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RESUMEN

Esta investigacidon se centra en la problematica de la contaminaciéon acudtica por
colorantes industriales, con especial énfasis en el azul de metileno (AM), un
contaminante persistente y téxico. Se planted la funcionalizacion de las membranas de
celulosa de canamo con microesferas de oxiyoduro de bismuto (BiOl) a través de
prensado en caliente, con el objetivo de optimizar la eficiencia en la degradacion
fotocatalitica de la celulosa de cdfiamo. Las microesferas de BiOl fueron sintetizadas
mediante un procedimiento solvotermal y se caracterizaron a través de la difraccion de
rayos X (XRD), la espectroscopia de energia dispersiva de rayos X (EDS) y la microscopia
electrénica de barrido (SEM). Los hallazgos sefialan que las membranas funcionalizadas
con BiOl exhibieron una eficiencia superior en la degradacién de AM bajo luz visible,
logrando hasta un 93.67% de eliminacién con la concentracién 6ptima de BiOl. Sin
embargo, el aumento de la dosis de BiOl provocd un efecto de saturacion, reduciendo
la eficiencia. Estos resultados ponen de relieve el potencial de las membranas de
celulosa de cdfiamo funcionalizadas con BiOl como solucién sostenible y eficaz para el

tratamiento de aguas residuales en aplicaciones industriales.

Palabras Clave: Celulosa, Cafamo, Fotocatdlisis, Funcionalizacién, BiOl, Azul de

metileno



ABSTRACT

This investigation focuses on the problem of aquatic pollution by industrial dyes, with
special emphasis on methylene blue (MB), a persistent and toxic pollutant. The
functionalization of hemp cellulose membranes with bismuth oxyiodide (BiOl)
microspheres through hot pressing was proposed, with the aim of optimizing the
efficiency in the photocatalytic degradation of hemp cellulose. The BiOl microspheres
were synthesized through a solvothermal procedure and characterized through X-ray
diffraction (XRD), energy dispersive X-ray spectroscopy (EDS) and scanning electron
microscopy (SEM). The findings indicate that the BiOl-functionalized membranes
exhibited superior AM degradation efficiency under visible light, achieving up to 93.67%
removal at the optimal BiOl concentration. However, increasing BiOl dosage led to a
saturation effect, reducing efficiency. These findings highlight the potential of BiOI-
functionalized hemp cellulose membranes as a sustainable and effective solution for

wastewater treatment in industrial applications.

Keywords: Cellulose, Hemp, Photocatalysis, Functionalization, BiOl, Methylene Blue-
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1. INTRODUCTION

Water is an essential resource for all living organisms. However, the presence of cationic
organic dyes, such as methylene blue (MB), in water effluents has raised significant
concerns due to their harmful effects on human health and the environment (Ekeoma
et al., 2023; Patel et al., 2020). This compound is widely used in various textile and
plastic industries, which produce between 10% and 15% of wastewater; MB is the main
pollutant and is highly visible even in small amounts (< 1 ppm). In this sense, its
uncontrolled release can compromise water quality due to its toxicity and persistence
in the environment (Ara & Ghafuri, 2024; Ekeoma et al., 2023; Fito et al., 2020, 2023;
Hashem et al., 2020; Patel et al., 2020; Santoso et al., 2020; Sivakumar & Lee, 2022).
Previous studies have evidenced that MB can induce detrimental health effects in
humans, including nausea, vomiting, and cardiac arrhythmias. Furthermore, MB has
been shown to negatively impact aquatic ecosystems by disrupting biodiversity and
ecological balance (Ara & Ghafuri, 2024; Oladoye et al., 2022; Sivakumar & Lee, 2022).
For this reason, it is necessary to develop efficient water treatment methods to

eliminate MB.

