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ABSTRACT

This study explores the development of composite membranes using
polyvinylidene fluoride (PVDF), polyethylene glycol (PEG) and cellulose acetate (CA)
through Direct Ink Writing (DIW) technology for water treatment applications. PVDF
membranes are renowned for their thermal stability, chemical resistance, and mechanical
robustness. By integrating CA and PEG with PVDF via DIW, precise control over
membrane structure and composition is achieved, leading to enhanced porosity,
mechanical integrity, hydrophilicity and overall performance. Specifically, BET analysis
confirmed uniform pore sizes and surface areas essential for efficient filtration, while
mechanical testing demonstrated varied properties across different compositions, resulting
in membranes that strike a balance between strength and flexibility. Contact angle
measurements highlighted the role of CA and PEG in improving wettability and ensuring
precise print fidelity, crucial for DIW applications requiring enhanced adhesion and pattern
resolution. This research highlights DIW's capability to tailor membrane properties,
overcoming limitations associated with traditional fabrication methods. The findings
suggest that the synergistic blend of mechanical strength, porosity, and hydrophilicity
achieved through optimized PVDF/PEG/CA compositions could significantly benefit
industrial and environmental sectors that demand durable membrane materials with high-

performance characteristics.
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1. INTRODUCTION

1.1 Background

Water filtration membranes are essential in various applications, providing clean
and safe water by removing contaminants and impurities. [1] These membranes are
categorized based on their pore size and filtration capabilities, including microfiltration
(MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO). Each category
serves different purposes, from removing large particles and bacteria (MF) to filtering out
dissolved salts and small organic molecules[2], [3] Among these, MF membranes have the
largest pore sizes, typically ranging from 0.1 to 10 micrometers. They can effectively
remove suspended solids, bacteria, and other large particles from water. These membranes
are often used as a pre-treatment step to protect more sensitive downstream processes, with
common applications including water treatment plants and industrial wastewater
treatment.[4], [5] UF membranes have smaller pore sizes, generally between 0.01 and 0.1
micrometers. They can remove bacteria, viruses, and some larger organic molecules. UF
is commonly used for drinking water purification, dialysis, and processes sterilization and
clarification processes. [6] NF membranes have even smaller pores, typically in the 0.001
to 0.01 micrometers range. They are effective at removing divalent ions, small organic
molecules, and certain salts. NF membranes are used in water softening, desalination, and
the removal of specific contaminants such as heavy metals and colorants from water.[7],
[8] RO membranes have the smallest pore sizes, less than 0.001 micrometers, allowing

them to remove nearly all dissolved salts, organic molecules, and other impurities. RO is
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widely used for the desalination of seawater and brackish water, as well as for producing
ultrapure water for industrial processes and drinking water.[4], [9].

Due to the versatile properties and efficient filtration capabilities, polymers play
crucial roles in these water filtration membranes. The general types of polymer-based
membranes include polyvinylidene fluoride (PVDF), polysulfone (PSF), polyethersulfone
(PES), cellulose acetate (CA), and polypropylene (PP). Among them, polyvinylidene
fluoride (PVDF) membranes are widely used due to their excellent chemical resistance,
thermal stability, and mechanical strength.[10] They are particularly effective in
ultrafiltration (UF) and microfiltration (MF) processes, making them suitable for industrial
wastewater treatment and drinking water purification. polysulfone (PSF) and
polyethersulfone (PES) membranes are known for their high mechanical strength and
thermal stability. They are often used in ultrafiltration (UF) and nanofiltration (NF)
applications to remove bacteria, viruses, and other small contaminants from water. These
membranes are also resistant to a wide range of chemicals, enhancing their durability and
longevity in harsh environments.[11], [12] On the other hand, cellulose acetate (CA)
membranes offer high hydrophilicity and biodegradability, making them an
environmentally friendly option for water filtration.[13] They are commonly used in
reverse osmosis (RO) and nanofiltration (NF) processes to desalinate water and remove
organic contaminants. CA membranes are also effective in applications requiring high flux
and low fouling tendencies. [14], [15]polypropylene (PP) membranes are favored for their
low cost, chemical resistance, and excellent mechanical properties. They are primarily used
in microfiltration (MF) applications to remove suspended solids, bacteria, and other large
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particles from water. PP membranes are widely used in pre-filtration stages to protect

downstream processes and extend the life of more expensive membranes[16].

