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Abstract

This paper explores the application of cross-linked cellulose beads as a sustainable and cost-
effective support for the ZnO/SnOz/carbon xerogel hybrid photocatalyst. The application of the
developed photocatalytic beads, named CB-Cat, was directed at a simultaneous
adsorption/photocatalysis process, which was carried out under simulated sunlight. The
characterization of the CB-Cat indicated a good dispersion of the photocatalyst of choice throughout
the cellulose matrix, confirming its incorporation into the cellulose beads. Furthermore, it is possible
to observe the presence of the photocatalyst on the surface of the ~RB-Cat, confirming its availability
for the photonic activation process. The results _howed that the simultaneous
adsorption/photocatalysis process was optimal for enhanring the efficiency of methylene blue (MB)
removal, especially when compared to the isolatza =dsorption process. Additionally, the
regeneration of the CB-Cat between cycles was < orable toward the maintenance of the MB
removal efficiency, as the process carried utvithout regeneration displayed significant efficiency
drops between cycles. Finally, the mechcnism evaluation evidenced that hydroxyl and superoxide
radicals were the main responsible far {2 MB photocatalytic degradation during illumination with

simulated sunlight.
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1. Introduction

In the context of environmental preservation, heterogeneous photocatalysis has recently
emerged as a pioneering strategy for tackling the daunting challenge of remediating organic
pollutants derived from industrial discharges, as these molecules pose significant threats to
ecosystems and human health [1,2]. This advanced oxidative process utilizes specialized
semiconductor materials to initiate photochemical reactions upon exposure to light; these catalysts
generate electron-hole pairs that drive a series of oxidation and re'iction reactions, breaking down
complex organic molecules into simpler, less harmful compound's s.ch as carbon dioxide and water
[3,4]. This intrinsic ability to mineralize a wide range of oraric pollutants, including persistent and
toxic substances, has positioned photocatalytic processe. as 1ighly promising tools for contaminated

water remediation.

Additionally, the application of h’ terr geneous photocatalysis can be highlighted due to its
efficiency, versatility, and environmen:2l compatibility. Unlike traditional methods that often
produce secondary pollutants or rectir extensive energy inputs, photocatalysis is able to harness
solar energy as the driving fore, 1naking it a sustainable and clean approach [5]. However,
challenges persist for its effic.™nt application in large-scale industrial processing plants. In liquid-
phase photocatalytic sys.~m., one of the primary challenges is the separation of fine photocatalyst
particles from the treated solution [6]. Conventional separation methods such as filtration and
sedimentation might be inadequate due to the small particle sizes and potential aggregation of
catalysts [7]. Therefore, innovative separation techniques and material designs play a crucial role in

realizing the full potential of this technology for sustainable environmental remediation.

From this perspective, the use of supported photocatalysts for the degradation of organic
contaminants can offer various advantages in the sustainable and cost-effective use of

photocatalysts, enhancing the viability of the proposed photocatalytic process. This strategy allows



for the utilization of continuously operated treatment systems, eliminating the necessity for intricate
solid/liquid separation methods [8,9]. Ceramics, zeolites, and materials based on silica and carbon
are among the most popular materials employed as supports for photocatalysts [10-12]. The ideal
support for photocatalysts must meet the following criteria: robust bonding between the catalyst and
support, considerable specific surface area, and good affinity for pollutant adsorption. In this
context, cross-linked cellulose beads have emerged as a promising support for photocatalysts in
recent years [13,14]. Cellulose is a cheap, abundant, and sustainable natural raw material, with
excellent recyclability and biocompatibility. The preparation of ce'lui>se beads through crosslinking
reactions is reported as ideal for producing materials with 'uy: surface area, high stability, good
mechanical resistance, and excellent adsorptive properties 15-17]. Moreover, the morphological
and textural properties of the beads can be easily controh.A through modifications to the synthesis
conditions, allowing the generation of functiona’ n. :te:ials with a variety of distinct properties [18].
Thus, the immobilization of photocatalyst or this type of support is an interesting strategy, as its
ideal intrinsic properties, low cost, ana >co-friendly nature are expected to contribute positively
toward the development of simpler a~ more efficient photocatalytic processes. Furthermore,
considering the adsorptive progrties of the cellulose beads, a synergic hybrid process between
heterogeneous photocatalysis o0 adsorption can be achieved, which would be highly beneficial for

effluent remediation.