The effective removal of organic dyes from wastewater has been carried out with
technologies such as adsorption, ultrafiltration, advanced oxidation, and co-
precipitation (S. Khan et al., 2022; Negrete-Bolagay et al., 2021; Oladoye et al., 2022;
Santoso et al., 2020; Sivakumar & Lee, 2022). Among them, adsorption technologies
stands out for their high efficiency and low cost (Candamano et al., 2023; Kausar et al.,
2023). In particular, cellulose-based technologies have emerged as a potential
alternative due to its great abundance in the nature, biodegradability, and the presence
of hydroxyl groups (-OH), which facilitate the adsorption of contaminant dyes (Akkdz &
Coskun, 2023). Owing to these facts, the production of various cellulose forms from
hemp has been explored because their fibers exhibit attractive properties for water
treatment, including high mechanical strength, stiffness, and roughness (Tofan et al.,,
2020). Among the structural forms of cellulose, nanofibrillated cellulose (NFC) and

nanocrystalline cellulose (NCC) have proven to be particularly effective in the removal of
2



contaminants (Mahfoudhi & Boufi, 2017). NFC has been successfully used in the
elimination of MB and toluidine blue, while NCC has shown efficacy in the adsorption of
dyes such as acid red, K-4G yellow, and Congo red (Basak et al., 2015; Mahfoudhi &
Boufi, 2017). However, their practical application is still limited due to the saturation of
their active sites after several cycles of use, which demands post-treatments with high
energy consumption for the release of the contaminant and their regeneration.
Therefore, enhancing cellulose properties is essential to lowering water treatment costs
and increasing the remotion efficiency of the target contaminants (Hokkanen et al.,,

2016).

The incorporation of photocatalytic semiconductor materialsinto cellulose has emerged
as a promising alternative to enhance its functionality and go beyond an adsorption
material (S. Khan et al., 2022). These materials possess the capacity to degrade organic
compounds by generating reactive oxygen species (ROS) under light irradiation (Houas
etal., 2001). In recent years, bismuth oxyhalides (BiOX, where X = Br, Cl, 1) have
intensively studied as a novel class of promising materials for photocatalytic energy
conversion and environmental remediation (Di etal., 2017). Based on the
aforementioned, different composited based on cellulose and bismuth oxyhalide-based
photocatalysts have been developed. For example, BiOBr/RC (M. Du et al., 2018) and
BiOCI/NCC (Wang et al., 2022) composited have shown a high capacity to remove and
degrade Rhodamine B (RhB). Likewise, the preparation of BiOBr/BiOl/Cellulose
composites capable of removing and degrading dyes (e.g., Rhodamine B and fluorescent

dye has been reported (M. Du et al., 2019; Xu et al., 2023).

However, their application has been restricted because both BiOCl and BiOBr have a
wide band gap of approximately 3.3 and 2.64 eV, respectively (Li etal., 2021). This band
gap prevents them from fully utilizing visible light. BiOCl exhibits a high absorption
capacity only with UV light, which corresponds to 5% of the solar spectrum. In real
applications it is important that semiconductor materials can absorb photons of visible
light (45% of the solar spectrum) to have higher efficiency (Oladoye et al., 2022). BiOBr,
although it has a narrower bandgap allowing it to work with visible light, faces a

limitation as a semiconductor due to the high recombination rate of photogenerated
3



electron-hole pairs and the low efficiency of light absorption (Onwumere et al., 2020).
In this sense, bismuth oxyiodide (BiOl) semiconductor-based materials have been
studied as potential candidates to improve cellulose properties. This is because BiOl
exhibits a narrow band gap (1.73-1.92 eV), which allows it efficiently absorbing photons
in the visible light range. Moreover, due to its crystalline structure which is composed
of alternating layers of [Bi»02]%* ions and halogens [I"] atoms, it can promote efficiently
the separation of charge carriers, increasing the production of ROS (reactive oxygen
species) and its capacity to degrade contaminants (Zuarez-Chamba etal., 2022).
Nevertheless, to date, the development of hemp cellulose membranes functionalized

with BiOl microspheres for the removal of methylene blue (MB) has not been reported.

Therefore, the general aim of the present work is to evaluate the efficiency of hemp
cellulose membranes functionalized with BiOl microspheres in the removal and
degradation of methylene blue. To achieve this, the specific objectives are (1) to
synthesize BiOl microspheres via a solvothermal method, (2) to functionalize hemp
cellulose membranes with BiOl microspheres, and (3) to evaluate the efficiency of
functionalized hemp cellulose membranes in the removal and degradation of methylene

blue under white LED light irradiation.



