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Abstract: Researchers have focused on deriving environmentally benign materials from biomass
waste and converting them into value-added materials. In this study, cellulosic crystals derived
from sugarcane bagasse (SCB) are augmented with magnetite (M) nanoparticles. Following the
co-precipitation route, the composite was prepared, and then the mixture was subjected to a green
microwave solvent-less technique. Various mass ratios of SCB:M (1:1, 2:1, 3:1, 5:1, and 1:2) were
prepared and efficiently utilized as photocatalysts. To look at the structural and morphological prop-
erties of the prepared samples, X-ray diffraction pattern (XRD), scanning electron microscopy (SEM),
and elemental analysis were used to describe the composite fibers. SCB:M augmented with H2O2 as a
Fenton reaction was used to eliminate Reactive blue 19 (RB19) from polluted water and was compared
with pristine SCB and M. Additionally, the response surface methodology (RSM) statistically located
and assessed the optimized parameters. The optimal operating conditions were recorded at pH
2.0 and 3:1 SCB: M with 40 mg/L and 100 mg/L of hydrogen peroxide. However, the temperature
increase inhibits the oxidation reaction. The kinetic modeling fit showed the reaction following
the second-order kinetic model with an energy barrier of 98.66 kJ/mol. The results show that such
photocatalyst behavior is a promising candidate for treating textile effluent in practical applications.

Keywords: sugarcane bagasse cellulose; ionic liquid; textile effluent; photocatalysis; magnetite;
reactive blue 19; kinetics

1. Introduction

Forestry generates massive wastes comprising lignocellulosic residues, including
sawdust, bark, sugarcane bagasse, and other wood waste [1,2]. Sugarcane bagasse (SCB),
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commonly named bagasse, is an agro-waste that mainly contains holo-cellulose (61.2%),
lignin (25.6%), extractive (9.3%), and ash (3.9%) [1,3]. Sugarcane bagasse development and
applications for numerous utilizations are gaining much attention as a sustainable material.
However, the challenge of transforming them from underrated waste into economically
viable beneficial material still persists [1]. Of these applications, using sugarcane bagasse
for wastewater (WW) treatment is attaining the scientists’ interest.

Due to technological advances, the demand for water for industrial uses is increasing.
Consequently, industrial organic matter contaminates water, leading to a significant global
environmental problem [4]. Therefore, significant health hazards are caused when such
wastewater is released into the ecosystem, and it needs treatment before final disposal
for a green environment [5]. Upon the comparison of existing wastewater treatment
methodologies, advanced oxidation processes (AOPs) are signified as an efficient tool for
wastewater remediation since they are simple and cost-efficient techniques for eliminating
various types of pollutants from aqueous effluents, under the researchers’ best role scenario,
achieving ‘cradle-to-cradle’ (CRD) status as a cleaner, low-cost, and superior solution
furnished to fight environmental destruction. In this regard, the modified Fenton reaction,
which combines iron with H2O2, is introduced and has a vital role as one of the AOPs [6].
Until now, most studies cited in the literature have primarily relied on using iron salts to
lead to Fenton’s reaction.

Overall, sugarcane bagasse, in its unmodified and original form, is suitable for wastew-
ater treatment owing to its properties [1]. Generally, sugarcane bagasse has been applied
to eliminate numerous types of pollutants from aqueous streams, i.e., dyes [7], heavy
metals [8], oil [9], and arsenic compounds [10]. However, the use of sugarcane bagasse
incorporated with iron nanoparticles as a photocatalyst is limited in the literature for dye
removal. Searching for various scenarios to attain a reliable Fenton’s system reaction is
gaining researchers’ attention. To gain a better reaction, it is essential to frontier Fenton
research. To overcome the disadvantages of the homogenous Fenton system, a heteroge-
neous catalyst is introduced [6]. In this regard, the research conducted for supporting iron
material as a heterogeneous carrier is essential; for example, previous research applied
zeolite as a Fenton-support material [11,12]. Also, other work shows oxalic acid/iron
catalyst combinations to prevent iron settling [13].

It is worth recalling that using eco-friendly solvents, ionic liquids (ILs) are a privilege
and an effective tool in the pretreatment of various biomass materials. The distinct proper-
ties of ILs, such as low melting point, high thermal stability, and inexpensive cost, make
them the most promising choice in different industrial applications [11]. Furthermore, the
structural designability of these organic salts and their versatility allow them to be synthe-
sized and utilized for their intended applications. The variation in ionic liquids on organic
cations and organic and inorganic anions forms acidic, basic, neutral, and amphoteric ionic
liquids, depending on the type of the presented cations or anions [12].

Cholinium-based ionic liquids are promising eco-friendly solvents due to their
biodegradability and inexpensive cost. Choline belongs to quaternary ammonium salts
incorporated with counter-anions such as chloride or hydroxide utilized as precursors and
cation sources for the formation of different ionic liquids for various applications [12–14].

Cholinium-amino acid ionic liquids [Ch][AA] find utility in various applications due
to their low toxicity, biocompatibility, and biodegradability. The eco-friendly preference of
cholinium-amino acid compared to other ionic liquids containing phosphorus, fluoro, and
sulfur makes [Ch][AA] the best choice for different environmental applications [13,15].

Creating new materials from renewable stock resources that may be recycled re-
newed, or reused through natural processes is one way to design for a circular economy
approach [14]. Rather than being thrown away, such product waste might be kept as a re-
source equivalent to the raw ingredients. The necessity of a circular economy is to increase
awareness among procurers and consumers of the vital role that a given product plays, not
just the product itself. Thus, a significant worldwide philosophical strategy encourages
the recycling of short-lived products or by-product wastes for repeated use as beneficial
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supplies. In addition to being recycled and reused to reduce the demand for the planet’s
limited resources, sugarcane bagasse is also regarded as a cradle-to-cradle (CRD) method
for minimizing wastewater [15–18]. As a result, waste management takes precedence over
it when considering the end-of-life alternative. Promoting the environmentally friendly use
of renewable resources like wood and wood-based products is the main goal of the global
bioeconomy strategy [19–21]. The objective is to utilize reuse, recycling, and renewal cycles
to transform trash or industrial waste/by-products into new, value bio-based products in a
sustainable way.