Regarding the choice of efficient photocatalysts, photocatalysts with low charge
recombination and visible light activity are on the center stage of novel and efficient photocatalytic
processes [19]. Moraes et al. (2021) have recently developed the hybrid zinc oxide/tin(1V)
oxide/carbon xerogel photocatalyst, which presented excellent activity for the degradation of 4-
chlorophenol under visible light [20]. The elevated efficiency of the photocatalyst was achieved due

to the facilitated charge transfer derived from the type-1l heterojunctions developed between



semiconductors (ZnO/Sn0Oy), as well as by the inclusion of the carbon xerogel, which improved the

morphological properties of the composite and functioned as a solid-state electron mediator [20].

Hence, this work will explore the application of cross-linked cellulose beads as a
sustainable and cost-effective support for the ZnO/SnOz/carbon xerogel hybrid photocatalyst,
aiming at effluent treatment applications. To that intention, the removal of methylene blue was
studied in a discontinuous system, intending to study the synergistic effect between adsorption and
heterogeneous photocatalysis during the treatment process, which was conducted under simulated

sunlight.
2. Materials and methods
2.1 Synthesis of the ZnO/SnOz/carbon xerogel hybriu ~notocatalyst

The proposed hybrid photocatalyst we sy...nesized following the methodology proposed
by Moraes et al. (2021) [20]. 8 g of zinc ci.:ar.de (ZnClz, 97% w/w, CAS N° 7646-85-7) and 0.072
g of tin chloride (SnCl2-2H20, 99% w/w C.\S N°10025-69-1) were dissolved in 50 mL of deionized
water with magnetic stirring at roo’« *en.perature. After the dissolution of the salts, 0.5 g of black-
wattle tannin (Phenotan AP) was ‘ncorporated into the solution, still under magnetic stirring. The
composite precipitation tos.. Tiwce upon the addition of 10 g of potassium hydroxide (85% wi/w,
CAS N° 1310-58-3), which had been previously dissolved in 50 mL of deionized water. The
resulting precipitate underwent washing until the filtrate reached a pH of 7 and contained no trace
of chloride ions. Subsequently, the material was dried in an oven at 100 °C for 24 hours and then
sifted through a 325-mesh sieve for particle size refinement. Finally, the composite was added to a
closed crucible and calcined within a muffle furnace at 300 °C for 30 minutes, operating under a

nitrogen atmosphere (0.5 L min™) and with a heating rate of 10 °C per minute.
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2.2 Synthesis of the photocatalyst/microcrystalline cellulose beads

Initially, 12 g of urea (99% w/w, CAS N° 57-13-6) and 7 g of sodium hydroxide (NaOH,
97% w/w, CAS N° 1310-73-2) were added to a glass beaker. After that, 80 mL of deionized water
was added, and the system was maintained under magnetic stirring until complete dissolution of the
reactants was observed. Subsequently, 5 g of microcrystalline cellulose (MCC, 99% w/w, CAS N°
9004-34-6) was added to the system, which was then maintained at the temperature of -10 °C. After
the complete solubilization of the MCC, 8 g of the synthesized photocatalyst was added to the
solution, which was homogenized under magnetic stirring. Fina'y, « peristaltic pump was employed
to add the prepared mixture to a sodium chloride coagular sol ition (1.3 mol L), under a drop-
wise scheme. The coagulant solution, acting as a no'-sc'vent, infiltrates the cellulose droplets,
resulting in the formation of physical cross-linkina netwourks due to the self-association forces
among cellulose macromolecules. The replace.ent of the solvent with a non-solvent induces the
desolvation of cellulose molecules and p.-motes the restoration of intra and inter-molecular
hydrogen bonds, thereby enhancing thz si.hility of the cellulose bead's structure [21]. The beads
obtained were then dried in an ovcn 7nr 24 h (100° C) and washed with deionized water until no
yellowish coloration was okt-erv~d in the filtrate. The beads containing the immobilized
photocatalyst will be iderai.~a as CB-Cat in the manuscript. Figure 1 shows a scheme of the

synthesis process of the Ct -Cat.

Figure 1 — Visual representation of the mechanism of coagulation and formation of the CB-Cat.
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2.3 Characterization
The beads obtained in Section 2.2 were characterized using the following techniques:

o X-ray diffractometry: A PANalytical Empyrean Alpha diffractometer was utilized,
utilizing copper X-ray radiation, within the range of 10-70° (step size of 0.013° and scan speed of
0.06 s per step).

e Infrared spectroscopy: Fourier transform infrared spectroscopy (FTIR) was
performed using a PerkinElmer Frontier spectrometer equippea vith a universal attenuated total
reflectance sensor (UATR). The FTIR analysis covered the spectral range of 450 to 4000 cm ™.

e Scanning electron microscopy and energy ¢ spe. sive spectroscopy: The micrographs
were obtained in a TESCAN Vega 3 XMU microscoy.>. ‘vith an energy dispersive spectroscopy
(EDS) module.

e Diffuse reflectance spectros.oLy: o obtain the diffuse reflectance spectra of the
samples, a Shimadzu UV-2600 spectrcrhotometer equipped with an integrating sphere attachment
was employed.