2. MATERIALS AND METHODS

2.1. Materials and reagents

All reagents were analytical grade and used as received without further treatment.
Bismuth (lll) nitrate pentahydrate (Bi(NO3z)3-5H20, Sigma-Aldrich, >98%), potassium
iodide (KI, ExiPlus, Multi-Compendial, 99.8%) and ethylene glycol (C,H4(OH),, Sigma-
Aldrich, 299%) were used for the synthesis of BiOl microspheres. Functionalized hemp
cellulose samples were supplied by the research group of Frank Alexis at Universidad
San Francisco de Quito. Methylene Blue (MB) was used as a model pollutant and

ultrapure water was used in batch experiments.

2.2. Synthesis of BiOl flower-like microspheres

The synthesis of BiOl microspheres was performed by a solvothermal method described
by Zuarez-Chamba et al. (2022) with some modifications to the temperature and
reaction time. For this, a solution A was prepared by dissolving 3 mmol of (Bi(NO3)3 -
5H20) in 30 mL of ethylene glycol with sonication for 30 min, followed by constant
stirring (500 rpm) for 30 min. At the same time, a solution B was prepared by dissolving
3 mmol of Kl in 30 mL of ethylene glycol under continuous stirring (500 rpm) for 30 min.
Then, solution B was added dropwise (1 mL/min) to solution A under constant stirring
(500 rpm). The solution was left under constant stirring (500 rpm) for 30 min and
transferred to a 100 mL Teflon-lined autoclave. The autoclave was placed in a stainless-
steel reactor and heated in an oven at 160 °C for 3 h. The reactor was then allowed to
cool at room temperature. Subsequently, the precipitate was collected by vacuum
filtration with a nylon membrane with a pore size of 0.22 um and washed with deionized
water, followed by ethanol (96%) and finally with deionized water. The precipitate

obtained was dried at 60 °C for 4 h.



2.3. Functionalization of hemp-based cellulose membranes with BiOl microspheres

Functionalization of the hemp-based cellulose membranes was performed with
different dosages of BiOl microspheres (0.1, 0.2 y 0.4 mg BiOl/mg cellulose) using the
following procedure: first, 0.02 mL of distilled water was added for each mg of cellulose.
Then, the samples were taken to a heating plate at 100 °C for 30 min. Finally, the
membranes were prepared by distributing 250 mg of the mixture on a thermo-resistant
paper, which were subsequently subjected to a thermo-pressing method (hot-pressing)
at 115.55 °C and a pressure of 40 MPa for 4 min using the 20-ton Rosin Press Dabpress
equipment (Chen et al., 2020). The resulting samples were labeled HC/BiOI-0, HC/BiOl-
50, HC/BiOI-100 and HC/BiOI-200, corresponding to the different doses of BiOl
microspheres used in the functionalization process, where HC/BiOl-0 indicates no BiOl
added, HC/BiOI-50 represents the addition of 50 mg BiOl, HC/BiOI-100 corresponds to
100 mg BiOl and HC/BiOI-200 reflects the highest dose of 200 mg BiOl.

2.4. Structural, chemical and morphological characterization

The crystallinity of the samples was performed by X-ray Diffraction (XRD) on a Malvern
Panalytical Empyrean X-ray diffractometer equipped with a copper X-ray tube (Ka
radiation, A = 1.54056 A°). The morphology of the materials was observed by Scanning
Electron Microscopy (SEM) on a Tescan Mira 3 scanning electron microscope. For SEM
observation, the cellulose membranes and functionalized membranes were first dried
by lyophilization and sputter coated with Pt. Analysis of SEM images were performed
with the Imagel software. Finally, the chemical composition was determined by Energy
Dispersive X-ray Spectroscopy (EDS) using a Bruker X-Flash 6-30 detector coupled to SEM
equipment, with a resolution of 123 eV at Mn Ka. Additionally, to study more about BiOl
and hemp cellulose crystal properties, the average crystal size value was calculated using
the Debye—Scherrer equation (Bokuniaeva & Vorokh, 2019) and the crystallinity index

(Crl) was calculated according to Hermans (Hermans & Weidinger, 1948):

__ KA
- Bcos6




Crl = Zervst w100
total

Where L represents the crystallite size, K (0.9) is a constant, A (0.15418 nm) is the
wavelength of X-rays, B is the FWHM (full width at half maximum;in radian), and 6 is
the Braggangle. In the case of crystallinity index (Crl), Acryst is the sum of crystalline band

areas and Atotal is the total area under the diffractograms.