This work explores the extraction of valuable fibers from sugarcane bagasse through
chemical treatment, aligning with environmental sustainability approaches and CRD waste
management trends. Magnetite nanoparticles are prepared via the facile co-precipitation
route, and the extracted sugarcane bagasse fiber is augmented with magnetite in dif-
ferent proportions through the microwave technique. XRD, SEM, and EDX analyses
assessed the prepared materials. The novelty of such a study is introducing the sugarcane
bagasse/magnetite composite as a photocatalyst to substitute the classical iron source to
be mineralized via H2O2 for Reactive blue 19 oxidation. This, in turn, converts waste
substances from discharge into a value-added product, minimizing environmental impact.

2. Results and Discussion
2.1. Cellulose Extraction from Sugarcane Bagasse Using Pretreatment Method

The extraction of cellulose from sugarcane bagasse was successfully achieved via the
pretreatment of sugarcane bagasse with prepared cholinium-glycinate ionic liquid [Ch]Gly],
starting with the addition of 25 g of [Ch][Gly] to 1.25 g of sugarcane bagasse followed by
heating at 130 ◦C for 3 h. After the pretreatment process was accomplished, the mixture
was poured into acetone/ethanol (1:1 v/v) to achieve cellulose with good yield.

2.2. Structural and Morphological Characterization

A cost-effective and benign strategy was used to synthesize the SCB-imbedded mag-
netite particles, as illustrated in Figure 1. XRD analysis was used to determine the crystalline
behavior of the prepared SCB:M composite, which is displayed in Figure 1. The XRD pat-
tern shows distinct peaks of pristine SCB (Figure 1a), magnetite (Figure 1b), and their
composite at different ratios of metal and SCB (Figure 1c–g). The graphs highlight the
intensive peaks and their changes in the composite (highlighted blue bars, Figure 1). As
shown in Figure 1, two distinct peaks were detected in the pristine SCB at diffraction
angles (2θ) of 15.6◦ and 22.4◦, which confirm the presence of lattice plans (101) and (002)
of cellulose I. Moreover, a tiny extra peak was noted at 2θ of 34.7◦, corresponding to the
(400) phase of the crystalline cellulose I [1]. Furthermore, the attained peaks corresponding
to the investigated substance sample exposed the ferrite substance’s single face-cantered
cubic (FCC) spinel structure. The most intensive peaks (311), (440), and (220) correspond to
2θ of 35.52◦, 62.84◦, and 30.2◦, respectively [13,14]. Moreover, the presence of other crystal
plans (111), (422), (511), and (533) corresponds to 17◦, 54.5◦, 66.7◦, and 74.8◦, respectively,
according to our previous published work [22], attributed to the presence of magnetite
and exploring the successful creation of Fe3O4. Similar peaks were attained for the various
examined SCB:M samples (Figure 1c–g), implying the successful augmentation of Fe3O4
with SCB, which confirms the presence of the magnetite peaks in SCB.

For the purpose of exploring the particle size distribution and surface morphology
of the pristinely treated SCB and the composite nanoparticles, SEM images were taken
(Figure 2). The size of the pristine SCB (Figure 2a) was hundreds of microns, and it
controlled the structure of layers with variously arranged vessels between the layers. Such
vessels and layers provide a significant amount of space for RB19 to react in polluted water.
Figure 2b displays the magnetite nanoparticle SEM image that illustrates the existence of
aggregated homogeneous sphere-shaped particles with a narrow grain size distribution as
signified by the red circles in the micrograph (Figure 2b). The particle-size distribution of
the attained material is located between the 20 and 60 nm ranges. Before augmentation
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with magnetite, the surface of the SCB (Figure 2a) was smooth, and there were several folds
between each vessel. However, Fe3O4 aggregates in a random distribution on the SCB
surface after the magnetic modification, as illustrated in Figure 2c–g. For SCB augmented
with Fe3O4 NPs in Figure 2c, the gloss change in the surface was due to the coverage of
Fe3O4 for the SCB surface. That confirms the well- and uniformly covered SCB surface
with Fe3O4 nanoparticles. The SEM analysis illustrates that the percentage of SCB added
changes the intrinsic structure of SCB:M due to the increased or decreased mass/weight
ratio of M and SCB, indicating the successful mixing of magnetite.
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The EDX results of pristine SCB and SCB augmented with Fe3O4 NP (SCB:M 3:1)
composite are displayed in Figure 3. The surface of solo SCB principally consisted of
C (53.61%), Si (0.64%), and O (45.75%), while SCB augmented with Fe3O4 NPs mainly
comprised C (22.63%), O (46.54%), Si (0.51%), and Fe (30.22%). The C percent presented
a decline after adjustment and modifications, from 53.61% to 22.63%, due to SCB mainly
consisting of C and O. In the spectrum of SCB augmented with Fe3O4 NPs, the peaks of Fe
appeared, indicating the successful mixing of Fe3O4 and SCB. The two-dimensional EDX
mappings of SCB and SCB mixed with Fe3O4 are given in Figure 3a,b, respectively. The C,
O, Si, and Fe mappings accessible in SCB: M sample verify the uniform atom distribution,
well equivalent with the SEM image.

Catalysts 2024, 14, x FOR PEER REVIEW 6 of 22 
 

 

 

Figure 3. EDX spectra of (a) pristine SCB and (b) Fe3O4 nanoparticle-augmented SCB composite. 

  

Figure 3. EDX spectra of (a) pristine SCB and (b) Fe3O4 nanoparticle-augmented SCB composite.

2.3. Optical and Magnetic Properties

The optical characteristic is vital for the photocatalytic material to catch light for
additional oxidation reactions. In this regard, the obtained optical band gap of the
SCB/magnetite (SCB:M 3:1) nanocomposite was signified by UV-Vis diffuse reflectance
spectroscopy (UV–Vis DRS), and the spectrum is displayed in Figure 4a. According to the
literature cited [17], the pristine Fe3O4 particles exhibit strong absorption in UV and visible
light regions, as verified by their small band gap. Hence, after loading Fe3O4 on SCB cellu-
losic material, the spectrum reveals the absorption bands mainly in the ultraviolet region
(200–400 nm) and less absorbance in the visible region. This indicates that the existence of
Fe3O4 loading can enhance the photo-response range of the prepared composite.
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Figure 4. Optical and magnetic properties of the SCB/magnetite composite photocatalyst (SCB:M
(3:1)). (a) UV-Vis and (b) VSM.