¢ Nitrogen adsorptirn-Jesorption isotherms: A V-Sorb 2800 equipment (Gold APP)
was employed in this analys’s. 1 .2 samples underwent pretreatment at 120 °C for 2 hours under
vacuum conditions. T~ dcterraine the specific surface area, both the Brunauer—-Emmett—Teller
(BET) method and t-plot « ialysis were carried out. The total pore volume was estimated at a relative
pressure of P/Po = 0.99. Additionally, the pore size distribution was determined using the non-local

density functional theory (nLDFT).
2.4 Evaluation of methylene blue removal

All the tests proposed in this section were conducted in a jacketed batch reactor, with
the following dimensions: 10 cm of internal diameter and 10 cm of height. For each test, 500 mL of

25 mg L methylene blue (MB) solution was added to the proposed reactor. The cellulose beads



(CB-Cat) were added to a metallic mesh support, which was inserted inside the reactor. The system
was maintained under magnetic stirring and the temperature was controlled through the passage of
cooling water by the reactor’s jacket. The lamp used to simulate sunlight was an OSRAM Ultra
Vitalux (300 W, 1950 pmolghotons M2 1) [22]. Figure 2 shows a representation of the reactor.

Figure 2 — Scheme of the reactor employed in the tests
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In order to understand the sy.-ergistic effects taking place between the adsorption and
photocatalysis processes, the tests of 11:thylene blue removal were conducted under three different
operational modes, as described !eluv:

i)  Simultaneous ~dso- ption/photocatalysis, with regeneration of the CB-Cat between
cycles: In these tests, t.c C2-Cat used was regenerated between each cycle of MB removal. To that
intention, the beads were added to an ethanol solution (250 mL), in which they were kept for 24 h.
The simple adsorption process was also performed in order to compare its results with the hybrid
adsorption/photocatalysis process.

i)  Simultaneous adsorption/photocatalysis, without regeneration of the CB-Cat
between cycles: In these tests, the CB-Cat used was not regenerated between each cycle of MB
removal. As described in the previous item, simple adsorption tests were also performed in this case.

Iii) Separated adsorption/photocatalysis: In these tests, the system was maintained

without light irradiation until the adsorption-desorption equilibrium was obtained. After that, light



irradiation was turned on and the photocatalytic process was initiated. For the photolysis test, after

the adsorption-desorption process was concluded, the beads were removed from the reactional

system and light irradiation was initiated.

For all tests, the concentration of methylene blue was defined spectrophotometrically, at the
wavelength of 673 nm. To that intention, 1 mL aliquots were collected throughout the experiment,
at pre-defined time intervals. To evaluate the mechanism involved in the generation of active
radicals and degradation of MB, scavenger probing tests were performed (following the
methodology proposed in item iii). The following scavengers v ere 2=mployed: potassium chromate
(2 mmol, electron scavenger), isopropanol (5% v/v, hydrox ‘I ra lical scavenger), benzoquinone (1

mmol, superoxide radical scavenger), and EDTA (1 mr i0:, e1ectron-hole scavenger) [23,24].

3. Results and discussions

3.1 Characterization

Figure 3 shows the results of the X -1y diffractometry of the CB-Cat.

Figure 3 — X-ray diffractogra~ oi *he CB-Cat material

1000  —
1 3 —— CB-Cat
)
80,
-
=] 5 ~
d o
< 600 28
WO A \
T H sl
= z W N
o gl o A ~
€ 4004 ‘ s 8
T hu) 4
200

0 T T T T T T T T T T T
10 20 30 40 50 60 70

20 ()
Firstly, it is possible to identify that the hexagonal structure of the zinc oxide is present in

the beads produced. The peaks related to this structure can be identified at the angles 20 of: 31.7

(100), 34.3 (002), 36.4 (101), 47.6 (102), 56.6 (110), 62.9 (103), and 66.4 ° (200) [23]. This



demonstrates the incorporation of the synthesized photocatalyst into the cellulose beads, as desired.
Furthermore, the detail in Figure 3 shows the presence of two peaks with lesser intensity in the
diffractogram of the CB-Cat sample. These crystalline peaks, located at 260 =20.2 and 22.5,
correspond to the (1 1 0) and (2 0 0) lattice planes, respectively, of the cellulose type-II structure
[25]. Finally, the peaks related to SnO> could not be identified in the diffractogram due to its low
mass fraction in the photocatalyst developed, which is expected to be 1%.

