO2 Al2O3 Fe2O3 MgO Na2O MnO L.O.I.

Weight % 15.54 57.10 8.40 9.62 1.58 0.46 3.64 4.13

Although Fe2+/3+ promotes Fenton’s reaction, other oxides, such as MnO2 [36,37] and
Al2O3 [38], display catalytic activity for active Fenton-like reaction. Hence, the presence of
such oxides in the modified Saccharum officinarum promotes Fenton’s reaction. Furthermore,
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due to the waste iron sludge produced after Fenton’s treatment and for easier separation
and reusability, research has focused on heterogeneous Fenton catalysts. In this regard,
a variety of supports, such as SiO2 and various clay materials, have been introduced to
improve the catalytic performance of Fenton’s reaction. Furthermore, MgO has previously
exhibited to be an excellent adsorbent [39]. In addition, Silva et al. [40] coupled Cu and
MgO to promote Fenton’s reaction.

3.1.2. SEM Imaging

The morphology of Saccharum officinarum was evaluated from FE-SEM images. These
images show different morphologies because of the effect of chemical–thermal activation, with
particles of different shapes. Scanning electron micrographs of pure Saccharum officinarum and
treated material are displayed in Figure 3.
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Figure 3. Scanning electron microscope (SEM) images of pure native (a,b) and treated Saccharum offici-
narum (c,d) at different magnifications.

Figure 3a,b explores pure Saccharum officinarum at different magnifications, displaying
slightly organized particles of a heterogeneous size and shape. Such pure Saccharum officinarum
material morphology shows a severely compact structure. However, the morphology of treated
samples, in Figure 3c,d, shows noticeable differences. The chemically modified Saccharum offici-
narum surface shows a disturbance in the cell wall structure, with reduced adherence between
the cells. Such alteration would increase the surface area of the catalyst surface, which will lead
to extra availability for catalytic reaction. At a high magnification (Figure 3d), the thermally
and chemically modified sample displays a high degree of disorganization of particles, with
lower fiber adhesion in comparison to that in Figure 2b (prior to treatment). Furthermore, the
specific surface area of Saccharum officinarum is monitored and recorded at 436 g/m2.
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3.2. Dye Oxidation by the Modified Oxidation System
3.2.1. Optimum Reaction Time and Comparative Investigation

Different treatment processes (the adsorption system involving the Saccharum officinarum
substance; Saccharum officinarum/H2O2 under UV illumination, called the photo-Fenton sys-
tem; and Saccharum officinarum/H2O2, called the dark Fenton system) for the treatment of
Bismarck Brown dye in wastewater are compared. Fenton’s reagent concentrations were
Saccharum officinarum = 40 mg/L and H2O2 = 800 mg/L at the initial pH of 3.0. For all systems,
the essential illumination time to reach the plateau state was explored, as shown in Figure 4.
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The data presented in Figure 4 indicate that the adsorption system had the lowest
removal efficiency. The photo-oxidation system under UV illumination was more effective
than the dark oxidation system. The data reveal that using Saccharum officinarum alone for
treatment led to the removal of only 11% of the Bismarck Brown dye after 60 min of contact
time. However, when Fenton’s reagent was added in the dark, the removal efficiency
increased to 35%. When H2O2 was added to the wastewater under UV illumination, the
removal efficiency increased significantly, to 82%, demonstrating the effectiveness of the
Fenton oxidation reaction. The ˙OH radicals generated during treatment with Fenton’s were
sufficient for attacking the dye molecules and converting them into harmless end products
(CO2 and H2O). UV illumination in combination with Fenton’s reagent demonstrated a
pronounced removal effect, possibly due to the additional reaction intermediates, ˙OH
radicals, generated by the UV illumination. These findings agree with previous studies
mentioned in the literature [41]. Furthermore, to verify the role of Saccharum officinarum,
treatment using UV/H2O2 at a dose of H2O2 of 400 mg/L is carried out. According
to the experimental data, only 3% of the dye is oxidized by using the solo hydrogen
peroxide system. The data confirm the role of Saccharum officinarum and the effectiveness
of Fenton’s reaction. This means that the production of ·OH radicals is limited compared
to those generated from Fenton’s reaction. Furthermore, solo UV irradiance is applied,
which removes only 1% of the dye. However, no Fenton’s reaction occurred in the case
of the unmodified Saccharum officinarum since the oxidation efficiency is lower than that
of UV/H2O2 treatment (only 26%). This treatment effect could be due to the hydrogen
peroxide and UV, which are the main factors responsible for oxidation. However, the
presence of untreated Saccharum officinarum renders the reaction since it is shadowing the
UV light instead of leading to Fenton’s reaction. These results agree with the previous
findings of Samet et al. [42] in treating insecticide-containing wastewater through Fenton’s
system.
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3.2.2. Effect of Initial Dye Loading