1.2 PVDF based Membranes

Polymer membranes are highly versatile, cost-effective, and easy to process,
making them suitable for large-scale production[17], [18] offering significant advantages
over other membrane types, such as ceramic or metallic membranes for scalable water
treatment. Moreover, polymer membranes provide excellent chemical resistance,
mechanical strength, and flexibility, which can be tailored to meet specific filtration
requirements. These unique properties make polymer membranes a preferential choice for
broad practical water filtration applications, from industrial wastewater treatment to
household water purification systems.[19]

Among polymer membranes, PVDF has gained significant attention due to its
exceptional properties of chemical resistance, thermal stability, and mechanical strength,
allowing them to withstand harsh environmental conditions and aggressive chemicals
commonly encountered in water treatment processes. [20], [21] Due to this bond nature,
engineered semicrystalline PVDF membrane fabrication containing 59.4 wt% fluorine and
3 wt% hydrogen, offers high thermal stability, chemical resistance, and oxidant resistance,
making it ideal for wastewater treatment and desalination. [22] In addition, PVDF's low
extractables make it a pure polymer, suitable for biomedical and bio-separation

applications. It also exhibits thermodynamic compatibility with other polymers like poly



(methyl methacrylate) (PMMA), enhancing its versatility in various blend compositions.
[23], [24], [25] Commercially, PVDF is produced by emulsion or suspension
polymerization using free radical initiators, forming the repeating unit -CH2-CF2—. The
arrangement of CH2 and CF2 groups along the polymer chains affects PVDF's crystalline
structure and properties. PVDF can crystallize into four distinct phases: a, B, y, and 8, with
the a-phase being the most common. This phase has a trans-gauche (TGTG’) conformation,
alternating H and F atoms on each side of the chain.[10], [26] PVDF's crystallinity ranges
from 35% to 70%, measurable by the specific volumes of its crystalline and amorphous
phases. Chemically, PVDF is stable against harsh chemicals, including halogens, oxidants,
inorganic acids, and various solvents. This stability is crucial for applications involving
exposure to aggressive substances. Enhancing PVDF’s hydrophilicity improves membrane
fouling resistance, as a hydrophilic surface forms a pure water layer that prevents the
adsorption of hydrophobic pollutants[27], [28], [29].

The exploration of PVDF and its advantageous characteristics sets the stage for
discussing the role of CA membranes in enhancing the performance and functionality of
membrane-based water treatment solutions. CA membranes, known for their high
hydrophilicity and biodegradability, offer complementary benefits to PVDF membranes.
By incorporating CA into PVDF-based membranes, it is possible to achieve a balance of
mechanical strength, chemical resistance, and enhanced hydrophilicity, leading to
improved filtration efficiency and reduced fouling.[30], [31] This combination leverages
the strengths of both polymers, resulting in membranes that are not only robust and durable
but also capable of maintaining high water flux and selectivity. The synergy between
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PVDF and CA in composite membranes demonstrates the potential for developing
advanced water treatment solutions that meet the increasing demand for clean and safe

water in various industrial, commercial, and residential applications.

1.3 Overview of Membrane Manufacturing

Common membrane fabrication techniques include phase inversion, interfacial
polymerization, and electrospinning. However, these traditional methods often face
significant challenges in customizing membranes with precisely controlled dimension,
porosity and membrane thickness [32], [33]. And the fabrication scalability of these
methods set an ultimate limit for large scale water filtration applications.

Phase inversion involves the transformation of a polymer solution into a solid
membrane through solvent exchange. This method is advantageous because it is relatively
simple and can produce membranes with varying pore sizes and structures, making it
versatile for different applications. However, phase inversion often results in
heterogeneous pore structures and inconsistent membrane properties, which can
compromise membrane performance. [34], [35] The lack of uniformity and fine-tuning
required for high-performance applications limits its effectiveness in producing advanced
filtration membranes.[36], [37] Additionally, controlling the pore size distribution and
achieving consistent membrane morphology can be challenging, leading to variability in
membrane quality.

Interfacial polymerization, another common technique, involves forming a thin

polymer film at the interface of two immiscible liquids. This method's primary advantage



is its ability to produce thin, dense membranes with excellent selectivity, which is crucial
for applications requiring high separation efficiency, such as reverse osmosis.[38], [39]
However, interfacial polymerization is limited by the difficulty in controlling film
thickness and uniformity. The process can be complex and sensitive to various parameters,
such as reaction time, temperature, and concentration of reactants, making it challenging
to achieve consistent results. Moreover, the interfacial polymerization process often
requires the use of potentially hazardous chemicals, posing environmental and safety
concerns[40], [41].

Electrospinning is a technique that uses an electric field to draw polymer fibers
from a solution, creating highly porous membranes with fine fiber diameters. The
advantages of electrospinning include the ability to produce membranes with high surface
area-to-volume ratios and tunable porosity, making them suitable for applications requiring
high permeability and surface interaction, such as filtration and biomedical applications.
[42], [43], [44] However, electrospun membranes often suffer from low mechanical
strength and stability, limiting their practical application in water treatment. Additionally,
the scalability of electrospinning for industrial production is challenging, as it requires
precise control over the electrospinning parameters and can be limited by low production
rates. This poses significant challenges for widespread implementation in large-scale water
treatment systems[45].