2.5. Photocatalytic evaluation

The evaluation of the photocatalytic activity and removal efficiency of functionalized
cellulose membranes was performed by degrading 3 mg/L MB in solution under visible
light. For this, a photoreactor equipped with two fans, a 250 mL beaker, a stirring plate
and a white light LED lamp (150 W, 15000 Lm, 6200 K, 90-265 V) placed at 33 cm from
the beaker were used. Batch experiments were conducted under visible light and
darkness. Then, 100 mg of each functionalized hemp cellulose membrane HC/BiOI-0,
HC/BiOI-50, HC/BiOI-100 and HC/BiOI-200 was immersed in 100 mL of MB solution and
stirred at 400 rpm for 1 h both under dark conditions and visible light. An initial aliquot
was taken from the stock solution before starting the experiment to determine the
initial concentration at 0 min, and a second aliquot of 10 mL was taken at the end of the
exposure period (Figueroa, 2020). In addition, tests with unfunctionalized hemp
cellulose, different amounts of BiOl (50, 100 and 200 mg), and a photolysis assay were
carried out for comparative purposes. Finally, the concentration of MB was measured
using a UV-Vis-NIR spectrophotometer (Shimadzu) at 664 nm. Treatments were
performed in triplicate (x3) to ensure statistical reliability. Therefore, a one-way Analysis
of Variance (ANOVA) was used for statistical analyses, with a significance level setatp <
0.05. The software RStudio was used to perform statistical analyses and graphical

representations.



3. RESULTS AND DISCUSSION

3.1. Instrumental Characterization

3.1.1. XRD

The X-ray diffraction patterns of HC/BiOI-0, HC/BiOI-50, HC/BiOI-100, and HC/BiOl-200
are presented in Fig. 1. Three characteristic peaks are identified in the XRD pattern of
HC/BiOI-0 placed at 20: 14.902°, 16.494° and 22.842°, which correspond to the crystal
planes (11 0), (1 -10) and (20 0), respectively, of cellulose type | (ICDD # 00-003-0289).
These results correlate with those reported by Gordon-Falconi et al. (2024) and Du et al.
(2024). Moreover, the average crystallite size of HC/BiOI-0 was 4.55 nm (45.5 A),
consistent with the findings of Bolio et al. (2011), who reported an average crystallite
size of 4.46 nm. Furthermore, the crystallinity index of HC/BiOI-0 was determined to be
75.08%, similar to the reported in other works (Du et al., 2024). Moreover, the low
crystallinity has been attributed to the presence of residual hemicellulose (Du et al.,

2024).

On the other hand, when the sample was functionalized with BiOl microspheres new
peaks appear in the range of 10° to 80°. As is shown Fig. 1, the diffraction peaks of
HC/BiOI-50, HC/BiOI-100 and HC/BiOI-200 located at 26: 9.657°, 24.29°, 29.254°,
31.648°, 33.163°, 37.051°, 45.366°, 49.767°, 54.898° and 66.099° are well indexed to the
crystallographic planes (0 0 1),(0 1 1),(0 1 2),(1 1 0),(1 1 1),(21 2),(0 20),(0
2 2),(1 2 2)and (0 2 0) of the tetragonal phase of BiOIl (ICDD # 98-039-1354), with a
P4/nmm space group, and lattice constants of a=b = 3.985 A and c =9.129 A. These

findings are consistent with the reported by Zuarez-Chamba et al. (2022).

The crystallite sizes of the microspheres in HC/BiOI-50, HC/BiOI-100, and HC/BiOI-200
samples were determined to be 7.71, 6.88, and 7.69 nm, respectively. Moreover, XRD
analysis reveals that as the dosage of BiOl increases from 0 to 200 mg, the intensity of

(012), (110), (020), (122) crystallographic planes of BiOl also increases, suggesting a



successful impregnation of microspheres inside the matrix of hemp cellulose
membranes. On the other hand, the hemp cellulose peaks corresponding to the
crystallographic planes (110) and (200) appear to attenuate as the dosage of BiOl
increases, indicating a possible decrease in cellulose crystallinity. This is further
supported by the Cl values obtained from the cellulose peaks, in which the CI dropped
from 75.08% for HC/BiOI-0 to 36.25%, 35.57% and 32.72% for HC/BiOI-50, HC/BiOI-100,
and HC/BiOI-200, respectively. This reduction in crystallinity indices is associated with

decreasing cellulose crystallite sizes (Poletto et al., 2014).

