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Abstract

This work proposes a novel approach to producing composite membranes by immobilizing and blending ZnO nanoparticles
within a polymer matrix. The focus is investigating how different immobilization techniques impact membrane performance
in critical technological applications, including membrane fouling mitigation and photocatalytic degradation. Lab-synthesized
ZnO nanostructures were immobilized within a natural cellulose acetate (CA) matrix using a spray coating technique. To
ensure comprehensive exploration, CA membranes with 12% and 15% wt polymer concentrations, which demonstrated
superior overall performance in previous studies, were cast and prepared. The membranes underwent phase inversion,
and a specially prepared ZnO solution was sprayed onto the membrane surface, creating a unique blend of polymer and
nanoparticles. This comparative study highlights distinctions between nanomaterial immobilization techniques (mixing and
spray coating) while maintaining identical polymer content. Such insights are crucial for both industrial applications and
laboratory-scale research. The photocatalytic degradation of the reactive and toxic dye methylene blue (MB) served as a
model reaction, employing a UV light module. Results unequivocally demonstrated that, irrespective of the immobilization
technique employed, the combination of CA and ZnO nanoparticles significantly enhanced the photocatalytic activity of the
membrane in degrading methylene blue (MB). Specifically, the dye concentration decreased from 25 to approximately 8 mg/L
for both the spray coating and bulk immobilization methods, resulting in 62% and 69% dye degradation, respectively. These
findings underscore the versatility of different immobilization techniques in various aspects of membrane technology. The
CA-ZnO composite exhibited efficacy in photocatalytic MB degradation tests, offering promising alternatives for designing
polymeric membranes tailored for contaminant removal, particularly in treating textile dye-contaminated aqueous solutions.
The exploration of diverse immobilization techniques for nanocomposites presents an exciting avenue for optimization in
different membrane technological processes.
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1 Introduction

Waste streams generated by the textile and agri-food sec-
tors commonly contain a mixture of contaminants, including
dyes, phenols, and pesticides. When these waste streams are
released into water bodies, they pose considerable threats
to both human health and the environment, leading to the
formation of secondary pollutants and solid waste. Tradi-
tional methods of water treatment, such as membrane fil-
tration, adsorption, and chemical treatment, often prove
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Ultrafiltration (UF) and microfiltration (MF) membranes are
commonly used for recovering and removing contaminants
from surface water [4].

In contrast, nanofiltration membranes (NF) with a molec-
ular weight cut-off (MWCO) in the 150-350 Dalton (Da)
range exhibit significant capability for removing inorganic
ions, making them suitable for wastewater treatments [5, 6].
The demand for membranes capable of regulating ions and
transporting water molecules is high [7]. Polymeric materi-
als play a crucial role in developing membranes for treating
aqueous effluents due to their ease of use, reasonable cost,
availability, energy efficiency, and simplicity in production
at various scales. These membranes find predominant use in
wastewater clarification, particularly in agriculture, textile,
and industrial sectors, to purify water from contaminants
[8,9].

In wastewater treatments, the elimination of textile and
industrial dyes is crucial due to their non-biodegradability
and high resistance to environmental conditions. Methylene
blue (MB), a well-known industrial waste dye, poses sig-
nificant hazards, such as eye and skin irritation, hemolytic
anemia, sickness, vomiting, and abdominal pain. Therefore,
the removal of MB from polluted water is of paramount
importance [10, 11].

Various processes, including chemical, physical, and bio-
logical methods, have been employed to remove dyes from
aqueous solutions. Traditional wastewater treatments are
inadequate at removing pollutants at ppm levels. Combining
photocatalysts, particularly for treating organic pollutants,
in the membrane matrix offers a unique method to facili-
tate contaminant degradation in groundwater environments
[12—15]. A recent category of nanocomposites aims to over-
come limitations and enhance performance by integrating
multiple materials, such as impregnating inorganic nano-
particles into an organic polymer matrix. Unlike conven-
tional polymers, nanocomposite membranes could exhibit
improved properties, including greater dimensional exclu-
sion, permeability, and surface area [16, 17].

he integration of nanoparticles into polymeric membrane
matrices has gained considerable attention, especially for
a variety of industrial and wastewater treatment applica-
tions. The use of photocatalytic degradation is notable for
its cost-effectiveness, high system efficiency, and operational
simplicity. Zinc oxide (ZnO) semiconductor nanoparticles
have emerged as a preferred choice due to their remarkable
efficacy in efficiently degrading organic pollutants. In the
domain of waste treatment, there is a growing emphasis on
advancing polymeric ultrafiltration and nanofiltration mem-
branes with enhanced properties. Zinc oxide (ZnO) stands
out as a pivotal element in this regard, known for its excep-
tional photocatalytic activity, cost-effectiveness, and distinc-
tive characteristics [18, 19].
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Metal-oxide semiconductors, such as titania (TiO2) and
zinc oxide (ZnO), offer advantages like high photocatalytic
efficiency, photosensitivity, non-toxic nature, low cost, and
eco-friendliness. However, these photocatalysts have limita-
tions as they can only be photoexcited in the ultraviolet (UV)
region. Coupling semiconductors with different band gaps
has improved their photocatalytic performance [20, 21]. The
morphology of a photocatalyst, including its shape and size,
may also affect its efficiency.