Therefore, while traditional membrane fabrication methods like phase inversion,
interfacial polymerization, and electrospinning have their advantages, they also face
significant limitations in achieving the uniformity, consistency, and scalability required for
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high-performance water treatment membranes. These challenges necessitate the
exploration of alternative materials and fabrication techniques to develop advanced

membranes with tailored properties for specific applications.

1.4 Overview of Membranes from Direct Ink Writing

3D printing, also known as additive manufacturing, is a transformative technology
that creates three-dimensional objects layer by layer from digital models. The primary
categories of 3D printing include Fused Deposition Modeling (FDM), Stereolithography
(SLA), Selective Laser Sintering (SLS), and Digital Light Processing (DLP). FDM uses
thermoplastic filaments, melting and depositing them layer by layer. [46], [47] SLA and
DLP use photopolymer resins cured by light, while SLS employs lasers to sinter powdered
materials. Each method offers unique advantages, making 3D printing versatile for
applications across various industries, from prototyping to manufacturing complex parts.

3D printing methods are revolutionizing membrane fabrication by enabling the
creation of highly customizable and precise membrane structures. Techniques such as
Fused Deposition Modeling (FDM), Stereolithography (SLA), and Digital Light
Processing (DLP) can produce membranes with tailored dimension, geometries, pore sizes
and distributions, in contrast to the traditional membrane fabrication methods. Thus, the
high level fabrication control of 3D-printed membranes poses great potentials for a broad
spectrum of practical applications, including water treatment, gas separation, and

biomedical devices. [47], [48] Particularly, 3D printed membranes offers rapid prototyping



and scalability with the capability of innovative morphological designs, provide an ideal
platform for water filtration systems.

DIW, a variant of Liquid Deposition Modeling (LDM), involves the extrusion of
viscoelastic ink through a fine nozzle under pressure. This versatile method accommodates
a wide range of materials, including polymer-based melts, particle-based inks, and
biomaterials, making it suitable for structural, electrical, biomedical, and mechanical
applications.[49], [50] DIW excels in constructing intricate structures, including those with
overhangs and internal voids, making it ideal for applications like biomedical lattice,
interwoven, or meta-structures. Multi-material capability in DIW is achieved through
multiple print heads, a single nozzle with microfluidic switching, or simultaneous printing
of numerous filament arrays. [51]Additionally, DIW introduces advanced polymerization
and curing mechanisms, such as frontal polymerization, which are not feasible in other 3D
printing methods.

DIW process consists of three main steps: 3D modeling using Computer-Aided-
Design (CAD) software, generating a 3D movement path file for the nozzle through slicing
software, and the actual ink deposition. Successful DIW printing requires pressure-driven
extrusion through a specified nozzle diameter at a defined flow rate. The choice of nozzle
types, such as single, core-shell, or co-axial, depends on specific print requirements. The
extruded material must maintain its shape, bridging gaps and acting as a mechanically
sound substrate for subsequent layers. Key machine parameters, such as nozzle size and

printing speed, are crucial in determining printing accuracy and resolution.



DIW-printed membranes have demonstrated diverse applications and properties, as
summarized in Table 1. For instance, geopolymer-based membranes with YSZ viscosity
modifiers showed high potential in water treatment, achieving high permeance and
rejection efficiency for alumina particles.[52] Dehydrofluorinated PVDF (dPVDF)
membranes exhibited competitive water fluxes and hydrophobicity, suitable for
microfiltration.[53] PDMS/Co membranes demonstrated superhydrophobicity, effective
for oily wastewater treatment, while CA/PVA/Si02 NP membranes excelled in oil-water
separation with superoleophobic characteristics.[54] As another example, a study utilizing
geopolymer-based membranes with YSZ viscosity modifiers demonstrated that varying
nozzle dimensions and print speeds could achieve porosities ranging from 55.6% to 68.8%,
significantly higher than traditional molded specimens. These membranes showed
promising results in water treatment applications, with high permeance and rejection
efficiency for alumina particles. Similarly, DIW-printed dehydrofluorinated PVDF
(dPVDF) membranes achieved water contact angles (WCA) of approximately 115°,
indicating their hydrophobic nature, and exhibited pure water fluxes competitive with
commercial PVDF membranes, making them suitable for microfiltration applications.[53],
[54], [55]