Vibrating sample magnetometer (VSM) analysis for the prepared substance investi-
gated the behavior of magnetism for the SCB combined with Fe3O4 nanoparticles. Figure 4b
illustrates the magnetization loop of the SCB/magnetite (SCB:M 3:1) nanoparticles at am-
bient temperature. The magnetic hysteresis data display the magnetic behavior. The
substance showed a small amount of dissipated energy according to the plot of the hystere-
sis curve, which is signified as a narrow curve. VSM results indicate that the field required
to magnetize the substance coercively (Hci) is 22.41 C. Also, retentivity (Mr), which cor-
responds to the field needed to degauss the substance, is 0.39525 emu/g. The value of
the maximum magnetic moment per unit volume of the magnetized SCB substances is
expressed as 10.213 emu/g, which verifies the appropriate magnetic behavior. The small
coercive force approves the small area of the hysteresis loop and resembles residual mag-
netization at zero. Hence, it is estimated that the magnetic SCB materials loaded with
pollutants could be easily removable and collected via an external magnetic field.

2.4. Photocatalytic Activity Comparison and Reaction Time Performances

A preliminary experiment for solo dye oxidation was conducted, and the data showed
almost no oxidation without catalyst addition. The influences of reaction time on RB19
oxidation using SCB, magnetite (M), and sugarcane bagasse (SCB)/magnetite (M) catalytic
materials under UV transmittance and without UV irradiance for Fenton’s reaction were
established to evaluate an experimental test condition for extra work. The comparative data
in Figure 5a reveal the RB19 oxidation as a function of oxidation time via the various treat-
ment reactions (a pH value of 3.0 using 40 and 400 mg/L concentrations of catalyst material
and H2O2 doses, respectively). Such doses were selected as guidance for pre-examination.
According to the experimental data, in the dark test, all the systems without ultraviolet
illumination are not efficient in dye removal. Solo SCB, magnetite NPs, and SCB:M com-
posite showed only 15, 6, and 23% dye removal, respectively. That might be related to
adsorption removal. But, both SCB:M and magnetite catalyst-based Fenton reactions were
efficient in RB19 removal from a polluted aqueous stream under UV illumination. The
dye removal was enhanced and reached approximately 46 and 47%, respectively, within
5 min of oxidation. That confirms the photo-Fenton reaction. Nevertheless, only 37% of the
RB19 was mineralized within 5 min of the UV-irradiance reaction time for the SCB-based
treatment. However, with time, the dye oxidation was decelerated and the removal efficacy
was alleviated in all of the studied cases. Thus, the interpretation of the obtained data
would confirm that the dye removal would be due to an augmented oxidation/adsorption
process. Such a high rate of mineralization at the preliminary oxidation time is associated
with the ˙OH radicals’ generation, which could be steadily diminished with time. More-
over, the decrease in the H2O2 reagent dose with the existence of extra radical species that
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hinders the removal rate rather than elevating the rate of reaction also declines the reaction.
Generally, in the Fenton oxidation technique, the reaction occurs by exploiting the initiation
of H2O2 with a catalyst for OH radical species production. However, the H2O2 is depleted
by the end of the initial reaction period. A complex reaction generates hydroperoxyl radi-
cals (HO2). Hydroxyl and hydroperoxyl radicals both have an effect on the reaction, but
hydroperoxyl radicals are less able to oxidize than hydroxyl radicals. Therefore, the dye’s
oxidation capacity declines with time. Numerous investigators recorded the rapid reaction
rate at the initial reaction period as a consequence of the rapid formation of the OH species.
Also, it is noteworthy to mention that the pristine magnetite catalyst is competitive with the
Fe3O4 NP-augmented SCB composite. Thus, the utilization of waste SCB in the preparation
of photocatalysts reduces the consumption of expensive magnetite NPs. Moreover, it
minimizes the solid waste management problem and converts an unused waste material
into a value-added recyclable photocatalyst, enriching the green economy.
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Although a similar trend of rapid oxidation occurs in the initial reaction time when a
solo SCB catalyst is applied, the dye oxidation is associated with the coagulation reaction
that only occurs with this technique. Such coagulation efficacy is correlated with its
tendency to form multi-charged facilities for accumulating sorption uptake [7].

Following treatment and preparation, the microwave system adopts different mass
proportions, SCB:M (1:1, 2:1, 3:1, 4:1, and 1:2), for the proper mixing of SCB and magnetite.
Figure 5 displays the oxidation tendency of the various system-based Fenton reactions. The
data confirmed the existence of both oxidation and adsorption processes. The percentage
efficiency in all of the studied batches can be categorized as follows: 3:1 > 1:2 > 2:1 > 5:1
> 1:1 SCB:M (Figure 5b). Also, it is noteworthy to mention the almost-near results for the
batches of SCB:M (3:1) and (1:2). This could be attributed to the oxidation/adsorption
reaction, which could be associated with higher SCB levels, implying more adsorption,
and an excess of M, indicating that the oxidation reaction contributes to dye removal
during the adoption test. The results showed that the decreasing hydrophilicity of the SCB
surface was caused by combining magnetite nanomolecules with a large SCB mass [18].
Accordingly, the combination of a 3:1 mass ratio was selected as the optimal SCB:M mass
ratio composition for further testing.
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2.5. Effect of Dye Loading