Figure 5 illustrates the influence of various loads of Bismarck Brown dye on oxidation
efficiency. Figure 5 shows that the dye oxidation efficiency (70%) was supreme when
the starting dye load was the minimum (5 ppm) after 10 min of illumination time and
steadily reduced thereafter, achieving an accumulative oxidation efficacy of 92% in 60 min.
As previously mentioned, Bismarck Brown dye molecules are made of aromatic rings.
˙OH species, produced by the reaction between metals of Fenton’s reaction and H2O2,
attack such rings and open them, resulting in the formation of reaction intermediates and
oxidizing them into the harmless CO2 and H2O. This could be attributed to the fact that as
the reaction proceeds, the concentration of ˙OH radicals produced gradually declines due
to the reduction in H2O2 concentration. Additionally, radicals other than hydroxyl radicals
are generated that hinder the Bismarck Brown dye oxidation rate instead of increasing it.
An examination of Figure 5 reveals the rapid degradation of the dye removal attained in
the initial time period and a reduction in the oxidation rate with an increase in the dye
load. The oxidation efficacies are 92, 78, 74, and 72% for dye concentrations of 5, 10, 20,
and 40 ppm in the wastewater, respectively. This is because the generated ˙OH species
are inadequate for treating the whole dye. Increasing the oxidation activity, under UV
illumination, by reducing the starting pollutant load has previously been investigated
in [41], where the authors applied Fenton’s oxidation to treat benzimidazole. Although the
oxidation varies for various concentrations, the same trend is observed in the high initial
drop in concentration followed by a slower oxidation rate in all cases. This phenomenon is
associated with the hydrogen peroxide consumption as the reaction proceeds. This reagent
plays a vital role in the generation of hydroxyl radicals, which is the main responsibility of
the oxidation reaction [28].
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3.2.3. Effect of Modified Fenton Variables
Effect of Saccharum Officinarum Dose

To examine the influence of Saccharum officinarum particles on the treatment of Bis-
marck Brown dye by Fenton’s reaction, experiments were conducted to explore the effect of
Saccharum officinarum concentration on reaction kinetics. Figure 6a displays the influence of
Saccharum officinarum on the oxidation system when the Saccharum officinarum dose is varied
over a range of 10 to 80 mg/L. The oxidation efficacy elevated from 39% to 82% when the
Saccharum officinarum dose increased from 10 to 40 mg/L. However, on further increase in
the concentration of Saccharum officinarum, to 80 mg/L, the oxidation efficacy decreased
significantly, to 30%. Elements such as aluminum, iron, and manganese, which act as the
source of Fenton’s reaction, are critical for initiating the production of the photoactive metal
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hydroxo intermediate complexes that absorb the photons in the UV illumination and thus
generate the ˙OH species. Such non-selective ˙OH species attack the dye particles, further
oxidizing and mineralizing them.
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An elevation in Saccharum officinarum reagent to a dose of 40 mg/L increases oxidation
efficiency. However, excessive Saccharum officinarum particles in the reaction medium hinder
the elements that produce ˙OH radicals [43]. In addition, at higher metal concentrations, a
muddy, highly colored, aqueous solution is generated, reducing the diffusion of the ultraviolet
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light into the aqueous wastewater stream. Therefore, hydrogen peroxide reagent photolysis,
producing the hydroxyl radicals, is hindered. Hence, an excess of Saccharum officinarum in the
solution of Fenton’s reaction results in reduced dye removal efficiency. Shende [44] previously
verified this by treating violet dye contained in wastewater.