BiOI-0 (ICDD #98-039-1354)
Cellulose T1 (ICDD #00-003-0289)

S
-
i

(020)
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Fig. 1. XRD patterns of BiOl, HC/BiOI-0, HC/BiOI-50, HC/BiOI-100 and HC/BiOI-200 samples.



3.1.2 Morphology and chemical characterization

The morphological characteristics of the prepared samples were analyzed using
scanning electron microscopy. As is displayed in Fig. 2a, the HC/BiOI-0 sample exhibits
an irregular and fibrous surface composed of pores with an average diameter of
approximately 2.840 £ 0.122 um. On the other hand, the cellulose fibers have an average
diameter of approximately 13.270 + 0.261 um and a length of 358.815 + 10.717 um. Fig.
2b-d presents the SEM images of HC/BiOI-50, HC/BiOI-100, and HC/BiOl-200 samples,
respectively. In all the samples, the irregular and fibrous texture of the cellulose
membrane is maintained after the functionalization with BiOl microspheres, which have
an average diameter approximately of 1.476 + 0.008 um. In the case of HC/BiOl-50 and
HC/BiOI1-100 samples, the distribution of BiOl microspheres is relatively uniform across
the sample surface, and some cellulose fibers partially enwrap the microspheres. This is
consistent with the observations of Nor et al. (2016), who also reported the partial

coverage of TiO2 particles by membranes nanofibers due to the hot-pressing process.

In contrast, the HC/BiOl-200 sample exhibits a heterogeneous distribution of
microspheres on the cellulose matrix and greater agglomeration in different regions of
the material. Furthermore, partial coverage of the photocatalytic material by the
cellulose fibers is evident. However, some morphological changes of the microspheres
areobserved, including irregular structuresand dispersed fragmentsacross the cellulose
surface. Although the hot-pressing technique is characterized by maintaining the
morphological integrity of the photocatalysts (Mohamed etal., 2017). These findings
suggest that the applied temperature or pressure conditions could have influenced the

morphological alterations observed in the BiOl microspheres.
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Fig. 2. SEM images of (a) HC/BiOI-0, (b) HC/BiOI-50, (c) HC/BiOI-100 and (d) HC/BiOI-200
samples.

On the other hand, EDS analysis was performed to examine the chemical composition.
As shown in Fig. 3a, the hemp cellulose primarily contains carbon (C), oxygen (0O), and
trace amounts of sodium, chlorine, and calcium. The presence of Na and Cl in the
elemental composition of HC/BiOI-0 may originate from the alkaline treatment and
bleaching process. For the functionalized samples, as depicted in Fig. 3b-d, peaks
attributed to bismuth (Bi), oxygen (O), and iodine (l) are detectable, indicating the
presence of synthesized BiOl microspheres. Furthermore, this was confirmed by
elemental distribution maps presented in Fig. S2-4, which shows the distribution of Bi,

O, and | in all the functionalized samples.
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Fig. 3. EDS images of HC/BiOI-0 (a), HC/BiOI-50 (b), HC/BiOI-100 (c), and HC/BiOI-200 (d)

samples.