The preliminary Reactive blue 19 dye concentration in aqueous effluent influence on
the RB19 removal efficacy by sorption/oxidation is exhibited in Figure 6 for the different
systems, namely, SCB/H2O2/UV, M/H2O2/UV, and SCB:M/H2O2/UV systems. The
preliminary H2O2 dosing was monitored at 400 mg/L and the magnetized SCB material
dose of 40 mg/L at a pH value of 3.0, and the RB19 concentration ranged from 5 to 30 ppm.
At a glance at Figure 6 for all systems, the highest RB19 oxidation efficacy was extended to
a whole removal after 5 min, corresponding to the dye concentration of 5 ppm. However,
an increase in the RB19 concentration resulted in a decrease in the mineralization efficacy.
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So far, the reduction in the oxidation rate with the elevation in the RB19 dye dose
could be explained by the fact that the amount of catalyst (SCB, M, or SCB:M) and H2O2
are constant in all the designs. Therefore, the quantity of H2O2 and catalyst amounts that
are the chief producers of hydroxyl radicals, •OH, is not adequate for yielding sufficient
OH species. Furthermore, the quantity of functional unoccupied adsorbent material, SCB,
sites is too low for the extra RB19 loads in the polluted water effluent. Also, more dye
loads on the catalyst, even at SCB or Fe3O4 active sites, consequently diminish the active
•OH quantity. Previous investigators [19] recorded a parallel tendency for oxidizing
and adsorbing azo dye and reactive dyes, respectively. Furthermore, at a very low dye
concentration of 5 ppm, inhibition in the oxidation rate is observed for all the systems. This
could be attributed to the low driving force [20].

2.6. Multiple Operating Parameters Effect

Catalyst, hydrogen peroxide, and pH influence: H2O2 decomposition in the presence
of an SCB:M is crucial for the oxidation system to generate the highly oxidizing species,
·OH. But it is essential to minimize the H2O2 or catalyst concentrations, since their presence
in greater dosages reduces the oxidation reaction yield. Hence, to explore the effect of
various SCB:M on the oxidation of RB19, tests were carried out to examine the impact of
catalyst material concentration on oxidation kinetics.

Figure 7a exhibits the influences of the elevation in the H2O2 reagent on the Reactive
blue 19 oxidation reaction rate. However, all other variables persisted at constant values
(catalyst material 40 mg/L and pH 3.0). The data reveal an enhancement in RB19 oxidation
efficiency of 64% with the reduction in the peroxide dose to 100 mg/L, following previous
exploration by Tzani et al. [13] in treating vehicle washing wastewater. Exceeding H2O2
dosage over the optimum needed dose, H2O2 performs as ·OH radical inhibitor instead of
a generator. Therefore, a terminus dye oxidation reached only 32% with the excess H2O2 of
800 mg/L. Such investigation was stated previously by Rezgui and his co-workers [6].
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Figure 7b demonstrates the operational dye removal and oxidation system by altering
the doses within the 10–80 mg/L range. The treatment efficacy increased from 31% to
42% when the composite fiber catalyst dose was increased from 10 to 40 mg/L. However,
elevating the extra magnetized SCB material to 80 mg/L lessens the oxidation effectiveness
to only 37%. Photoactive hydroxo complex was generated and interacted with UV light
photons to produce ·OH species. Metal ions in SCB and magnetite were created and
attacked H2O2 to produce extra ·OH species. ·OH attacked RB19 particles to hydroxylate
their aromatic rings to produce hydroycyclohexadienyl radicals [21]. The same trend was
observed previously by Thabet et al. [22]. Furthermore, it is important to note that the
occurrence of dye desorption phenomena after reaching adsorption equilibrium time can
negatively affect the dye removal rate over time [23,24]. However, this negative effect
possessed a minor outcome (Figure 5a).

As the literature states, the iron/hydrogen peroxide reaction (Fenton oxidation) is
sensitive to the medium pH [6,25]. Figure 7c represents that the decline in the pH value is
related to an improvement in the RB19 concentration oxidation. This phenomenon confirms
the Fenton reaction, which works in an active manner in an acidic pH medium. However,
elevating the pH into the alkaline range resulted in reduced oxidation. This decline in the
oxidation rate could be associated with H2O2 decomposition into water and oxygen [26].

Furthermore, this phenomenon is linked to pHpzc (the point of zero charge). Generally,
the SCB surface is located near the neutral value [27]. Applying the solid addition method
estimates it to be 6.7. As a result, the surface of SCB is positively charged. The high
oxidation rate is observed at a strongly acidic pH mainly because of excess H+ ions, and
the RB19 molecules are easily adsorbed. This is because the electrostatic attraction forces of
SCB and RB19 are positively and negatively charged, respectively [27]. Previous studies
also reported similar results when treating cationic dye with bagasse materials [17]. Thus,
pH is kept in the acidic range for further experiments.

2.7. Box/Behnken Model Design and Optimization

BBD of experiments (Tables 1 and 2) was applied to optimize the influencing parame-
ters of the oxidation system.
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Table 1. Box/Behnken design for independent parameters and their coded and un-coded boundaries
applied.

Experimental Parameter
Representation

Codified Levels

Minimum Medium Maximum

Un-Coded Coded −1 0 1

H2O2 (mg/L) E1 ε1 50 100 150
SCB: M Catalyst (mg/L) E2 ε2 30 40 50
pH E3 ε3 2.0 2.5 3.0

Table 2. BBD cases of the RB19 oxidation technique for the 3 experimental parameters in codified and
its related un-codified levels.

Case
No.

Coded Values Un-Coded Values Response (%, Removal)

ε1 ε2 ε3 E1 E2 E3 Experimental Predicted

1 −1 −1 0 50 40 2.5 80.05 73.88
2 −1 1 0 50 40 2.5 81.48 72.59
3 1 −1 0 150 40 2.5 50.92 59.80
4 1 1 0 150 40 2.5 45.37 51.53
5 0 −1 −1 100 30 2.0 56.07 48.87
6 0 −1 1 100 30 3.0 42.06 46.53
7 0 1 −1 100 50 2.0 41.48 37.18
8 0 1 1 100 50 3.0 41.66 48.67
9 −1 0 −1 50 30 2.0 43.33 46.21

10 1 0 −1 150 30 2.0 36.29 24.12
11 −1 0 1 50 40 3.0 34.11 46.27
12 1 0 1 150 40 3.0 36.11 33.22
13 0 0 0 100 40 2.5 86.21 86.19
14 0 0 0 100 40 2.5 86.23 86.19
15 0 0 0 100 40 2.5 86.15 86.19

The suggested polynomial quadratic equation confirms the related response of RB19
dye color removal (%y) as follows:

y(%) = 86.19 − 8.78E1 − 2.38E2 − 2.90E3 − 14.79E2
1 + 1.74E1E2 − 2.26E1E3 − 6.94E2

2 + 3.54E2E3 − 33.93E2
3 (1)

To verify the statistical implication and the fitness of the suggested model, the F-test
(Fisher’s statistical) for ANOVA was tested and the data are exhibited in Table 3.