ZnO can be distributed homogeneously into the poly-
meric matrix, displaying stability under photochemical
corrosion. It possesses exceptional characteristics such as
high catalytic activity, unique chemical-physical properties,
antibacterial resistance, low cost, high surface reactivity, and
more destructive sorbent capacity compared to other inor-
ganic catalysts [18, 22-24]. Many photocatalysts reported
in the literature can be categorized as metal-based sulfides,
oxides, nitrides, and metal-free compounds such as polymers
[25].

Blending nanoparticles into the polymeric membrane
matrix is receiving attention for potential low-cost appli-
cations [25, 26].For example ZnO/Zeolite composite pho-
tocatalysts demonstrated their effectiveness in degrading
various dye pollutants in wastewater treatment applications,
showcasing their potential for environmental remediation.
Zinc oxide (ZnO) nanocomposites can enhance catalytic per-
formance by integrating ZnO nanoparticles into composite
structures with materials like graphene oxide, activated car-
bon, or metal oxides such as Fe304 and CuO [27]. These
combinations generate synergistic effects, improving dye
adsorption, light absorption, and photocatalytic activity.For
example, a recent study explored a heterojunction involving
Bentonite Clay supported Bi203/ZnO composite for detoxi-
fying azo dyes under UV-A light [28].

Similarly, research demonstrated that ZnO nanoparticles
blended with graphene oxide exhibited enhanced catalytic
performance in degrading textile dye mixtures, highlighting
their potential for wastewater treatment applications.Core-
shell structured ZnO/Fe304 nanocomposites were found to
efficiently remove multiple dye pollutants simultaneously,
making them suitable for addressing complex wastewater
scenarios [29].

Utilizing ZnO nanorods supported on activated carbon
enhanced catalytic performance, effectively removing dye
contaminants from industrial mixtures.Hierarchical ZnO/
CuO nanocomposites effectively degraded dye mixtures
under sunlight irradiation, offering a promising approach
for efficient wastewater treatment [30].

Cellulose, amongst others, is the most abundant polymer,
primarily used as a supporting material for fiber technology.
It offers advantages such as biodegradability, eco-friendli-
ness, bioabsorbability, and cost-effectiveness. Cellulose
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acetate (CA), exhibiting these features, is one of the most
used polymers for wastewater treatment membranes [31, 32].

This paper describes one of the initial approaches with
innovative polymeric nanocomposite membranes (CA/ZnO)
for textile dye treatment. It specifically focuses on com-
paring different nanoparticle immobilization techniques
to enable full particle dispersion into the polymer matrix.
Polymeric nanocomposite membranes can be categorized
into blended nanocomposites, where nanoparticles disperse
in the original solution before casting, and thin-film nano-
composite membranes, where particles form a layer on the
membrane surface through pressure or dip-coating methods.

The current study proposes the synthesis and charac-
terization of composite membranes in cellulose acetate.
Subsequently, the best-performing membrane in terms
of permeability undergoes photocatalytic degradation of
methylene blue. Dimethylformamide/Dimethylacetamide
(DMF/DMA) is proposed as a solvent for membrane
preparation based on its polymer solubilization capacity
[33, 34]. Two coating methods were tested for immobiliz-
ing ZnO nanoparticles on the membrane structure: ZnO
dispersed within the initial solution (CA/ZnO composite
membrane) and spray coating of ZnO solution, prepared
through the Sol-Gel method, directly on the membrane
surface via a pressure-controlled nozzle. Evaluating pos-
sible differences in immobilization techniques is essential.
The primary objective of immobilizing nanoparticles is to
bypass the expensive filtration process, indispensable for
water decontamination. However, the issue of photocata-
lyst reusability, crucial for reducing associated costs, has
not been addressed [34-38].

2 Materials and methods

Cellulose acetate (CA) with an average acetyl content of
39.7 wt% and an average molecular weight of approximately
50,000 (GPC) was sourced from Sigma Aldrich, Burling-
ton, MA, USA, and utilized as the polymeric constituent for
membrane casting and preparation. N-dimethylformamide
(DMF) with a purity of 99%, also obtained from Sigma
Aldrich, Burlington, MA, USA, was chosen to solubilize the
polymer. The synthesis of zinc oxide nanoparticles through
the sol-gel method involved materials such as sodium
hydroxide (NaOH) with a purity of >98% (Sigma Aldrich),
ethanol (CH,COOH) from Humbug Chemicals, and zinc
acetate dihydrate (Zn(CH;COOH)2.2H,0) with a purity of
>99% from Humbug Chemicals.