Additionally, as seen in Fig. 3b-d, an increase in the weight percentage of Bi and | is

observed as the dose of microspheres inside the membrane is increased. For the

functionalized samples, HC/BiOI-50 exhibits 4.161% for Bi and 1.189% for I. In the case

of HC/BiOI-100, the percentages are 8.046% for Bi and 2.875% for I. Finally, for HC/BiOlI-

200, the values reach 10.386% for Bi and 3.641% for I. Therefore, this could indicate the

effectiveness of the functionalization process. Moreover, these results are consistent

with XRD results, in which the intensity of characteristic BiOl peaks also increases by

increasing the amount of BiOl microspheres. Therefore, this indicates that BiOl

microspheres were effectively incorporated into the cellulose membrane matrix.
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3.2. Photocatalytic activity

The visible-light photocatalytic efficiency of the prepared samples was evaluated by
monitoring the degradation of MB solution. Figure 4 depicts the results of dye removal
efficiency using HC/BiOI-0, HC/BiOI-50, HC/BiOI-100, HC/BiOI-200, BiOI-50, BiOI-100 and
BiOI-200 under two distinct conditions: in the presence of visible light and darkness
conditions. The photolysis test shows a minimal removal of MB of only 13.33%. This is
because, methylene blue (MB) is known to be a highly stable under visible light
irradiation (I. Khan et al., 2022). Consequently, these results demonstrate that visible
light irradiation, in the absence of photocatalysts, cannot significantly reduce the

concentration of MB due to its inherent stability.

Under visible light conditions, the removal percentage for the unfunctionalized sample,
HC/BiOI-0, was 82.85%. This effect can be attributed to two mechanisms: adsorption by
hemp cellulose and photolysis induced by visible light. The adsorption capacity of the
material is primarily due to the D-anhydroglucose molecular units linked by B-1,4
glycosidic bonds. Each unit contains three hydroxyl groups, which form intramolecular
and intermolecular hydrogen bonds (Tofan et al., 2020). The presence of these hydroxyl
groups imparts a negative surface charge, enabling effective adsorption of positively
charged pollutants, such as methylene blue (a cationic dye), through electrostatic
interaction. Furthermore, as seen in Fig. 2a, HC/BiOI-0 has a porous and fibrous
structure, consisting of numerous cavities and voids, which provides a large surface area

that can facilitate MB adsorption.

Regarding the hemp cellulose (HC) samples functionalized with BiOl, the obtained
results demonstrate that the adsorption and photocatalytic efficiencyvariessignificantly
with the amount of BiOl used. The HC/BiOI-100 sample exhibited the highest
performance achieving a removal of 93.67% of MB, suggesting that 100 mg of BiOl is the
optimal dosage to maximize photocatalytic activity of hemp cellulose membranes. In
contrast, HC/BiOI-50 exhibited a removal efficiency of 79.18%, indicating that an
insufficient amount of BiOl microspheres may result in a low amount of available active

sites on the photocatalytic surface for the degradation of the contaminant. On the other
13



hand, HC/BiOI-200 showed the lowest performance (70.71%), which could be related to
the saturation or shielding effects caused by the excess of BiOl microspheres. That is,
the microspheres could occupy some of the active adsorption sites on the membrane,
thereby reducing the capacity to retain the dye. Moreover, as is shown in SEM images
an excessive amount of BiOl microspheres caused their agglomeration, which means
that the surface area to carry out the photocatalytic degradation of MB was likely
decreased. Also, Geng et al. (2018) observed that the degradation efficiency for RhB
increases much slower with increasing catalyst dosage, which could be attributed to the

light shielding effect caused by the excessive amount of BiOl microspheres, for this case.

On the other hand, the figure shows the results obtained under dark conditions. For the
HC/BiOI-0, a minimum methylene blue (MB) removal of 10.04% is recorded, indicating
that the non-functionalised hemp cellulose has a low adsorption capacity in the dark. In
the case of HC/BiOI-50, an increase in MB removal is observed, reaching a value of
27.30%. This suggests that the addition of 50 mg of BiOl microspheres improves the
adsorption capacity in the dark. For HC/BiOI-100, the MB removal is 33.60%, which
shows a slight increase compared to the previous sample. This indicates that the
adsorption capacity continues to improve as the amount of BiOl increases, albeit
gradually. Finally, for HC/BiOI-200, the removal decreases slightly to 31.14%. This
suggests that an excessive amount of BiOl microspheres may begin to saturate the

membrane, reducing the adsorption capacity of the material.
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Fig. 4. Percentage of Methylene Blue Removal Under Visible Light and Dark Conditions.