Table 3. Analysis of variance (ANOVA) for the regression model and the respective model terms.

Source DF * SS * MS * F-Value * p-Value *

Model (Y)
Regression 9 10.58333 1.175926 7.839506 0.017729
Linear 3 730.51292 730.512920 7.767593 1.003254
Quadratic 3 841.32800 841.328000 8.945898 1.426933
Cross Product 3 4480.80562 4480.805620 47.644713 0.725736
Error 5 470.23120 94.046240
Total 14 6132.77700
R2 93.00%
Adj-R2 89.00%

* DF: degree of freedom; SS: sum of squares; MS: mean squares; F-value: Fisher test; P: probability; R2: coefficient
of correlation; Adj-R2 adjusted R2.
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Commonly, the fitness of the design is signified when the minimal standard deviation
and a minimum probability value (p < 0.005) are recorded with a maximal factor of the
regression coefficient (R2) [28]. The model is accepted when the regression coefficient (R2)
value is not less than 80%.

The results displayed in Table 3 showed the high value of the R2 regression coefficient
(93%) with a minimal probability (p) value. Furthermore, the correlation between the
predicted and experimental results was explored and the data attained showed a suitable
correlation between the two models, as seen in Figure 8d.

Catalysts 2024, 14, x FOR PEER REVIEW 13 of 22 
 

 

 

Figure 8. Box/Behnken (BBD) design system: (a) the 3D and 2D plot of y and the interacting influence 

of H2O2 and SCB:M; (b) the 3D and 2D plot of y and the interacting influence of H2O2 and pH; (c) 

the 3D and 2D plot of y and the interacting influence of SCB:M and pH; (d) the comparison of the 

original and estimated y of RB19 oxidation plot via BBD values. 

To further evaluate the suitability of the suggested design, Mathematica software 

achieved the predicted optimization of the operational values of the operating variables. 

The values are 85 and 39 mg/L for the peroxide and SCB-based material, respectively, at 

an optimal pH level of 2.5, while the predicted RB19 removal response is 92%. Hence, the 

proposed optimum values validate the model by conducting three additional test repli-

cates. The measured response recorded a RB19 removal of 92.5%. This verifies that the 

RSM based on the BBD factorial model is acceptable for optimizing the operational pa-

rameters and prompting RB19 mineralization via the MSCB CRD-based oxidative nano-

particle composite system. Under the predicted optimum operating conditions, the chem-

ical oxygen demand (COD) and total organic carbon (TOC) recorded a decrease of ap-

proximately 63% and 88%, respectively, which proves the effectiveness of the applied 

treatment.  

2.8. Comparison of Various Sugarcane Bagasse-Based Treatment Systems 

Table 4 compares the sugarcane bagasse/magnetite augmented catalytic photo-oxi-

dative using the magnetized modified Fenton-type reaction (SCB:M/H2O2/UV) in the pre-

sent investigation with other previously cited research work dealing with SCB. It can be 

determined from the data illustrated in Table 4 that the SCB:M /H2O2/UV oxidation ap-

plied in this study effectively treated the polluted water with anion RB19 dye, recording 

Figure 8. Box/Behnken (BBD) design system: (a) the 3D and 2D plot of y and the interacting influence
of H2O2 and SCB:M; (b) the 3D and 2D plot of y and the interacting influence of H2O2 and pH; (c) the
3D and 2D plot of y and the interacting influence of SCB:M and pH; (d) the comparison of the original
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The graphical presentation of the experimental variable’s effects on the tested response
is displayed in Figure 8a–c. The illustration represents the response data, indicating the
main interactions with the proposed parameters. The surface (3D) graph and contour (2D)
dimensional plots displayed in Figure 8a show the relationship between the RB19 color
removal tendency of oxidation increase with the increase in both the doses of H2O2 and
SCB:M reagents. But the curvature of the 3D surface (Figure 8a) reveals the interaction
effect between the SCB:M and H2O2 doses. Such interactions are responsible for forming
the highly OH-sensitive reaction intermediate species. Hydroxyl radicals are the main
support of the RB19 oxidation reaction. An increase in such reagents means a declining
RB19 oxidative rate. Therefore, the optimal ratio of SCB:M/H2O2 is required to exploit the
hydroxyl radicals, which are the system’s main oxidative radicals.
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Additionally, a graphical illustration of the optimization exhibited in Figure 8b posi-
tions the area, which is the darker portion in the graph, for the optimal condition of the
SCB:M /H2O2 system for RB19 removal. All the suggested parameters and their responses
to the specific maximum and minimum limits of the predicted model region are sugges-
tive and appropriate to the standard. Also, Figure 8c illustrates the relationship between
the SCB:M reagent and the pH value. The suggested 3D and 2D plots indicate that the
increased dose of the catalyst is increasing the oxidation of the dye. However, a low pH
value results in an increased response. The curvature suggests the limits of expanding the
dye’s oxidation with the variables.

To further evaluate the suitability of the suggested design, Mathematica software
achieved the predicted optimization of the operational values of the operating variables.
The values are 85 and 39 mg/L for the peroxide and SCB-based material, respectively, at
an optimal pH level of 2.5, while the predicted RB19 removal response is 92%. Hence, the
proposed optimum values validate the model by conducting three additional test replicates.
The measured response recorded a RB19 removal of 92.5%. This verifies that the RSM based
on the BBD factorial model is acceptable for optimizing the operational parameters and
prompting RB19 mineralization via the MSCB CRD-based oxidative nanoparticle composite
system. Under the predicted optimum operating conditions, the chemical oxygen demand
(COD) and total organic carbon (TOC) recorded a decrease of approximately 63% and 88%,
respectively, which proves the effectiveness of the applied treatment.