Effect of Hydrogen Peroxide Reagent Dose

Figure 6b displays the effect of the H2O2 dose on the oxidation of Bismarck Brown
dye molecules in dye-comprising aqueous media. As estimated, elevating the peroxide
dose from 100 to 400 mg/L improved the dye oxidation rate and the removal efficacy
was enhanced from 21% to 82%. This increase in the removal rate is associated with the
extra ˙OH radicals produced through hydrogen peroxide decomposition. However, an
excessive increase in the dose of this reagent (higher than 400 mg/L) does not further
improve dye removal. For example, increasing the H2O2 dosage to 800 mg/L led to a
decline in dye removal, to only 32%. Obviously, excessive H2O2 concentration hinders the
production of the highly reactive ˙OH radicals, generating the less reactive perhydroxyl
radicals (HO2˙) in the reaction medium instead. Such radicals cause a decline in the
reaction rate due to the insignificant oxidation capabilities. Therefore, the optimal operating
H2O2 dose, corresponding to the maximum dye removal, was recorded at 400 mg/L.
Various authors [45–47] have previously highlighted that Fenton’s reaction might occur at
an optimal hydrogen peroxide dose.

Starting pH Effectiveness

Wastewater pH is a vital factor in Fenton’s system. Taking this into consideration, the
starting pH value for the aqueous solution was altered over the range of 3.0 to 8.0 since it
shows a role in H2O2 decay and the hydrolytic speciation of the metal ions. The data dis-
played in Figure 6c reveal that the dye removal efficacy is highly correlated with the starting
solution pH value and the optimal pH is recorded at 3.0. Unsurprisingly, the removal
efficiency increases to 82% and declines with further pH increase. Moreover, increasing the
alkalinity of the solution results in further reduction in the dye removal efficiency, to 39%.
This might be because the fraction of soluble metal ions declines considerably with pH
elevation. In addition, inactive hydroperoxide (HO2˙) radicals are formed in the oxidation
medium, hindering the oxidation rate [48].

Contrarily, an acidic pH value leads to extra H+ ions in the reaction medium that
react with the superoxide. This reaction leads to a reduction in the elements present in
the Saccharum officinarum residuals and the dissolved O2. The result is the formation
of hydroperoxide (HO2˙), an inactive radical. The overall reaction is inhibited due to
the presence of hydroperoxide radical (HO2˙) and the superoxide radical anion (O2˙),
categorized as scavenger radicals, in the reaction medium [48]. This might lead to a decline
in the Bismarck Brown oxidation yield, which further declines at alkaline pH conditions
since Saccharum officinarum significantly reduces at pH of about 8.

Oxidation Mechanism

An arbitrary mixture composed of several metals originating from Saccharum officinarum
leads to additive series reduction in oxidation (Red-OX) reactions. Such reactions lead to the pro-
duction of oxidizing species. Under UV illumination, several metals on Saccharum officinarum
are irradiated and an electron (e)/hole (h) pair is produced on the surface of Saccharum offici-
narum, which is the reaction media (Equation (3)). This photo-induced hole might react with
H2O in the solution to generate ˙OH species, as illustrated in Equations (4) and (5). Furthermore,
hydrogen peroxide could react with the metal ions present in Saccharum officinarum, such as
iron, to induce Fenton’s reaction, producing extra hydroxyl radicals, as given in Equations (6)
and (7) [49,50]. The molecules of Bismarck Brown dye, a type of azo dye, have an aromatic
type of structure. The highly reactive hydroxyl radicals produced in the aqueous media attack
the aromatic ring in the Bismarck Brown dye molecules in order to hydroxylase them by gener-
ating a chain of hydroxycyclohexadienyl radicals to mineralize the dye (Equation (8)). Such
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hydroxylation reaction is mainly responsible for the steady conversion of aromatic compounds
into CO2. Moreover, hydroxyl radicals and the H+ in the solution react to produce water, which
is the end product (Equation (9)).