Figure 4 shows the scanning electron micrographs of both the CB-Cat and photocatalyst
developed.

Figure 4 — Scanning electron micrographs of the: 4) Photocatalyst (50000x); B) CB-Cat

(85x); C) CB-Cat (500x); D) CB-Cat (5000x); E) CB-Cat (21000x); F) CB-Cat (50000x)
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Firstly, Figure 4A shows that the photocatalyst developed is composed of plate-like
particles, as reported by Moraes et al. (2021) in their previous work [20]. Figure 4B evidences the
spherical nature of the cellulose beads produced in this work, with an approximate diameter of 3
mm, while Figures 4C and 4D show that the surface of the CB-Cat has a rugged and porous nature.
Further magnification (Figures 4E and 4F) reveals the existence of plate-like particles embedded at
the CB-Cat’s surface, indicating that the photocatalyst is available to propagate the photocatalytic
mechanism during the remediation process proposed in this work. Furthermore, the related literature
reports that materials composed of particles with well-defined efnes, such as the ones observed for
the photocatalyst employed, are optimal for photocatalyt’'c .aplications due to the significant
presence of superficial defects, which can act toward the seharation of the photogenerated charges
[26].

Figure 5 shows the elemental mapping 21 "'0ta the photocatalyst and the CB-Cat beads, as
obtained by energy dispersive spectroscog ‘.

Figure 5 — A) Elemental mapp:.~a of the CB-Cat cellulose beads; B) Elemental mapping

of the photocatalyst

A)
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The elemental mapping obtained for the CB-Cat confirms the presence of the developed
photocatalyst throughout the entire surface of the developed photoactive cellulose beads, as
evidenced by the Zinc distribution shown in Figure 5A. Hence, this result confirms the excellent
dispersibility of the photocatalyst employed in this work and the homogenous structure of the
composite beads. In this context, the catalytic performance of this kind of composite is influenced
not only by the size and nature of the deposited nanoparticles but also by their distribution; thus, the
homogeneous dispersion of the photocatalyst on the supporting cellulose material is favorable
towards elevated catalytic activity. Additionally, the element=! |\ apping of the photocatalyst
confirms the presence of the tin element throughout its surfece (“1gure 5B).

Figure 6 shows the nitrogen adsorption-desorptin ‘sotherm of the CB-Cat, along with the
pore diameter distribution plot.

Figure 6 — A) Nitrogen adsorption-desar <ir.1 isotherm for the CB-Cat; B) Pore diameter

distribution for the CB-Cat
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According to the criteria established by the International Union of Pure and Applied
Chemistry, Figure 6A demonstrates that the nitrogen adsorption-desorption isotherm conforms to a
Type IV classification, with an H3 hysteresis loop [27,28]. This observation suggests that the
material in question is predominantly mesoporous and possesses pores with a slit-like configuration

[24]. The parameters obtained from the BET and t-plot methods corroborate this theory, with a



specific surface area of 16.1 m? g ! and a micropore area of only 2.34 m?g*. Additionally, the pore
distribution plot indicates that the CB-Cat is composed mainly of mesopores in the range of 10-80
nm, which is beneficial for the proposed process, as the methylene blue molecule to be employed is
1.447 nm in length [29]. It is worth pointing out that the photocatalyst employed possesses a specific
surface area of 15.47 m? g* in powdered form and an average pore size of approximately 25 nm,
which is quite similar to the one found for the CB-Cat. Therefore, no loss of specific surface area
was encountered by the immobilization of the photocatalyst on the cellulose beads, which is
beneficial for the adsorption and photocatalytic degradation of th~ MR blue by the CB-Cat.

Figure 7 shows the infrared and diffuse reflectance spe~trum for the CB-Cat sample.

Figure 7 — A) FTIR spectrum obtained for the CB-Cat sample; B) Diffuse reflectance

spectrum of the CB-Cat sample
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The infrared spectrum displayed in Figure 7A further confirms the incorporation of the
photocatalyst into the cellulose beads. In the spectrum, the peaks located between 500 and 900 cm”
1 can be related to the presence of the Zn-O bondings found in the structure of the photocatalyst
[30]. On the other hand, the peaks at 1030, 1065 and 1150 cm™ can be related to the C-O and C-O-
C bondings present in the structure of the cellulose, while the peaks at 1390, 1450, and 2910 cm™

are related to the C-H stretching of —CH, and —CHs groups [31,32]. Finally, the peaks at 1620 and



3300 cm! are related to the presence of hydroxyl groups, characteristic of adsorbed water, carboxyl,
and phenolic groups, whereas the peak at 1540 cm™ can be attributed to the presence of N-H bonds,
probably derived from the use of urea during the synthesis pathway [33].