2.8. Comparison of Various Sugarcane Bagasse-Based Treatment Systems

Table 4 compares the sugarcane bagasse/magnetite augmented catalytic photo-oxidative
using the magnetized modified Fenton-type reaction (SCB:M/H2O2/UV) in the present
investigation with other previously cited research work dealing with SCB. It can be deter-
mined from the data illustrated in Table 4 that the SCB:M /H2O2/UV oxidation applied
in this study effectively treated the polluted water with anion RB19 dye, recording 92.5%
removal. Thus, the system is comparable to other treatments which reached more than
90% (Table 4). However, such technologies result in secondary wastes that require further
treatment, as they mainly depend on the adsorption process. On the other hand, the current
environmentally benign system easily recovers due to the augmentation of magnetite
nanoparticles with SCB. Moreover, applying the minimum reaction time and tiny amounts
of the magnetite catalyst compared to other treatment processes, it is economically feasible.
Also, it should be mentioned that adsorption transforms the pollutants’ phase rather than
mineralizing them upon applying Fenton’s oxidation. This makes other treatments expen-
sive since the formation of toxic end-products and sludge materials has been overcome in
the current system since the pollutants are mineralized.

Table 4. Assessment of various cellulose-based treatment methodologies for various polluted effluents.

Treatment
System

Aqueous Stream
Pollutant

Operating Conditions
Removal % Ref.

Catalyst pH Temp.
◦C Time min

Oxid./Ads. Reactive blue 19 dye SCB:M (3:1) (39 mg/L) 2.5 30 ◦C 5 92.5 This work

Ads. Methylene
blue TSCB 7 25 ◦C 30 96 [29]

Ads. Basic Crystal violet dye TSCB 7 25 ◦C 30 96 [29]

Ads. Methylene
blue ISCB 8.4 25 ◦C 360 94 [30]

Ads. Cadmium (CNF)-ISCB 5 30 ◦C 70 99 [31]
Ads. Pb(II) (SBFB) 5 25 ◦C 120 99 [32]

SCB:M: sugarcane bagasse: Magnetite; TSCB: treated sugarcane bagasse; CNF: cellulose nanofibers; ISCB: iron-
impregnated sugarcane bagasse; SBFB: sugarcane bagasse powder-doped iron (III) oxide-hydroxide beads; Ads.:
adsorption.
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2.9. Temperature Influence on Kinetic Parameters and Thermodynamic Behavior

Temperature plays a crucial role in oxidation-based reaction technology. Such signifi-
cance is related to its effectiveness in terms of reaction rates and kinetics. In this regard,
to assess the temperature influence on the proposed SCB:M sustainable-based oxidative
system, tests were conducted over the range of 30–60 ◦C and the data presented in Figure 9a
illustrate the reduction in RB19 dye removal efficacy from 44% to 3% for color removal with
a temperature rise. This could be because H2O2 decomposes into O2 and H2O at elevated
temperatures instead of forming reactive OH radicals. Hence, hydrogen peroxide is con-
verted to a hydroxyl-active free radical scavenger instead of a generator. Consequently, the
overall reaction rate is reduced. Additionally, the desorption step enhancement onto the
SCB sorption procedure asserts the technology is exothermic [33]. Further, the temperature
elevation weakens the active adsorption forces between the vacant positions on the SCB
surface and the RB19 molecules, and likewise between the closest RB19 molecules on the
adsorption site. Citations from earlier research showed a similar oxidation trend when
using the adsorption technique to treat wastewater that was high in phenolics [34].
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Temperature’s impact on the RB19 dye oxidation reaction has been additionally ex-
amined through kinetic and thermodynamic parameters. To acquire assessment for both
reactor design and system control, which emphasizes the economics of the combined system
process via capital and operating expenses [35], kinetic values were studied by using the
linear type of zero-, first- and second-kinetic-order rate designs, and such estimated models
are exhibited in Table 5. The adequacy of the displayed models was checked through
their regression coefficient (r2) values, where the maximum values were equivalent to the
suitable model applied. According to the results in Table 4, the highest regression coefficient
numbers matched the second-order kinetic model that proved the best fit of the data for
RB19 elimination by the adapted SCB:M oxidation system. As presented in Table 5, the
second-order model rate constants (kS) are diminished from 0.069 to 0.0002 L mg−1 min−1

at 30 to 60 ◦C, respectively. Additionally, the equivalent half-life reaction time (t0.5) declines
with the temperature degree elevation. Such examination agrees with that formerly cited
in the published research articles [36], as they proved the highest Fenton oxidation removal
was attained at temperatures ranging from 17 to 38 ◦C under their experimental conditions.
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Table 5. Statistical analysis of different kinetic models for RB19 oxidation via SCB:M (1:3) magnetized
SCB/H2O2 *.

Kinetic Model Linearized Eq. Parameters Values

T, ◦C

30 ◦C 40 ◦C 50 ◦C 60 ◦C

Zero-order Ct = Co − kZt KZ (min−1) 0.1805 0.1257 0.046 0.0134
t0.5 28.85 41.42 113.22 388.65
r2 0.49 0.52 0.53 0.88

First-order KF (min−1) 0.0227 0.0154 0.0047 0.0013
Ct = Co − ekF t t0.5 (min) 30.53 48.13 147.45 533.08

r2 0.55 0.62 0.58 0.96

Second-order
(

1
Ct

)
=

(
1

C0

)
− kSt KS (L mg−1 min−1) 0.0069 0.0037 0.0011 0.0002

t0.5 (min) 13.91 25.95 87.28 480.03
r2 0.8 0.8 0.82 0.99

* Co and Ct: initial and at time t dye concentration (mg L−1); t: time (min); kZ, kF, and kS: kinetic rate constants of
zero-, first-, and second-order kinetic models, respectively.