Although H2O2 promotes the generation of ˙OH radicals, its presence in higher doses
reduces the oxidation reaction efficiency. This is due to the extra peroxide competing with
the dye to react with the ˙OH, resulting in a scavenging effect on the overall reaction rate.
Moreover, the two identical hydroxyl radicals recombine and inhibit the overall reaction
rate (Equations (10) and (11)) [51].

Saccharum o f f icinarum + hv→ Saccharum o f f icinarum
(
e−CB + h+VB

)
(3)

h+VB + H2O→ H+ + OH· (4)

h+VB + H− → OH· (5)

Fe3+ + H2O2 → Fe2+ + HOO· + H+ (6)

Fe2+ + H2O2 → Fe3+ + OH− + OH· (7)
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(8)

H+ + OH· + e− → H2O (9)
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·OH → OH·2 + H2O (10)

·OH + ·OH → H2O2 (11)

3.3. Regression Model Fitting and ANOVA Testing

The performance of the three independent critical factors, pH value, and Saccharum offici-
narum concentrations on the modified Fenton oxidation of Bismarck Brown dye was simulated
and assessed after 10 min of illumination irradiance time, using RSM based on Box–Behnken
experimental design. The experimental design matrix suggested by the software was car-
ried out, and the quadratic polynomial design equation exhibited the related response role
according to the following equation:

ζ(%) = 55.46− 0.26 ε1 − 3.401ε2 + 1.4ε3 − 25.02ε2
1 + 0.51ε1ε2 + 16.11ε1ε3 − 17.41ε2

2 + 2.80ε2ε3 − 8.1ε2
3 (12)

ANOVA analysis based on Fisher’s statistical examination for ANOVA analysis (Table 3)
was carried out to assess the statistical consequence and the adequacy of the proposed
polynomial quadratic design. The quadratic model was foundto be the best fit when it
possesses a small standard deviation with a minimal probability value (<0.005) and a high
regression coefficient (R2). The R2value for the Bismarck brown dye removal response was
96%, with a small probability (p) value. This confirms a high relationship between the
predicted values based on the quadratic design model and the experimental values.
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Table 3. Estimates of the model regression for Bismarck Brown dye removal under Saccharum officinarum–
Fenton oxidation *.

Source of Variation Degrees of Freedom Sum of Squares Mean Square F-Value p-Value

Regression 9 9 4744.6348 4744.6348 88.601959
Linear 3 3 106.75 106.75 1.993464

Quadratic 3 3 3263.981 3263.981 60.952024
Cross product 3 3 1373.9038 1373.9038 25.656471

Error 5 4647.6
Lack of fit 3 4379.85 486.65 9.087768 0.012817
Pure error 2 267.75 53.55

Total 14 4647.6

* R2 = 96%; Adj-R2 = 87%.

The Matlab software (version, 7.11.0.584) was used to generate 3D surface and 2D con-
tour plots of the parameters. Figures 7–9 illustrate the response of each experimental
parameter and the main interactions between the investigated variables. Inspection of the
3D surface graph and 2D contour plots of Figure 7a,b indicates that the rate of oxidation
of the dye increases with increasing Saccharum officinarum concentration. Meanwhile, the
curvature displayed in Figure 7a illustrates the significant influence of the interaction
between catalyst dose and pH value. Such good interaction leads to the high yield of
hydroxyl radicals, which enhance the dye oxidation rate, as shown by the contour plot of
Figure 7a. However, a further increase in the reagent dose reduces the oxidation efficiency.
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Figure 8a,b demonstrates via 3D response surface and contour plots the influence of
Saccharum officinarum dose and pH. The graphical representation scheme verifies that the
oxidation rates were enhanced with increasing the Saccharum officinarum dose. In addition,
the acidic environment is favorable for dye oxidation and thus the optimum pH is in the
acidic range. This could be explained by the existence of unfavorable radicals in the reaction
aqueous solution media as the pH value increases, hindering the reaction rate.
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Though the optimal pH of the aqueous solution is close to the acidic pH, this is still
considered an obstacle for real application. It is worth mentioning that conversion of waste
to wealth is the main advantage of the suggested modified system.