Zinc acetate dihydrate served as the primary precursor
for synthesis, with ethyl alcohol as a reagent and distilled
water as the solvent. A Glycerol solution from Honeywell,
Morristown, NJ, USA, was employed in membrane-washing
operations. Local manufacturers supplied Methylene Blue

for everyday applications. The main components of the UV
source light were derived from a mechanical solar simulator
model no. 21117 (Newport, CA, USA). Permeate flux was
assessed using the following:

4
J_(A><t) @)

where J is the permeate flux (L/m?h), V is the volume of
the accumulated permeate, and A is the membrane surface
area and the filtration time. The effective passage surface of
the membrane is 12.68 cm?”. For operation in constant flow
mode, a gas pump was connected to the inlet of the Mil-
lipore filtration cell and conveyed the permeated solution
from the outlet. Three different transmembrane pressures
were analyzed for each experiment, and each experiment
was conducted at least in triplicate. The rejection, R, is cal-
culated using the following equation:

R=1-— @)

where CP is the permeate concentration and CF is the feed
concentration.

2.1 ZnO nanostructures synthesis

Zn0O nanoparticle solution has been prepared through the
sol-gel technique. The preparation requires sodium hydrox-
ide (8 grams) and zinc acetate dihydrate (2grams). Subse-
quently, the component's solubilization occurs in different
volumes of distilled water under agitation for 5-6 minutes
hydroxide in 10 ml and zinc acetate dihydrate in 15 ml.
Shortly after, the solutions were mixed for about 15 minutes
under continuous agitation by pouring the sodium hydrox-
ide mixture into the zinc acetate; the resulting solution was
titrated by dropping 100 ml of ethyl alcohol. The agitation
leads to a transparent alabaster residue on the bottom of
the graduated glass tube, thus indicating that the process
occurred correctly. The entire hydrolytic reaction of zinc
acetate assisted by NaOH in an ethyl alcohol solution leads
to the formation of a ZnO-based solution generated by the
balance betwixt the addition/hydrolysis and the dehydration/
condensation reactions. Since a high temperature occurs,
acetate and zinc ions formation occurs due to the hydrolytic
reaction that involves zinc acetate. The electrons inside the
oxygen molecules allow the anchorage between the zinc ions
and the functional/hydroxyl-OH moieties of the ethyl alco-
hol particles. The overall chemical reaction to form ZnO
Nano-powder follows Eq. (3):

(Zn(CH;CO0), - 22H,0) + 2NaOH — ZnO + 2Na(CH;COO)

3

+2H,0
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2.2 Preparation of photocatalytic cellulose acetate
membranes

Two methods were attempted for immobilizing ZnO nano-
particles on the membranes: immobilization into the feed
solution and spray coating. Before spray coating, the ZnO
solution was dispersed in distilled water (0,1% w/v) and used
as the coating suspension. The apparatus for spray coating
using ZnO sol-gel consists of a nozzle connected to a pres-
sure source (0.5 bar) that draws from a module containing
the nanoparticle solution.

A sprayer is fixed at a constant distance from the mem-
brane at a pressure of 0.8 bar. The membranes were placed
horizontally on glass and sprayed continuously from a dis-
tance of 10 cm for 10 to 40 seconds. Then, they were dried
for one day in an open container permitting. This way, the
contact between the solution and the membrane occurred.

2.3 Composite membrane preparation

The methodology involved the dissolution of cellulose
acetate (CA) in N-dimethylformamide (DMF) to form a
polymer solution. The solution underwent stirring at 75 °C
in a water bath for 3-4 hours, leading to the fabrication of
cellulose membranes through the phase inversion method.
To enhance the membrane properties, various amounts of
ZnO were introduced into the polymeric solution, and the
ZnO quantity was optimized for the most effective mem-
brane composition.

Subsequently, the polymeric solutions were left unstirred
at 60 °C for eight hours to facilitate the removal of air bub-
bles. This was followed by a 12-hour period in a fume hood
to eliminate additional air bubbles in a vacuum environment.
To prevent solution aggregation, the mixture was then stored
in an ultrasonic bath at 60 °C for 8 hours.

The resulting flat sheet membranes exhibited a skin layer
thickness of approximately 150 um [18]. Post-precipitation,
the membranes were taken out of the coagulation bath and
thoroughly washed with distilled water to eliminate excess
solvent. Multiple washing steps were employed to ensure the
complete removal of the DMF solvent from the membrane
matrix.

The obtained membranes were dried at room temperature
to eliminate residual water, resulting in the formation of a

porous and dry flat membrane. Finally, for preservation and
future use, the dried membrane was immersed in an aqueous
glycerol solution (10% v/v). The composition of all suspen-
sions was expressed as a weight percentage (wt%) of ZnO
relative to the total solute mass, as outlined in Table 1.