The diffuse reflectance spectrum of the CB-Cat can be divided into two major absorption
regions. The first, located at wavelengths lower than 420 nm, is related to the absorption edge of the
zinc oxide present in the photocatalyst, which is a characteristic behavior for this semiconductor.
The second region, related to visible light absorption (A > 420 nm), can be related to both the carbon
xerogel present in the photocatalyst and the cellulose beads, as this Jhsorption is commonly found
in carbon-based materials [30].

Ghobadi has outlined a straightforward approaci, to ascertain the bandgap energy of a

material by employing the Tauc relation (Equation 1) I25,.

()" = 3, (1 -12) + B, 1)

Agap

In this context, "Abs" represents th. absorption value linked to a specific wavelength,
denoted as L. The wavelength associa’ec *mh the bandgap is labeled as Agap, While B1 and Bo stand
for empirical constants. The transit'on actor, denoted as "m," holds a value of 0.5 in this scenario.

The reciprocal of Agp Sarameter can be ascertained through linear extrapolation of the

Abs

1/m
data(T) VS /11 plof :2 y = J. The energy bandgap can then be computed using the subsequent

equation (Equation 2) [23].

1240
Egap = 2)

Agap
where Egap Symbolizes the bandgap energy (in electronvolts, eV), and Agsp corresponds to
its associated wavelength. A band gap approximately equal to 3.2 eV was found for the CB-Cat

sample, which is the characteristic value of the zinc oxide’s bandgap energy [34].



3.2 Methylene blue removal tests

Firstly, the adsorption capacity of the developed CB-Cat material was evaluated through
the construction of an adsorption isotherm (Figure 8). The fitting of this isotherm was carried out
utilizing the subsequent isotherm models: Langmuir (Equation 3), Freundlich (Equation 4), and Sips

(Equation 5) [35-38]. The parameters obtained are displayed in Table 1.

Ce 1 Ce

de  AmaxkL = dmax ®)

where gmax signifies the highest quantity of MB that th2 CB-Cat can adsorb (mg g3). de
represents the adsorption capacity of MB at equilibrium (mg ¢ *), ~e denotes the concentration of
MB at the point of adsorption equilibrium (mg L), and i+ stinds for the Langmuir adsorption

constant (L mg™2).

1

4o = krC} @)
where ke (L mg™?) and 1/n are the ~or stants characteristic of the Freundlich isotherm.

B n_‘vaxkng
/ _L+kSC;l (5)

where n is the Sips mod :l £:xnonent, ks is the Sips equilibrium constant (L mg™?)

Figure 8 — Methylen. hle adsorption isotherm obtained for the CB-Cat

—

5

m  Experimental data
Langmuir isotherm
Sips isotherm

—— Freundlich isotherm

T T T T T T T T
0 100 200 300 400 500
C.(mg L™



(WP}

Table 1 — Parameters obtained using the proposed isotherm models

Langmuir isotherm Freundlich isotherm
Omax kL R? ke n R?
(mgg?) (Lmg?) (L mg?)
28.8 0.011 0971 157 0.45 0.889

Sips isotherm
Omax ks n R2
(mgg?) (Lmg?
23.2 0.00085 1.75 0.998
The results show that the Sips isotherm obtained the hig! est value of R? and, therefore, can

be selected as the most appropriate model to describe the adsor tior process evaluated. This model
can be described as a 3-parameters hybrid model, which is ¢ 2.nalgamation of the Langmuir and
Freundlich equations. Low adsorbate concentrations cau.2 the model to converge towards the
Freundlich isotherm, whereas high adsorbate cr..>2ntrations result in a monolayer adsorption
behavior in line with the Langmuir isotherm. Sur "ermore, if the n value is equal to 1, homogeneous
adsorption is confirmed and the model converges to the Langmuir equation, even at low
concentrations. Thus, this model car. ».» used to describe a wide array of heterogeneous and
homogeneous adsorption systems, circemventing the major limitations of both the Langmuir and
Freundlich models. Considering t.e results obtained, the n value found for the Sips isotherm
indicates that the surface ¢ f th. CB-Cat leads to a heterogeneous adsorption process.