Figure 9a,b illustrates the relation of the coded values of Saccharum officinarum and
hydrogen peroxide for dye oxidation. The 3D response surface and contour plots indicate
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that an increase in independent variables increases the removal efficiency. The surface and
contour plots of the design display that the highest percentage of Bismarck Brown dye
oxidation was attained at the junction near the origin of the two parameters. This inves-
tigation confirms the relation between reagent doses and the generation of ˙OH radicals.
This oxidation methodology is highly cost efficient since it is based on a waste-originated
catalyst.
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To check the adequacy of the suggested model, the statistically suggested optimized
predicted variables (pH 2.9, Saccharum officinarum at 39 mg/L, and H2O2 at 402 mg/L)
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were used to conduct three replicates of the experiments. After 10 min of reaction time, the
predicted percentage of dye removal reached 54%. After another 10 min, the experimental
values reached 55% and with the preceding experiment, the final reduction achieved was
85%, compared to 82% when manually optimized values are used.

This investigation verifies the significance of the RSM in optimizing the operating
parameters that influence Bismarck Brown dye oxidation using modified Fenton’s reaction
via Saccharum officinarum particles as a waste material.

3.4. Temperature Effect

In this part of the study, the oxidation kinetics and thermodynamics of Bismarck
Brown dye oxidation are examined. The investigation is based on the kinetics of the
photo-oxidation of Bismarck Brown by a modified photo-Fenton system based on
Saccharum officinarum particles under a constant concentration at working temperatures
of 32, 40, 50, and 60 ◦C.

The data in Figure 10 display the positive impact of elevating the operating tempera-
ture on dye removal. Temperature elevation completes the reaction more efficiently. The
oxidation efficacy improves from 82% to 90% as the temperature increases from 32 to
60 ◦C, probably because of the excellent production of hydroxyl radicals at high tempera-
tures [48] because of collisions between the dye particles in the aqueous medium. Moreover,
temperature increase affects the reaction between H2O2 and metal ions originating from
Saccharum officinarum, increasing the ˙OH output rate and accelerating Fenton’s reaction,
leading to increased dye oxidation in the form of color removal [52].
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3.5. Kinetics and Thermodynamic Investigation

To further understand the modified Fenton’s reaction, the kinetics rates of first- and
second-order reactions were investigated in accordance with the oxidation of Bismarck
Brown via the photo-Fenton treatment system based on Saccharum officinarum particles.
Such kinetic rate orders have been explained by the linearized form of such orders as
displayed in Equations (13) and (14) for the first- and second-order reactions, respec-
tively [28,29].

Ct = Co − ek1t (13)
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(
1
Ct

)
=

(
1

C0

)
− k2t (14)

where Co and Ct are the doses of Bismarck Brown dye initially and at time t, respectively,
and k1 and k2 represent the kinetic rate constants of first- and second-order reaction kinetics,
respectively.

By plotting Equations (13) and (14), the most appropriate reaction kinetics for the
experimental data suitable for Bismarck Brown dye removal were investigated (Figure 11).
Table 4 displays kinetic parameters for each kinetic order and also their corresponding R2

values of the regression coefficients.
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Table 4. Kinetic parameters of Bismarck Brown dye oxidation by a photo-Fenton reagent based on
Saccharum officinarum under differentconcentrations.

Concentration, ppm
First-Order Reaction Kinetics Second-Order Reaction Kinetics

k1,
min−1 R2 t1/2,

min
k2,

L.mg−1min−1 R2 t1/2, min

5 0.0193 0.59 35.9067 0.0293 0.95 170.64021
10 0.0257 0.72 26.9649 0.0087 0.90 1149.4212
20 0.0343 0.69 20.2040 0.0026 0.92 7692.3101
40 0.0435 0.77 15.9310 0.0008 0.70 50,000.0001

Based on the R2 values, the appropriate kinetic model is selected representing the data
for investigating the kinetic order. To locate the best fit, the data exhibited in Table 4 from
this investigation signifies that the first model is rejected because it has lower R2 values
(ranging from 0.59 to 0.77). The correlation values are quite high for the second-order
kinetic model, ranging from 0.70 to 0.95. Thus, the second-order model has the greatest
correlation coefficient. In this regard, Fenton’s system in the current form generally follows
second-order kinetics. Furthermore, the lowest value of half-life time (t1/2) corresponds
to the lower dye concentration. Such records agree with those listed in the literature [42].
However, other studies have investigated Fenton’s reaction following the first-order kinetic
reaction rate.