An ultrasound bath operation was utilized to achieve an
excellent dispersion of ZnO particles, following procedures
described in previously published works [33, 33]. The mem-
brane preparation process was guided by references to those
obtained in prior articles. Notably, zinc oxide in CA-Z1
membranes underwent bulk immobilization, serving solely
as benchmarks in specific analyses to ensure experimental
control and comparison.

2.4 Experimental setup and design

The experimental procedures were meticulously developed
and executed within the laboratory confines.

The process began with the preparation of polymeric
membranes through the phase inversion method. Subse-
quently, these membranes underwent a carefully designed
spray coating process to ensure the uniform application of
nanoparticle solutions onto the upper region of the mem-
brane pores. To facilitate the spraying of the pre-prepared
ZnO suspension, the module nozzle was securely connected
to a compressed air system with a consistent pressure of
approximately 0.8 bar. Key parameters employed during
the spray coating process are comprehensively outlined in
Table 1. Following the spray coating, the samples under-
went a natural drying period lasting 7 h. This was succeeded
by heating in an oven, starting from room temperature and
gradually reaching 100 °C at a controlled rate of 0.5 °C per
minute. The samples were soaked for 1 h at this temperature
and then subjected to further heating at a rate of 3 °C per
minute to the target temperature, where they were soaked
for a specific duration. All pertinent parameters involved
in the spray coating process are succinctly summarized in
Table 2. Post-treatment, crucial for eliminating excess solu-
tion on the membrane surface, the flat sheets were carefully
positioned inside the Millipore module. To assess their deg-
radation resistance, the membranes were exposed to a UV
lamp. Specifically, artificial UV lamps emitting UV-A rays
(A=355-365 nm) were chosen as light sources. This stra-
tegic selection enabled ZnO, a semiconductor, to catalyze

Table 1 Membrane preparation

1] ZnO DMF Cellulose DMF ZnO
Cellulose %) (%) %) ® © ©
CA12-SP 12 0 88 2.4 17.6 0
CA12-Z1 12 1 87 2.4 174 0.2
CA15-SP 15 0 85 3 17 0
CAl15-Z1 15 1 84 3 16.8 0.2
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Table 2 Spray coating parameters

Spray Pressure Distance Flow Spray Dry Time
Parameters [Bar] [cm] rate[g s'1 Time [s] [hr]
Values 0,8 60 0,5 10-40 7

advanced oxidation reactions, thereby facilitating the deg-
radation of Methylene Blue (MB) present in the water. For
enhanced clarity, Fig. 1 provides a schematic representation
of the entire experimental process.

2.5 Membrane characterization

Characterization techniques play a crucial role in under-
standing the membrane structure and its chemical proper-
ties, providing valuable information for optimizing mem-
brane performance. Various methodologies were employed
to investigate the chemical and physical characteristics of
the membranes, including x-ray diffraction (XRD), scanning
electron microscopy (SEM), and contact angle measure-
ments. Additionally, a UV spectrophotometer was utilized
to analyze the UV-vis absorption spectrum for the identifica-
tion of synthesized ZnO.

1. X-Ray Diffraction (XRD):

e XRD analysis was conducted using Bruker equip-
ment (D8 ADVANCE) with a monochromatic Cu
Ko (A=0.154 nm) radiation source.

e The analysis operated at 40 mA and 40 kV between
20° and 70° to confirm the presence of ZnO nano-
particles in the membrane.

2. Scanning Electron Microscopy (SEM):

e A SEM microscope (Thermo Fisher Phenom Pure
G6) was used to investigate both the membrane sur-
face morphology and cross-section.

e Membrane samples were subjected to freezing in lig-
uid nitrogen to maintain the unaltered film structure.

Fig. 1 Experimental process i
schematic Zn(

Solution
Coating Modu

e The cracked membrane samples were loaded into the
sample holder for SEM investigation, and various
images were processed and presented in the results
section.

3. Water Contact Angle Measurements:

e The hydrophilicity of the membrane surface was
assessed through water contact angle measurements
using the tensile drop method on a contact angle
meter (KSV Instruments LTD, Helsinki, Finland).

e A minimum of four measurements were taken by
depositing a 5 pL ultrapure water drop on the mem-
brane at ambient temperature.

4. UV Spectrophotometer Analysis:

e A UV spectrophotometer was employed to analyze
the UV—vis absorption spectrum for the identification
of synthesized ZnO.

These characterization techniques collectively contribute
to a comprehensive understanding of the membrane's struc-
ture, morphology, and chemical properties. The information
derived from these analyses can be instrumental in optimiz-
ing the membrane design and composition to enhance over-
all performance.