Following the stuc y presented in Figure 8, the behavior of the CB-Cat for methylene blue
removal was studied in the simultaneous adsorption/photocatalysis test with the regeneration of the

photocatalytic beads between cycles, as proposed in Section 2.4. The results are shown in Figure 9.

Figure 9 — Simultaneous adsorption/photocatalysis tests, with regeneration between

cycles: A) Adsorption only; B) Adsorption/photocatalysis test; C) Desorption results for the



adsorption tests; D) Desorption results for the simultaneous adsorption/desorption tests (Co= 25 mg

LY, mce-ca= 1.8 9, V =500 mL)
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From the results expysed in Figure 9, two major conclusions can be drawn. First, the
inclusion of the simulated ¢ unlight during the experiment results in a significant boost for the MB
removal in all cycles evaluated. As an example, a nearly 40% increase in methylene blue removal
was observed for the simultaneous adsorption/photocatalysis test during the first cycle. Therefore,
it is evident that the photocatalyst immobilized in the cellulose beads led to considerable
photodegradation of the MB molecule, highlighting the synergy between the
adsorption/photocatalysis processes. This is further evidenced by the photolysis test, which only
obtained 10% removal efficiency for the MB, indicating that the immobilized photocatalyst played

a major role in the MB removal obtained during the adsorption/photocatalysis test. Second, a drop



in the removal efficiency was observed between the first and second cycles for both the adsorption
and adsorption/photocatalysis tests, in a similar manner and intensity. This drop can be explained
by the fact that not all of the MB was removed during the regeneration of the CB-Cat between
cycles, which would likely diminish the availability of adsorption sites after each cycle. However,
it can also be noted that such a drop was not observed between the second and third cycles, indicating
that regeneration of the CB-Cat counterbalanced the MB saturation process between these cycles.

Observing the results from the desorption procedure (Figures 9C and 9D), it can be seen
that higher quantities of MB are desorbed after each cycle, whi~h 1. consistent with the fact that,
after each cycle, higher quantities of MB are adsorbed on tre CB-Cat’s surface. Additionally, it is
possible to notice that the desorbed quantity of 1B is lower in the simultaneous
adsorption/photocatalysis tests, indicating that a part ~f .2 adsorbed methylene blue was further
degraded through a direct photocatalysis mecharis: 2

In order to evaluate the results ¢’'tai*.ed in a kinetic manner, the following models were
used: for the adsorption process, the pse-do-second-order model (Equation 6) was used, whereas,
for the adsorption/photocatalysis prrces<~ a simplified Langmuir-Hinshelwood (L-H) kinetic model

was employed (Equation 7) [39,9]. r'he results are shown in Table 2.

t 1 t
il T ©)
where gt and ge are the adsorbed amount of MB at a given time (t) and equilibrium,

respectively, and ko is the rate constant of the pseudo-second-order adsorption model.

C
In (?‘)) = kpKoqt = Kappt (7)
where Co represents the initial concentration of methylene blue and Kkapp is the apparent

removal rate constant.

Table 2 — Kinetic parameters obtained from the experimental data



Adsorption Adsorption/photocatalysis

Cycle % Removed Qe ko R? % Removed Kapp (Min?)  R?
(mgg™’) (gmg*min?)
1 65 6.25 0.0022 0.997 88 0.0067 0.983
2 58 51 0.0023 0.995 78 0.0048 0.975
3 57 4.9 0.0024 0.996 78 0.0046 0.971
Photolysis - - - - 10 0.0004 0.976

The results show that the data obtained was in good agreement with the proposed models,

as R? values reasonably close to 1 were found. Furthermore, a red: ction in both the e and Kapp values

was obtained for the second cycle, which was expected due to the ~xperimental data, as explained

previously. Also, no major modification was observed be.wvee the second and third cycles, as

expected.

Figure 10 shows the diffuse reflectance spe-tia ana a visual illustration of the CB-Cat after

the 3 cycles of MB removal.

Figure 10 — A) Diffuse reflectance -vectra and a visual illustration of the CB-Cat after 3

cycles of MB removal, with regenerat’zn; =) Scanning electron micrograph of the CB-Cat after 3

cycles of MB removal, with regenerau~n
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Analyzing Figure 10A, it is possible to identify a new absorption band on the CB-Cat

spectra after the methylene blue removal process, which can be related to the methylene blue still



adsorbed on the surface of the beads. This notion is further corroborated by the blueish tint displayed
by the beads. It is also possible to notice that the band is less intense in the material collected from
the adsorption/photocatalysis process, indicating that this synergic process resulted in a lesser
quantity of adsorbed methylene blue that remained after three cycles of
adsorption/photodegradation, likely due to the photodegradation of adsorbed MB molecules.
Furthermore, Figure 10B shows that the CB-Cat was able to maintain its bead-like structure after
the 3 cycles of MB removal.