On the other hand, in the case of BiOI-50, a removal of 29.68% is obtained, which is
slightly higher than that of the HC/BiOI-50 sample, showing significant removal values
under dark conditions. For BiOIl-100 and BiOI-200 the removals are 30.37% and 29.01%
respectively. Therefore, under these conditions, adsorption is the predominant
mechanism for the removal of methylene blue (MB). Hemp cellulose (HC) alone exhibits
adsorption capacity due to the presence of hydroxyl (-OH) groups, which form hydrogen
bonds and facilitate electrostatic interaction with the cationic dye (MB). In addition, its

porous and fibrous surface contributes to the adsorption of MB.

The incorporation of BiOl microspheres into the hemp cellulose membrane improves
the adsorption capacity under dark conditions. Although BiOl is primarily a
photocatalytic material, it also has some adsorption capacity. BiOl microspheres
increase the surface area available for adsorption of methylene blue (MB), resulting in

increased removal under these conditions. By increasing the amount of BiOl from 50 mg
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to 100 mg, a slight increase in MB removal is observed, indicating that an adequate
amount of BiOl improves the adsorption capacity. However, when the amount of BiOl is
increased to 200 mg, the removal decreases slightly. This could be due to an excess of
BiOl causing saturation of the active sites on the membrane or agglomeration of the

material reducing the available contact area.

Finally, statistical analysis performed by one-way Analysis of Variance (ANOVA) reveals
that both exposure time (in darkness and visible light: 60 min) and the dosage of BiOl
used in the functionalization of hemp cellulose membranes have a significant effect on
MB degradation (p-value = <2e8). The significant interaction between exposure time
and BiOl amount indicates that the effectiveness of exposure time is linked to the
amount of BiOl, suggesting a synergistic relationship. This interaction can be seen in Fig.
5, which shows how the optimal BiOl dosage varies with exposure time. Furthermore,
the analysis supports the finding that an optimal BiOl dose (100 mg) maximizes MB
removal (93.67%). Fig. 6 indicates that this intermediate dose presents the lowest final
MB concentration, whereas an excessive BiOl amount (200 mg) may decrease efficiency
due to saturation and light shielding effects. Additionally, Levene’s test (p-value =
0.9906) and Shapiro-Wilk test (p-value = 0.2743) confirm that the data satisfy the

assumptions required for the validity of the ANOVA analysis (Fig. S6).
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4. CONCLUSIONS

Functionalization of hemp cellulose membranes with bismuth oxyiodide (BiOl)
microspheres optimizes the degradation of methylene blue (MB) under visible light
irradiation. The results indicate that incorporating BiOl improves the material’s ability
to degrade MB, suggesting that BiOl promotes the generation of reactive oxygen species

(ROS) under visible light exposure.

The BiOl dosage plays a crucial role in optimizing the photocatalytic process. The results
show that an intermediate amount of BiOl (100 mg) yielded the highest MB removal
efficiency (93.67%), indicating the existence of an optimal BiOl loading for maximizing
the photocatalytic activity of hemp cellulose membranes. On the other hand, a decrease
in MB removal efficiency was observed in samples with a higher amount of BiOl (200
mg), which is attributed to a saturation and light shielding effect. This phenomenon
indicates that an excess of photocatalytic material can block the active sites and reduce
the availability of light needed to initiate the photocatalytic process, thus limiting its

efficiency.

The functionalization of hemp cellulose with BiOl microspheres proves to be an effective
strategy for the removal of methylene blue, highlighting the importance of using the
correct amount of BiOl to optimise the degradation efficiency of the pollutant. This
research supports the idea that combining biodegradable materials, such as hemp
cellulose, with effective photocatalysts offers a viable and sustainable approach to
wastewater decontamination. This approach stands out as a more sustainable
alternative to traditional methods that often generate secondary waste or incur high
operating costs, highlighting the potential of these materialsin wastewater treatment

applications.
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9. SUPPLEMENTARY MATERIAL

Fig. S1. Mapping of HC/BiOI-0 sample

Fig. S2. Mapping of HC/BiOI-50 sample



Fig. $3. Mapping of HC/BiOI-100 sample

Fig. S4. Mapping of HC/BiOI-200 sample



Fig. S5. Photographs of the membranes, (a) HC/BiOI-0, (b) HC/BiOI-50,
(c) HC/BiOI-100 and (d) HC/BiOI-200.
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Fig. S6. Diagram of residuals
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