To adequately explore the temperature’s impact on the RB19 dye removal, the thermo-
dynamic activation variables were attained through the Arrhenius fit, established based on
the second-order kinetic model as given in Equation (2).

ln kS =ln A − Ea

RT
(2)

where A is the pre-exponential factor constant; Ea is the energy of activation (kJ mol−1);
R is the gas constant (8.314 J mol−1 K−1), and T is the temperature (K). The linearized
relation between ln ks versus 1/T is attained and plotted in Figure 9b. The plot displays a
relation in which its slope is equivalent to (−Ea/R) that is applied to investigate Ea. The
thermodynamic activation parameter of the RB19 removal was assessed by the Eyring
Equation (3).

kS =
kBT

h
e(−

∆G
◦

RT ) (3)

where kB and h are Boltzmann and Planck’s constants, respectively. Hence, the enthalpy
(∆H◦) and the entropy (∆S◦) of activation might be examined from: ∆H

◦
= Ea − RT and

∆S
◦
=

(
∆H

◦ − ∆G
◦)

/T, respectively [37].
Table 6 represents the data attained from such relations and explores the non-spontaneous

nature of the oxidative RB19 procedure because the (∆G◦) values were greater than 0 [23],
and the extent of non-spontaneity increased when the temperature was elevated. The
positive ∆H◦ values indicated and confirmed exothermic oxidation [24]. Additionally, the
low and negative ∆S◦ data results verified the non-spontaneous class of the reaction system
that exposed a decline in the degree of freedom of the RB19 spices and sustained a great
hydroxyl species yield. Previously, Pourali et al. [38] cited the non-spontaneous nature
of the oxidation reaction upon using a ZnO photocatalyst for oxidizing dye containing
aqueous effluent. Additionally, the reaction proceeded at an energy barrier of approximately
98.66 kJ mol−1. A similar observation was stated previously by Sun et al. [39] in treating
phenolic compounds through the oxidative technique.
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Table 6. Thermodynamics variables of RB19 oxidation via SCB:M (3:1) magnetized SCB/H2O2.

Thermodynamics Variables
T, ◦C

30 ◦C 40 ◦C 50 ◦C 60 ◦C

Ea (kJmol−1) 98.66
∆G◦ (kJmol−1) 86.78 91.35 97.61 105.44
∆H◦ (kJmol−1) 96.14 96.05 95.97 95.89

∆S◦ (Jmol−1K−1) 30.88 15.03 −5.07 −28.67

2.10. Recyclability

The magnetized SCB catalyst’s ability to be used again and again and to be stable
enough to be recycled was a huge deal for its long-term use in this category of applications.
Therefore, after use, the SCB:M catalyst was subjected to separation to be recovered for
successive use after distilled water washing and oven-drying at 105 ◦C [22,40–42]. As illus-
trated in Figure 10, the catalyst showed good sustainability through a well-catalytic activity
achieved through six cycles of reuse, with only a 7% reduction in its removal efficiency
compared to the fresh one. Such catalysts’ magnetic properties are considered superior be-
cause of their long-term catalyst recyclability for successive use. Hence, their removal from
the final effluent after treatment is an easy option via an external magnet. Consequently,
such investigation confirmed SCB:M’s promise of sustainability in introducing them for
industrial real wastewater treatment applications.
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3. Materials and Methods
3.1. Materials

Sugarcane bagasse material was taken from the Egyptian Petroleum Research Institute,
as a spent waste from a bioethanol production process. Choline hydroxide and glycine
were purchased from Sigma Aldrich (Taufkirchen, Germany). Ferrous and ferric sulfate
(delivered by Qualikems Chemicals, Gujarat, India) were used as the precursors to prepare
magnetite nanoparticles. H2O2 (40%, w/w) was added to initiate the oxidation system.
The pH was adjusted using diluted H2SO4 and NaOH. All the chemicals were used as
delivered, without extra purification.

3.2. Synthesis of Cholinium/Glycinate Ionic Liquid [Ch][Gly]

The preparation of [Ch][Gly] 3 ionic liquid (Scheme 1) was successfully performed
via the reported method in the literature [16]. Choline hydroxide 1 (Scheme 1, 45% wt/wt,
50 mL, 1 mmol) was added to the glycine (2 Scheme 1, 1 mmol) with stirring at 25 ◦C for
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24 h followed by the removal of water using a rotatory evaporator for 3 h to achieve [Ch]
[Gly] in good yield (48%) and it showed data consistency with the prepared ionic liquid
(c.f. Supplementary Materials).
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3.3. Synthesis of Nanocomposite

Initially, the collected SCB was washed several times with distilled water (DW) and
dried overnight at 105 ◦C. In such a technique, 1.25 g of SCB was subjected to 25 g of
[Ch][Gly] at 130 ◦C for 3 h. Afterward, the mixture was poured into 20 mL of ace-
tone/ethanol (1:1 v/v) and stirred for 1h, followed by centrifugation of the mixture to
obtain cellulose. The isolated cellulose was filtered and rinsed with DW. The acquired
material was crushed to obtain a fine powder through subjection into milling by a ball mill
machine (300 rpm for 10 h each h).

The environmentally benign co-precipitation route was used to synthesize the mag-
netite using ferrous (2M) and ferric sulfate (1M), a hybrid addition of their specific amounts
with DW. Furthermore, NaOH solution was added in drops until the pH was recorded at
11. Then, the precipitate was attained in the solution, and the mixture was subsequently
exposed to constant mixing (at 80 ◦C). Later, the as-prepared nanoparticles were repeatedly
washed using DW until the neutral pH was reached to remove any remaining Na2SO4 and
NaOH in the solution. Then, the attained solution was left for settling before filtration and
washed with DW before oven-drying (60 ◦C) [41].

The produced Fe3O4 nanoparticles were ground with the extracted SCB in various
mass ratio proportions of SCB:M (0:1, 1:1, 1:2, 1:0, 2:1, 3:1, and 5:1). The obtained solid
mixture samples were preserved in a Petri dish and wetted with a few drops of DW before
being subjected to a household microwave oven for 5 min at a power of 200 watts according
to the procedure described elsewhere [9]. The SCB:M nanocomposites that were obtained
look uniform brownish.

3.4. Photocatalytic Oxidation Set-Up

A stock solution of anionic dye, Reactive blue 19 aqueous solution, was prepared, and
a dilution was carried out to attain the essential concentrations (5 to 30 ppm). A total of
100 mL of RB19 aliquot samples was poured into a 250 mL glass beaker. Initially, the pH
of the aqueous mixture was adjusted, when needed, prior to the reagent’s addition. The
aqueous mixture and the reagent were subjected to ultrasonic diffusion before mechanical
stirring, and ultraviolet radiation occurred in the photocatalytic reaction. A UV 254 nm
lamp (15 W, 230 V/50 Hz) was used for irradiation, and all the tests were conducted at
25 ± 1 ◦C. Consequently, after definite periods, the samples were exposed for spectropho-
tometric analysis. All the analysis was performed in three replicates, and the average was
recorded. Then, the recorded data, even in tables or figures, are the average values of at
least three analyses.