Figure 11 shows the study of the simultaneous adserntic/photocatalysis test without
regeneration of the CB-Cat between cycles.

Figure 11 — Simultaneous adsorption/photoraw.'vsis tests, without regeneration: A)

Adsorption only; B) Adsorption/photocatalysis test (Cr = 25 mg L, mcg-cat = 1.8 g, V = 500 mL)
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Figure 11 evidences that, without the regeneration between cycles, there is a progressive
loss of removal efficiency when applying the CB-Cat under multiple cycles. As discussed
previously, this is probably related to the saturation of adsorption sites by the methylene blue
originating from previous cycles. Hence, without the regeneration process between cycles to
counterbalance the MB accumulation, the results obtained can be taken as expected. Furthermore,

since a higher quantity of adsorbed MB did not lead to an increased photodegradation rate, it can be



implied that the photodegradation of the MB occurs mostly through the indirect mechanism, which
is dependent on the generation of active radicals, such as hydroxyl and superoxide radicals. It can
also be implied that no dye-sensitization effect is being promoted by the adsorbed methylene blue
onto the photocatalyst as, in this case, a higher amount of adsorbed MB would lead to a greater
sensitization effect and increased photocatalytic efficiency [41].

The kinetic evaluation of the data was conducted in the same manner as proposed for the
tests with regeneration. The results are shown in Table 3.

Table 3 — Kinetic parameters obtained from the experimental d~ta vithout regeneration between

cycles)
Adsorption ~Asorption/photocatalysis
Cycle %Removed @ k2 RZ  SoRemoved kgp(min?) R?
(mgg") (gmg* min™)
1 65 6.25 00022  0.997 88 0.0067  0.983
2 52 4.5 0.0C.'4 0.993 73 0.0041  0.979
3 45 4.0 6.17024 0.998 70 0.0036  0.990

Once again, the proposed mc Je.. ‘were a good fit for the experimental data, as indicated by
the R? values obtained. The incren, ntai decrease in the MB removal efficiency can be corroborated
by the values of ge and kapp derived from the experimental data, as expected.

Figure 12 shows the diffuse reflectance spectra of the CB-Cat after 3 cycles without

regeneration, as well as a \~.sual representation of the material.

Figure 12 — A) Diffuse reflectance spectra of the CB-Cat after 3 cycles, without
regeneration; B) Scanning electron micrograph after 3 cycles, without regeneration
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Observing Figure 12A, it can be noted that the absorptic:, hand of the adsorbed MB is much
more intense than the one observed in Figure 10A, as no amcunt. of the adsorbed dye were removed
between cycles through regeneration. This can be furt~r erified by the coloration of the non-
regenerated CB-Cat beads, which is much more ir.ensc and darker than the color observed
previously for the regenerated beads. Therefore it vo~ oe said that the regeneration process between
cycles is favorable to the removal efficienc, of the CB-Cat towards methylene blue, as the saturation
of adsorption sites by the dye is hinder.1. Furthermore, it is noticeable that there is no major
difference in the absorption spect:cm <f the CB-Cat after three cycles in the adsorption and
adsorption/photocatalysis proce.~es without regeneration. Thus, it can be implied that the
regeneration of the CB-Caf ~fte. zach cycle was favorable towards the photocatalytic efficiency of
the employed catalytic beds. Additionally, the CB-Cat bead-like structure was also maintained
after 3 cycles of reuse for the tests without regeneration.

Figure 13 shows the results obtained when applying the CB-Cat in the separated adsorption
and photocatalysis process. To that intention, light irradiation was only initiated when the
adsorption-desorption equilibrium was observed. Furthermore, in this case, the pseudo-first-order
adsorption model (Equation 8) was also applied to verify if the model proposed previously is the

more suitable option.

In (g, — q¢) = —kyt + Ing, (8)



where gt and ge are the adsorbed amount of MB at a given time (t) and equilibrium,

respectively, and ki is the rate constant of the pseudo-first-order adsorption model.