The kinetic constants investigated for the second-order model treatment processes
of this model range from 0.0008 to 0.0293 mg−1 L min−1. This slight difference in the
K2values is related to the concentration load, which affects the oxidation intermediates and
the dye removal rate in the aqueous medium. As tabulated in Table 4, the half-life time
(t1/2) increases as the initial dye concentration increases. This might be attributedto the fact
that increasing the dye concentration hinders the catalytic activity of Saccharum officinarum
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to adsorb Bismarck Brown dye since the Saccharum officinarum surface is saturated with
Bismarck Brown molecules. In addition, the ˙OH output oxidants are not sufficient for
oxidizing Bismarck Brown at too-high concentrations [53].

To understand the reaction for real applications, thermodynamic parametric values
were calculated for a photo-Fenton oxidation system based on Saccharum officinarum. The
activation energy (Ea) of the Brown dye oxidation can be calculated [54] by using the
Arrhenius equation revelation equation for the kinetic rate constant, k2 = Ae

−Ea
RT , where

Ris the universal gas constant value (8.314 J mol−1K−1), T is the reaction temperature in
kelvin quantity, and Ais the pre-exponential constant. Then, taking the natural log of the
Arrhenius formula and plotting ln k2 versus 1000/T (Figure 12), a straight-line relationship is
achieved where its slope could be used to calculate Ea (energy of activation). The activation
energy of the system was recorded at 64.43 kJ mol−1.
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Table 5 displays the other thermodynamic parameters, such as the enthalpy of acti-
vation (∆H‘ = Ea − RT), the entropy of activation (∆S‘ =

(
∆H‘ − ∆G‘)/T, and the free

energy of activation (∆G‘) that was projected using Eyring’s equation (k2 = kBT
h e(−

∆G‘
RT )),

where kB and h are Boltzmann and Planck’s constant, respectively [45]. Table 5 exhibits
∆H‘ ( within the temperature range) values in a positive range, indicating that the reac-
tion is endothermic. In addition, ∆G‘ shows positive values, indicating that the system is
non-spontaneous at high temperatures with a negative entropy of activation. This result
might be due to the development of a well-solvated structure between the dye molecules
and ˙OH species.

Table 5. Thermodynamic variables of Bismarck Brown oxidation by a photo-Fenton reagent based on
modified Saccharum officinarum.

Temperature, K Ea, ∆G‘, ∆H‘, ∆S‘,
kJmol−1 kJmol−1 kJmol−1 Jmol−1

306

64.43

83.98 61.88 −72.24
313 89.12 61.82 −87.24
323 95.30 61.74 −103.91
353 107.87 61.49 −131.40
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3.6. Catalyst Reusability

The reusability of Saccharum officinarum catalyst, in terms of sustainability, is investi-
gated by identifying its oxidation affinity after cyclic use. Initially, Saccharum officinarum,
which is collected after each cycle, is subjected to three sequential washing with distilled
water, filtered, and oven-dried at 105 ◦C for 1 h [55,56]. Then, the catalyst is subjected to
successive cycles for dye oxidation and the data are exhibited in Figure 13.
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As shown in Figure 13, as the catalyst is used multiple times, its activity declines, as
indicated by its oxidation efficiency. Compared to the oxidation efficiency of 82% when
fresh catalyst is used, by the fifth cyclic use, its oxidation efficiency is reduced to 63%.
In addition, the catalytic activity is reduced after each use as indicated by the decline
in the removal efficiency, as seen in Figure 13. This might be attributed to the fact that
pollutant intermediates cover the active centers of the catalyst, preventing them from
attacking contaminates in wastewater. Hence, the overall reaction rate is reduced. It is
worth mentioning the activity of the material is still high.