2.6 Catalytic degradation of MB

The photocatalytic analysis of the prepared membrane has
been performed. The methylene blue (MB) degradation
rate under UV irradiation was measured. A Millipore mem-
brane module was inserted into a UV irradiation case where
a mechanical solar simulator (model no. 21117, Newport,
USA) was used to irradiate the membrane module during the
UF experiment, as explained in Fig. 1. During the degrada-
tion experiment, samples were collected regularly from the
permeate stream and investigated into the spectrophotometer.

Before the photocatalytic reaction, MB’s feed solution
was continuously recirculated through the membrane mod-
ule in the dark phase without UV to guarantee any possible
adsorption of MB on the membrane pores. Monitoring of

Spray
Spray time
10-40 s
4 4 v 4 4 (CA«/ZDO)
Flat sheet (CA) flat sheet membrane
membrane
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permeate concentration was performed until a steady state
flux was observed. Then, a solar simulator was switched on
so that the UV could activate the membrane and the ZnO
surface. The used wavelengths in the photocatalytic reactor
were chosen in the 315-400 nm range. UV light distance
from the membrane is about 10 cm from the surface side.

2.7 Characterization of permeate product

UV-vis spectrophotometry at 664 nm measured the feed
and permeated MB concentration. Quantitative analysis
of the components contained in the permeate solution was
made using HPLC (Thermo Scientific Dione Ultimate 3000
Photodiode Array Detector), to check the MB concentration
measured by spectrophotometry. A C18 Reversed-phase LC
column (Acclaim-120) working at 25 °C was used. 10 uL
was the injection volume inside the column, whereas the
eluent flow rate was 0.2 mL/min. The permeate concentra-
tion in HPLC was measured from the peak as obtained in the
chromatogram. Distinct peaks attributed to the degradation
products and non-degraded MB from the chromatographic
graph.

3 Result and discussion

3.1 Membrane characterization: microscopic
analysis of membrane surfaces

3.1.1 SEM investigations

SEM analyses were conducted to scrutinize the impact of
different immobilization techniques on the morphological
properties of asymmetric membranes. The figure presented
provides a comprehensive insight into the SEM investigation
performed on a CA15-Z1 membrane after the ZnO spray
coating procedure. This optical examination yields crucial
information regarding membrane characterization, morphol-
ogy, porosity, and the effectiveness of catalyst entrapment
on the membrane surface. Similar to membranes featuring
bulk-immobilized ZnO, the spray-coated samples exhibit the
formation of a skin layer, prompting rapid demixing between
the solvent and non-solvent during the phase inversion pro-
cess. This observed phenomenon underscores the signifi-
cance of the spray coating technique in influencing the struc-
tural characteristics of the membrane. Understanding such
effects contributes valuable knowledge to the immobilization
process, enhancing our comprehension of its implications for
membrane performance (Fig. 2).

The sample's large-scale topology reveals a smooth and
homogeneous surface (Fig. 3a), with sparse micropores (300
to 800 nm radius) resulting from the hand-driven casting
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methodology. The cross-section (sector b) shows a uniform
sponge layer with a depth of 30+6 mm. In a cut section
(sector c¢), a dense outer layer of 2-3 nm depth is observed,
covering the inner sponge layer. The inner layer displays
perpendicular channels with a radius of approximately 7+2
mm, visible in the cross-section (sector d). A clearer cross-
section view (sector e) reveals cavities and nanopores in the
inner sponge layer, with pore radii ranging from 140 to 220
nm. Catalyst deposition on the membrane surface through
spray coating is evident in a scan of the outer layer (section
f), showing catalyst particles with diagonals within the range
of 7+2 mm.

Membranes functionalized with ZnO dispersed directly
into the mass exhibit asymmetry in the cross-sectional con-
figuration, featuring a fine selective layer and porous finger-
like and spongy structures in the lower sublayer. The skin
layer forms due to immediate demixing between solvent and
non-solvent during the phase inversion process, driven by
the elevated mutual diffusivity of water and DMF. Func-
tionalization of ZnO in bulk increases the number of pores
(lower formation of macro-voids) due to the higher diffu-
sion rate of the solvent phase (water) compared to the sol-
vent (DMF). This difference affects both thermodynamics
and kinetics, leading to a slight increase in the suspension
viscosity.

Comparing the tested membranes, it is evident that bulk
functionalization results in a more uniform distribution of
ZnO particles throughout the membrane compared to the
spray coating process (Fig. 4h, g).