Figure 13 — A) Adsorption of MB (24 h); B) Photocatalytic degradation of MB; C) Linear
fitting of the adsorption data to the proposed models; D) Linear fitting of the photocatalysis data to
the pseudo-first-order model (Co = 25 mg L, mce-cat = 1.8 g, V = 500 mL); E) Impact of active

radicals using the scavenger probing method
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The results exhibited in Figure 13A show that 24 h .. sufficient for the adsorption-
desorption equilibrium to be achieved between the MB and the TP-Cat. Additionally, it is evident
that CB-Cat indeed possesses photocatalytic activity, s uie degradation of MB during the
illumination period is much higher in the presence o1 :he catalytic beads when compared to the
photolysis test. Figure 13C demonstrates that the | sruc'o-second-order kinetic model is indeed more
suitable to describe the adsorption process, a: its R? is closer to 1 than the one obtained for the
pseudo-first-order model. Figure 13C shows that the simplified Langmuir-Hinshelwood (L-H)
kinetic model proposed previously ca al:u be applied to this operational setting. Considering the
pseudo-second-order adsorption ‘noudal employed, it is possible to predict that nearly 20 h would be
necessary to achieve 88% r moval of the MB from the system through the simple adsorption
process. Compared wi'~ ti.» s‘multaneous adsorption/photocatalysis process, the same result was
achieved after 5 h. The.c<fore, the illumination of the system with the simulated sunlight is
undoubtedly advantageous for the removal of MB, rendering the simultaneous
adsorption/photocatalysis process the optimal choice between processes evaluated in this study.

The mechanism of the MB photocatalytic degradation was evaluated through the scavenger
methodology. Figure 13E illustrates that the predominant active radical accountable for the
photodegradation of MB in heterogeneous photocatalysis is the hydroxyl radical. This inference is
supported by the significant reduction in efficiency observed upon its suppression (from 50% to

20% removal after 3 hours). The inhibition of the superoxide active radical also led to decreased



degradation efficiency during the experiment, implying its contribution to the photodegradation
process. Additionally, as suggested by the desorption results, a part of the adsorbed MB may
undergo degradation through the direct photocatalysis mechanism, in which the electron holes are
responsible for the degradation process. Based on these findings, we propose the subsequent
mechanism to depict the generation of active radicals throughout the photocatalytic procedure.

(Equations 9-14) [42]:

CB-Cat+A - e~ + ht 9)
H,0 + h* - "OH + H* (10)
0,+e” - 05 (11)
*OH + *OH - H,0, (12)
H,0,+ e~ = *OH 4+ OH™ (13)
H,0,+ 05~ = *OH + 0,4+ OH™ (14)

Considering the results obtained for the me~hanism of active radical generation, Figure 14
represents an overall schematization of the simc'taneous adsorption/photocatalysis process studied
in this work, employing the CB-Cat materia..

Figure 14 — Schematization 1 *he simultaneous adsorption-photocatalysis process
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Taking into account the successful synergy presented by the hybrid process evaluated in
this work toward the removal of methylene blue, the potential applications for the catalytic beads
developed in this work are considerably diverse. Practical applications and future research prospects
may involve the application of the CB-Cat in more complex systems (such as continuous reactors)
and more complex organic molecules, such as persistent organic pollutants. In order to contextualize
this work with related literature, Table 4 shows a comparison between various similar strategies

employing cellulose beads to immobilize photocatalysts.

Photocatalyst Non- Type of light Pollutant ~ Y. Removal Reference
solvent
Zn0O/Sn02/CX NaCl Simulated MZoviene  53% after 1h (25  This work
sunlight blu2 ppm)
Ag/AgCI AlClzand  Visible ligh-  Rhodamine  55% after 1h (25 [43]
FeCls B ppm)
Fe(111) alginate- FeCls Vizihle 'ight Malachite 55% after 4h [44]
CMC green (10 ppm)
Au-doped TiO2 NaCl Visible light Tylosin 43% after 1h (20 [45]
ppm)
TiO2 nanowires H-504 UV light Methylene 55% after 400 [46]
blue min (10 ppm)

Conclusion

First, it is concluded that the synthesis proposed was successful in the incorporation of the
proposed photocatalyst into the cellulose beads, as shown by the diverse characterization techniques
employed, leading to its availability on the surface of the CB-Cat for the propagation of the
heterogeneous photocatalysis process. Regarding the removal of methylene blue, the simultaneous

adsorption/photocatalysis process was the superior option, as evidenced by the higher removal



efficiencies obtained, indicating that the synergy between the adsorption and photocatalysis
processes can be efficiently harvested for the removal of organic pollutants in aqueous medium.
Additionally, the regeneration of the photocatalytic beads between cycles was favorable in the
context of MB removal, as this process helped to promote higher removal efficiencies after multiple
cycles. Finally, it was determined that the photodegradation of the methylene blue was controlled
by the formation of active radicals by the CB-Cat during the simulated sunlight irradiation, namely

the hydroxyl and superoxide radicals.
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