4. Conclusions

A modified Fenton system based on a combination of metals originating from
Saccharum officinarum bio-waste as the source of Fenton’s catalyst can act as a superior
economical oxidation system. Chemical–thermal-treated Saccharum officinarum was aug-
mented with hydrogen peroxide and applied for treating simulated wastewater loaded
with the textile dye named Bismarck Brown dye. Saccharum officinarum was characterized,
and various metals were found in the modified material. Saccharum officinarum exhibited
multifunctional treatment activity, showing high efficiency in terms of Bismarck Brown
dye oxidation and mineralization. Bismarck Brown dye was oxidized within 60 min of ir-
radiance time. The response surface methodology was applied to optimize the system for
dye oxidation. The highest dye removal was achieved by using the optimized operational
conditions of 39 and 402 mg/L of Saccharum officinarum and H2O2 reagents, respectively,
in an acidic pH medium. In addition, the operating parameters were optimized and
the kinetics of the reaction were examined. The kinetic data revealed that the reaction
follows second-order reaction kinetics with a global activation energy of 64.43 kJ/mol.
The reaction is endothermic and non-spontaneous in nature. Moreover, it was confirmed
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that Saccharum officinarum can be recovered to be recycled, indicating its sustainability as
a catalyst since it could oxidize the dye solution till the fifth cyclic use. Hence, the system
can be a promising technique for eliminating textile dyeing discharge effluents.
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40. Silva, M.; Eisa, M.; Ragauskaitė, D.; McMinn, M.H.; Tian, Z.; Williams, C.; Knopf, A.; Zhang, L.; Baltrusaitis, J. Treatment of
emerging contaminants in simulated wastewater via tandem photo-Fenton-like reaction and nutrient recovery. Environ. Sci.
Water Res. Technol. 2023, 9, 508–522. [CrossRef]

41. Liu, Q.; Qian, K.; Qi, J.; Li, C.; Yao, C.; Song, W.; Wang, Y. Improving the efficiency of Fenton reactions and their application in the
degradation of benzimidazole in wastewater. RSC Adv. 2018, 8, 9741–9748. [CrossRef] [PubMed]

42. Samet, Y.; Hmani, E.; Abdelhedi, R. Fenton and solar photo-Fenton processes for the removal of chlorpyrifos insecticide in
wastewater. Water SA 2012, 38, 537–542. [CrossRef]

43. Rodrıguez-Chueca, J.; Polo-Lopez, M.I.; Mosteo, R.; Ormad, M.P.; Fernandez-Ibanez, P. Disinfection of real and simulated urban
wastewater effluents using a mild solar photo-Fenton. Appl. Catal. B 2014, 150–151, 619–629. [CrossRef]

https://doi.org/10.1016/j.jscs.2019.02.001
https://doi.org/10.1016/j.molliq.2017.07.033
https://doi.org/10.1016/j.indcrop.2013.12.046
https://doi.org/10.1016/j.renene.2018.06.059
https://doi.org/10.1016/j.fuel.2018.07.018
https://doi.org/10.1016/j.scitotenv.2019.03.180
https://www.ncbi.nlm.nih.gov/pubmed/30903886
https://doi.org/10.1016/j.jenvman.2016.07.090
https://www.ncbi.nlm.nih.gov/pubmed/27497312
https://doi.org/10.1186/1754-6834-4-54
https://www.ncbi.nlm.nih.gov/pubmed/22122978
https://doi.org/10.1016/j.arabjc.2013.05.006
https://doi.org/10.1016/j.crgsc.2021.100082
https://doi.org/10.1016/j.gee.2018.09.004
https://doi.org/10.1016/j.jenvman.2012.01.032
https://doi.org/10.1016/j.mspro.2015.04.063
https://doi.org/10.1016/j.carbpol.2011.06.037
https://doi.org/10.1016/j.conbuildmat.2009.02.013
https://doi.org/10.1021/acsami.1c08926
https://www.ncbi.nlm.nih.gov/pubmed/34369138
https://doi.org/10.1186/s12951-021-01074-1
https://doi.org/10.1016/j.jcis.2017.05.110
https://doi.org/10.1039/D0EN00660B
https://doi.org/10.1039/D2EW00209D
https://doi.org/10.1039/C8RA00240A
https://www.ncbi.nlm.nih.gov/pubmed/35540833
https://doi.org/10.4314/wsa.v38i4.8
https://doi.org/10.1016/j.apcatb.2013.12.027