3.2 Membrane characterization: contact angle,
permeability, and rejection rate measurements

Table 3 collects water contact angle and permeability values
for CA membranes mixed with ZnO by bulk immobilization
and spray coating. The water contact angle is one of the most
effective methods for evaluating the surface hydrophilicity
of membranes. The more the surface hydrophilicity of the
membrane increases, the more its contact angle decreases
at contact angles of less than 90°. In particular, as reported
in the literature, due to the contribution of ZnO structures,
composite nanoparticle membrane exhibits improved hydro-
philicity compared to pure polymeric membranes. The more
significant hydrophilic tendency can be attributed to the abil-
ity of ZnO nanoparticles embedded in the membrane sur-
face to form hydrogen bonds with water molecules, which
increases the water adsorption capacity and improves mem-
brane hydrophilicity [33, 39]. CA12 membranes have simi-
lar and comparable contact angle values, which implies a
similar mechanism in the arrangement of zinc oxide on the
membrane surface.
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Fig.2 Photocatalytic membrane
(CA-ZnO) system/reactor

UV Light Source

Intensity:100 Watts
Wavelenght:365 nm(UV-A)

Retentate Valve

I = "> Permeate

>

Pressure Gauge

The results show that the contact angle is smaller for sam-
ples prepared with ZnO in solution than spray-coated ones.
This tendency could be attributed to lower efficiency in the
spraying process, resulting in non-uniform distribution of
the solution within the membrane's pores. No appreciable
flow value was detected for CA15 membranes that immobi-
lized bulk and spray-coated. These virtually zero permeabil-
ity values are attributable to several CA clusters that form an
extremely thick membrane layer (up to 150 pm), making it
non-permeable up to 5 bar pressure. In order to demonstrate
the potential effects of UV rays on prepared membranes' per-
meation properties, it was decided to calculate the rejection
rate before and after the photocatalytic treatment.

Methylene blue rejection values of prepared membranes
subjected to photocatalytic treatment reached approximately
88-89% for CA 12% wt membranes, which showed the best
performance data, demonstrating the combination of poly-
meric membranes and laboratory-synthesized nanomate-
rials (ZnO) highly suitable for dye treatment. Comparing
the data mentioned above, it is possible to observe that the
results in photocatalytic tests are much more satisfactory in
terms of the rejection rate of membranes treated without UV
light, which stands at 63%. These findings underscore the

Da il
Feed Pump

importance of ZnO immobilization methods in influencing
membrane properties, including hydrophilicity and perme-
ability. Additionally, the positive impact of photocatalytic
treatment on dye rejection further highlights the potential
of these membranes in wastewater treatment applications.

3.3 Membrane characterization: XRD analysis
of the membrane surfaces

The actual presence of ZnO nanoparticles immobilized
within the spray-coated polymer matrix was verified
through XRD analysis.Using XRD analysis, it is possi-
ble to observe how the ZnO particles have deposited on
the surface of the membrane and, in particular, inside the
membrane's pores. XRD analysis can estimate peak enlarg-
ing with crystallite size, which is evaluated by broadening
a particular XRD peak in a diffraction pattern. The dif-
fraction pattern is associated with a characteristic planar
reflection within the crystal unit cell. These diffractograms
contribute to the understanding of the structural character-
istics of the ZnO deposit on the CA membranes, providing
valuable information about crystal orientation, size, and
potential variations in crystal structure.
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Fig.3 SEM images of a
CA15-Z1 sample: a outer layer
topology, b cross-section scan, ¢
inner layers through a superfi-
cial sample cut, cross-section
features: d channeling and (e)
sponge layer magnification, £
catalyst deposition

100pm

100p1m

Figure 5 shows the diffractograms of CA spray-coated
with ZnO nanoparticle solution referring to the CA mem-
brane of 12% by weight and 15% by weight, respectively.
In addition, well-defined and pointed peaks demonstrate
how the ZnO deposit formed is effectively present on
the membrane's surface. The ZnO diffractogram for both
membranes exhibited similar dominant peaks at 26 angles
of 36° and 37°, which correspond to the prominent char-
acteristic peaks of zinc-oxide nanoparticles.

Both CA ‘s composite membranes also showed differ-
ent peaks of ZnO nanoparticles at 43° and 42°. The film
deposited after the spray coating for both CA 12, 15% wt
presents a polycrystalline structure with a (peak 37° circa)
preferred orientation. Both membranes show secondary
peaks for similar angle values (16°;17°), (25°; 27°); the
crystallites undergo a preferred orientation with a decrease
of peak intensity. The width of the peaks, inversely pro-
portional to the crystal size, is extraordinarily thinner, cor-
responding to a larger crystal size. The most significant
and prominent peaks may suggest the presence of smaller
dimension crystals or a different crystal structure. This
observation could be attributed to the new ZnO synthesis
method or lower crystallinity, as evidenced by SEM analy-
sis and confirmed by literature [40, 41].
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3.4 Membrane characterization: photodegradation
study

The photocatalytic degradation of methylene blue (MB) is
primarily localized on the photocatalyst's surface, triggered
by exposure to light with energy levels surpassing its band
gap. This activation initiates the generation of electron-hole
pairs, and their recombination dynamics are influenced by
voids and interstitials, introducing deep-level defects within
the band gap. Non-recombinant charges are consequently
produced, allowing migration on the catalyst's surface and
participation in redox reactions with adsorbed water, oxy-
gen, and organic species.