3.5. Data Analysis and Analytical Procedures

The analysis of the dye in the wastewater substrate was monitored through the
spectrophotometric method, which was applied at the highest absorbance wavelength peak
(590 nm) of Reactive blue 19 via a UV–visible spectrophotometer (model Unico 2100-UV-Vis
series spectrophotometer, Unico, Loveland, CO, USA).
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The percentage of RB19 removal from the aqueous effluent was calculated according
to Equation (4). The effluent’s pH was monitored to a certain value, as essential, by a
digital-type pH meter (model AD1030—Adwa, Szeged, Hungary).

y(%) =
Co − Ct

Co
× 100 (4)

where Co and Ct are the preliminary and final remaining RB19 doses in the polluted water
solution, respectively.

3.6. Statistical Design for Modeling the Multiple Operating Parameters Effect

A response surface based on statistical methodological analysis (RSM) is signified
as a significant model design system that is applied to improve the implementation of
multivariable systems by signifying the relative consequence of multivariable parameters
with the lowest conducted experiments in comparison to a complete factorial design matrix
at an equal level. The chief role of RSM modeling is to offer a correlation between the
controllable variables and the significant response. Box/Behnken design (BBD), based on
the statistical RSM technique, is presented as a mathematical tool for optimizing the exper-
imental operating parameter values [15,41]. BBD is chosen as a nonlinear multivariable
design for response surface optimization that affects the various variables. Moreover, it can
classify the relationship between the controlled parameters and the achieved response.

Through this study, RSM based on the BBD model was performed via Statistical
Analysis Software (SAS 9.3, SAS Institute, Cary, NC, USA) to calculate the model of the
RB19 removal (at the initial concentration of 10 mg/L) by regression analysis and ANOVA
test (analysis of variance). The highest effective parameters in the photocatalytic system
were selected to estimate their effect on Reactive blue 19 (RB19) removal, i.e., H2O2, SCB:M
catalyst concentrations, and pH, to investigate their effect on RB19 load oxidation (γ)
efficacy for removal from an aqueous stream. Three levels were selected for each of the
three parameters: H2O2 (ε 1), SCB:M catalyst (ε2), and pH (ε3) as listed in Table 1 in the
natural and coded numbers. The levels for each variable were determined according to
preliminary experimental work.

Generally, the optimization performance includes principal steps and the statistical de-
sign experimental matrix (Table 2). Then, the approximation of the factors in the suggested
mathematical design 16 and at the end predicting the response assesses the sufficiency of
the proposed design. The model is well fitting by the polynomial second-order equation
model (Equation (5)) in order to relate the correlative parameters.

γ = βo + ∑ βiEi + ∑ βiiE2
i + ∑ βijEiEj (5)

where γ is the RB19 oxidation response; βo, βi, βii, and βij are the model coefficient of the
linear effect and double interactions; Ei and E2

i are the independent variables.
The determination coefficient, R2, was used to judge the attained polynomial equation

significance. Moreover, the graphical representation was applied to visualize the influence
of the independent system parameters and the response through three-dimensional (3D)
surface and their particular two-dimensional (2D) contour plots. To locate the model design
optimal required values, Mathematica software version V 5.2 was applied. The COD and
TOC under the predicted optimum operating conditions have been measured in accordance
with Nassar et al. [23] to evaluate the effectiveness of the applied treatment in the complete
mineralization of the pollutant.

3.7. Characterization

The composition, microstructure, and morphology of the synthesized magnetite, SCB,
and SCB:M samples were characterized. The structure of the arranged material compos-
ite was analyzed by X-ray diffractometry (XRD, X’pert, MPD3040, Phillips, Eindhoven,
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The Netherlands) with Cu-Kα radiation at ambient conditions (λ = 1.5406 Å). That investi-
gation used step-scan mode with intensities over the 2θ range of 5–80◦.

Moreover, the morphologies of the prepared magnetite, SCB, as well as SCB:M sam-
ples, as abovementioned in Section 2.2, were examined and pictured through SEM (Field-
emission scanning electron microscope with a model Quanta FEG 250, FEI Company,
Eindhoven, the Netherlands) with different magnifications (×8000 and ×60,000). That was
supplemented by energy-dispersive X-ray spectroscopy (EDS). The main metal oxides in
SCB and SCB:M (3:1) were examined through the energy dispersive spectrum. Moreover,
the magnetic characteristics were highlighted and investigated by measuring the vibration
sample magnetometer (VSM, Lake Shore Cryotronics, Model 7410, Westerville, OH, USA)
at room temperature.

4. Conclusions

The current work confirmed a feasible way to fabricate a sustainable cradle-to-cradle
photocatalyst of sugarcane bagasse fiber-augmented magnetite nanoparticles via the mi-
crowave technique. The experimental results revealed that magnetized sugarcane bagasse
could be a suitable alternate photocatalyst for RB19 elimination. The process was optimized
for maximal dye removal and the optimized operating variables were 85 and 39 mg/L for
H2O2 and SCB:M, respectively, at optimal pH 2.5 within 5 min of irradiance time. Also, the
kinetic modeling was investigated and the data revealed that the reaction is well fitted with
the second-order model kinetics. The results with kinetic constants ranged from 0.069 to
0.0002 L mg−1 min−1. Furthermore, the reaction is signified as an exothermic reaction since
the temperature elevation from room temperature to 60 ◦C decreased the dye removal rate
to only 3%. The reaction progress is recorded at an energy barrier of 98.66 kJ mol−1. The
results from the current work confirmed the sustainability of waste SCB as a recyclable
magnetized photocatalyst in eliminating textile effluent wastewater. The findings from this
kind of work using synthetic textile dyeing effluent are thought to add to what is known
about real-life textile facilities. Further research on the initiative fabrication of composite
fibers with targeted properties is underway to expand their real-world applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal14060354/s1, NMR and FTIR spectra for the prepared ionic
liquid [Ch][Gly] were presented in the supporting information file.
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