Processes 2023, 11, 1394 22 of 22

44. Shende, T.; Bhanvase, B.; Rathod, A.; Pinjari, D.; Sonawane, S. Sonochemical synthesis of Graphene-Ce-TiO2 and Graphene-Fe-
TiO2 ternary hybrid photocatalyst nanocomposite and its application in degradation of Crystal Violet Dye. Ultrason. Sonochem.
2018, 41, 582–589. [CrossRef]

45. Bounab, L.; Iglesias, O.; Gonzalez-Romero, E.; Pazos, M.; Sanroman, M.A. Effective heterogeneous electro-Fenton process of
m-cresol with iron loaded actived carbon. RSC Adv. 2015, 5, 31049–31056. [CrossRef]

46. El Haddad, M.; Regti, A.; Laamari, M.R.; Mamouni, R.; Saffaj, N. Use of Fenton reagent as advanced oxidative process for
removing textile dyes from aqueous solutions. J. Mater. Environ. Sci. 2014, 5, 667–674.

47. Daniela, A.; Andrea, N.; Berkovic, M.; Costante Maria, M.R.; Juliarena, P.; Fernando, S.; Einschlag, G. Nitrobenzene degradation
in Fenton-like systems using Cu(II) as catalyst. Comparison between Cu(II)- and Fe(III)-based systems. Chem. Eng. J. 2013, 228,
1148–1157.

48. Thabet, R.H.; Fouad, M.K.; Ali, I.A.; El Sherbiney, S.A.; Tony, M.A. Magnetite-based nanoparticles as an efficient hybrid
heterogeneous adsorption/oxidation process for reactive textile dye removal from wastewater matrix. Inter. J. Environ. Anal.
Chem. 2021. [CrossRef]

49. Ramirez, J.H.; Maldonado-Hódar, F.J.; Pérez-Cadenas, A.F.; Moreno-Castilla, C.; Costa, C.A.; Madeira, L.M. Azo-dye Orange II
degradation by heterogeneous Fenton-like reaction using carbon-Fe catalysts. Appl. Catal. B 2007, 75, 312–323. [CrossRef]

50. Sharma, R.; Bansal, S.; Singhal, S. Tailoring the photo-Fenton activity of spinel ferrites (MFe2O4) by incorporating different cations
(M 1

4 Cu, Zn, Ni and Co) in the structure. RSC Adv. 2015, 5, 6006. [CrossRef]
51. Tamimi, M.; Qourzal, S.; Barka, N.; Assabbane, A.; Ait-Ichou, Y. Methomyl Degradation in Aqueous Solutions by Fenton’s

Reagent and the Photo-Fenton System. Sep. Purif. Technol. 2008, 61, 103–108. [CrossRef]
52. Dutta, B.; Jana, S.; Bhattacharjee, A.; Gütlich, P.; Iijima, S.I.; Koner, S. γ-Fe2O3 nanoparticle in NaY-zeolite matrix: Preparation,

characterization and heterogeneous catalytic epoxidation of olefins. Inorg. Chim. Acta 2010, 363, 696–704. [CrossRef]
53. Singh, C.; Rubina Chaudhary, R.; Gandhi, K. Preliminary study on optimization of pH, oxidant and catalyst dose for high COD

content: Solar parabolic trough collector. Iran. J. Environ. Health Sci. Eng. 2013, 10, 13–23. [CrossRef] [PubMed]
54. Buthiyappan, A.; Abdul Raman, A.; Daud, W.M. Development of an advanced chemical oxidation wastewater treatment system

for the batik industry in Malaysia. RSC Adv. 2016, 6, 25222–25241. [CrossRef]
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