Within the valence band (VB) of zinc oxide (ZnO), pho-
togenerated holes react with water molecules, resulting in
the formation of hydroxyl groups (OH") or hydroxyl radicals
(OHe). Simultaneously, photogenerated electrons in the ZnO
conduction band (CB) react with oxygen molecules, generat-
ing superoxide radicals (O,e). These radicals play a pivotal
role in the degradation of methylene blue. The degradation
pathways involve direct reactions with VB holes and non-
direct reactions facilitated by non-selective OHe oxidizing
radicals, ultimately leading to the mineralization of MB mol-
ecules into non-toxic compounds, such as radicals.
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Fig.4 Surface SEM images of
membrane with ZnO dispersed
in solution: top view of the
asymmetric CA membrane 12%
CA +7ZnO (h),cross-section of
the asymmetric CA membrane

12% CA +ZnO(g)
Y 4 WD | Mag Sig Vacklode 1INV 20 0pm
Q0D KVIIE O mm 3000x SE Hoh vacyium 90 13 um AC 124 croas
The composite membrane, comprising cellulose acetate
(CA) and ZnO, underwent UV irradiation (365 nm, 100 W)
Table 3 Water contact angle of the prepared membranes for 45 minutes in the presence of MB, highlighting ZnO's
Membrane Code Permeability (LMH/  Contact Angle effecn\.}eness m. deCF)mp (.)Sl.ng the dye in water. .
bar) During UV-light irradiation of the ZnO-loaded composite
membrane, photogenerated electron-hole pairs react with O,
CA12-SP 410 80.2+0.6 . _ _
and H,O on the ZnO surface, forming O,~ and OH™, con-
CAI2-ZI 439 771223 tributing to MB degradation. The degradation rate for the
CALS-SP 0 81.7419 CA 12% wt membrane stabilizes after 10 minutes. How-
CA15-Z1 0 76.0+2.3

ever, a comparative analysis in Fig. 5 illustrates differing
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Fig.5 XRD analysis and pat- .
terns of CA- ZnO spray coated 2000 XRD Ana |y5|5
membranes CA-ZnO15SP (101)
7000 ——CA-Zn0125P 2471.078
6000
"5 5000
< (110)
E‘ 4000
w
S 3000 3578.269 (102)
£ 5000 (103) 2981.0...
1695.166 (002) - 12108..
1000 ﬁ ,\
0
0 10 20 26[deg.] 30 40 50 60

degradation tendencies between the spray-coated CA 12%
and 15% membranes. The CA 12% wt membrane exhibits
a notably quicker degradation rate, reaching equilibrium in
approximately 5-10 minutes. This phenomenon is attributed
to limited active site availability, causing repulsion between
dye particles and the catalyst surface, resulting in a decline
in the degradation rate.

Efficiency in dye degradation diminishes with an increas-
ing initial concentration due to the adsorption of excess dye
molecules on the catalyst surface, reducing the availability
of active sites. The comprehensive dataset collected facili-
tates a nuanced understanding of the degrading effect on the
MB feed solution.

Starting from data of MB concentration in time is pos-
sible to evaluate Degradation efficiency throuught the equa-
tion (4):

C,—Cy
T x 100 “)

Degradation Efficiency % =

Where Co is the MB feed concentration, C([) is the MB con-
cetration evaluated at a fixed time collected every 5 min. All
the degradation efficiency result are listed in the following
table (Table 4).

The degradation efficiency values are comparable to
those available in the ZnO literature. The removal effi-
ciency of ZnO nanoparticles synthesized from zinc acetate
in this study is comparable to other methods employed
in previous studies, as shown in Table 5. The lower %
degradation values of the present work may be due to the
shorter reaction time that characterized our tests. Another
important parameter that can affect the photodegradation
studies is pH. The efficiency of photocatalytic degradation
processes, exemplified by the decomposition of Methyl-
ene Blue (MB) in aqueous solutions under UV light, is
notably influenced by the pH level of the solution. Our
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Table 4 Degradation efficiency (DE%) of the prepared membranes

Time[min] CA15_R(%) CAI12SP_R(%) CAI12Z1_R(%)
5 90.6 5.6 5.7
10 76.3 19.3 229
15 84.5 30.3 34.3
20 80.1 35.1 434
25 94.4 41.3 50.2
30 94.6 48.2 559
35 75.6 52.1 59.8
40 97.1 57.8 63.5
45 98.8 61.9 68.0

study, conducted at a pH of 6.3, observed a degradation
efficiency that fell between the highest efficiency achieved
at pH 8.5 and the lowest at pH 3.5. This observation is
consistent with findings in the existing literature, under-
scoring the importance of pH optimization in augmenting
the efficacy of photocatalytic degradation processes across
diverse applications [42, 43].

The membranes were tested to treat simulated polluted
water with a single dye; a solution including distilled water
and MB has been prepared to perform the tests.

The test was conducted by collecting the same amount (4
ml) of textile dye (MB) every 5 for a total of 45 min and was
replicated several times to estimate the standard deviation
and evaluate the method's repeatability. Optically, it is pos-
sible to observe the colour change of the solution subjected
to UV light. This changes from the feed's dark blue colour
Fig. 6 (a) to a much lighter shade of blue (b,c); this implies
a reduction in the concentration of MB in the solution dur-
ing the process.

The existing literature acknowledges that an elevation
in methylene blue (MB) concentration necessitates a cor-
responding increase in the number of hydroxyl radicals
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essential for its efficient degradation [49]. Figure 7 pre-
sents a comparative analysis of various immobilization
techniques and their impact on membrane degradation effi-
cacy. The focus was on analyzing cellulose acetate (CA)
membranes with a 12% weight concentration, demonstrat-
ing superior catalytic performance.

The curves in Fig. 7, representing different immobi-
lization techniques, showcase remarkably similar rates

and slopes. This consistency underscores the electronic
interaction between CA and ZnO, contributing to notable
catalytic activity owing to the strong affinity between the
polymer and nanoparticle [50]. The discerned linear trend
in the graphs serves as additional confirmation that the
degradation process of Methylene Blue (MB) adheres to
pseudo-first-order kinetics. The significant surface area
offered by the polymeric microfibers of cellulose acetate

Table 5 Methylene Blue

. ) ” Catalyst Method DE(%) Operation Ref
degradatl.on with ZnO dlfferent Time(min)
nanoparticles under UV light
catalyst methods Nanosized ZnO Sol—gel 94 90 [44]
Nanosized ZnO Precipitation 98 90 [45]
ZnO nanoparticles Precipitation 89.2 90 [46]
ZnO nanoparticles Sol-gel 69 200 [47]
Nitrogen doped ZnO Hydrothermal method 95 40 [48]
nanoparticles

ZnO nanoparticles Sol-gel 61.9 45 Present Study

Fig.6 Optical Comparison

between dye before (a) and

after degradation using different

immboliziation techniques: (b) -~

Bulk ZnO dispersion and (c) N/

Spray Coating

~———

a
Fig.7 MB concentration in
time on CA-ZnO spray-coated 25
membranes with 1% of ZnO and
two different CA concentrations
of 12% and 15% 20
[ ]
— 15 °
Y
)
E
© 10
5 \
0
0 10

®— CA12

—0—CA15

Tm— —_——
20 30 40 50
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Fig.8 MB concentration in
time on CA 12% wt membranes 25

with different ZnO Immobiliza- *
tion technique
20 :
o
o
— 15
<
od
£
© 10
5
0
0 10

is instrumental in achieving this linear behavior. The
noteworthy surface-to-volume ratio of ZnO, in conjunc-
tion with exposure to UV light, amplifies the number of
active sites on the membrane surface. This collaborative
effect results in an outstanding level of reactivity, under-
scoring the pivotal role played by the unique character-
istics of cellulose acetate microfibers and the favorable
surface properties of ZnO in catalyzing the degradation
process [51-56] (Fig. 8).

4 Conclusions

In this work, after casting and characterizing the modi-
fied cellulose acetate ZnO (CA/ZNQO) membrane,a meth-
ylene blue photocatalytic degradation test was conducted
employing the matrix that exhibited the best permeability
values. It has been extensively demonstrated in work pre-
sented by our team that the composite membrane (acetate
cellulose and zinc oxide) can degrade toxic MB with
less poisonous components beneath laboratory condi-
tions. Spray coating is an effective method that uses dif-
ferent characterizations performed with the composite
membrane, confirming homogeneous nanocatalyst dis-
tributions on the polymer matrix of the membrane. The
membranes that showed the best photodegradation val-
ues in the previous work were those prepared with 12%
and 15% wt of CA. According to the previous work, the
12% CA membrane with a 0,1% ZnO membrane showed
higher degradation efficiencies than the other. These
membranes were prepared without ZnO in the formula-
tion and later spray-coated with 0.1% wt ZnO solution
to immobilize the nanoparticle. The results obtained
in these last works have shown how the CA membrane
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mixed with ZnO nanoparticles can effectively work for
MB or other toxic chemical degradation.

The quality of the results also bypasses the type of
immobilization to which the nanoparticle is subjected.
It is essential to highlight how the zinc oxide obtained
through the sol-gel method is sprayed in the form of a
solution directly onto the surface of the membrane and
is characterized by particles with smaller average sizes.
This dissimilarity in average size depends on the different
processes by which zinc oxide was synthesized; with the
autoclave method, heating in the oven leads the zinc oxide
particles to dry out and form clusters. Some process con-
trol parameters still need to be studied, demonstrating that
this technology, as mentioned above, has some limitations
due to the future optimization of the spray coating process.
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