Other notable examples include PDMS/Co membranes, which exhibited
superhydrophobicity with WCAs around 155°, making them effective for oily wastewater
treatment.[54] Additionally, CA/PVA/Si02 NP membranes demonstrated high-efficient
oil-water separation with superoleophobic characteristics and excellent stability after
multiple bending cycles.[55] Another study on CSMA/GELMA/nanographene oxide
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(nGO) membranes highlighted their impressive anti-fouling properties and high water
permeation flux, positioning them as green and renewable options for oil-water
separation.[56] Furthermore, cellulose/sodium alginate (SA) monolithic hydrogel
membranes and chitin/maleic anhydride grafted B-chitin nanofiber (MACNF) membranes
showed potential in environmental and biomedical applications, respectively. The former
demonstrated high methylene blue removal efficiency, while the latter exhibited good
mechanical properties for wound healing applications.[57] Polyether-ether-ketone (PEEK)
and sodium-carboxymethyl cellulose (Na-CMC) membranes reinforced with mesoporous
bioactive glass nanoparticles also showed promise in bone tissue engineering, with
significant antibacterial properties and cell viability.[58]

DIW 3D printing thereby offers numerous advantages, including the ability to create
complex geometries, precise control over material distribution, and the incorporation of
various functional additives. These capabilities make DIW an attractive approach for
developing high-performance membranes tailored to specific filtration and separation

applications, thus enhancing the efficiency and effectiveness of water treatment systems.
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Table 1. Study on Membrane properties and applications manufactured using DIW

Contact
Membranes Printing Porosity Angles Other membrane Applications Ref.
parameters measure |props
d
. Pure Water Permeance:
. o/
Layer Thickness: | 55.6% 1453 L/(m? h-bar) high-potential
300 um 68.8%, . .
Geopolymers 1)Permeance (with 80-nm | alternative to
: .| Platform compared . . .
YSZ: viscosity . o, |NA alumina particles): 1311 ceramic-based [52]
. Temperature: with 22.4% N )
modifier o L/(m?-h-bar) [under TMP] | membranes in
75°C molded L .
. 2)Rejection Efficiency: water treatment
specimen 08 4%
WCA= |Pure Water Flux:
erartaﬁﬁgm 115° dPVDF membranes: ~4300 | MF
b —2 -1 . .
dPVDF Membranes NA PVDF Lm=h . (Mlcr‘oﬁl‘tratlon) [53]
laced in DI membran | Commercial PVDF Applications.
p es WCA |membranes : ~6300-8100 L
water bath o
~ 99° m>2h!
Curing: WCA
95°C for 2 hours (Water Exhibited super oily waste water
Filling Rate: Pore Size: Contact |hydrophobicity during 600 treZtmen 1
PDMS/Co 25% to 80% 0.2t0 0.6 angles): |stretching releasing cycles applications [54]
Filament mm 15545, with 50% strain and PP
Spacing: 1.278 approxim | multiple irregular folding
mm to 0.368 mm ately
WCA
varied
btw
. d4 £ . .
Printed ;Z}f to0 Separation Efficiency: 99%
CA +PVA, membranes 4'2 9+ superoleophobicity
+SiO2 NPs immersed in DI o characteristics after 50 High-efficient oil-

i 631 £31 um | 1.95 . . [55]
solid like a water for 60 OCA bending cycles, water separation
solution minutes at room demonstrating good stability

(Underw . : .
temperature ater and anti-fouling properties
Contact
Angle)>1
50°
UV Photocurable 250 t0 400
Lamp: um
Wavelength: 365 Underwat Separation Efficiency:
am er OCA: 99.5% Green and
CSMA Power: 500 146.5 i' Anti-fouling Properties: renewable bio
+GELMA+ |mW/cm? o Achieved after 20 cyclic
. 1.0° to . 1 based membranes |[56]
nanographene | Printing tests in salty, acidic, or o

. 161.5+ . o in oil-water
oxide (nGO) | Temperature: 11° alkaline conditions aration

10°C, ' Water Permeation Flux: P ©
Membranes 39,500 Lm=h!

freeze-dried

before use
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Wall

thickness
0.188 £
. . 0.068 mm . .
Prlpted Cylinder (CAH), MB E{emoval (I)Efﬁmency. Can be used in
. | Thickness: 91.3% t0 95.1%
cellulose/sodiu 0.226 + . . the removal of
) 2.2 mm (15 Super Adsorption Capacity: 0.88
m alginate layers),5.0 mm 0.056 mm hydrophil |to 0.17 mg g (CAH dosage methylene blue
(SA)monolithi | 2T (CAH-MBY); |,Y¢roP L/ ME g £¢ | dyes in industrial |[57]
(30 layers),7.9 icity 0.1t00.5g)
¢ hydrogel Channel o ) and
mm (45 . exhibited | BET Surface Area: 84.64 m? .
(CAH) widths 0.765 ~ - environmental
layers),10.0 mm + 0.048 mm g ' (CAH),97.38 m* g! applications
(60 layers) (CAH), (CAH-MB)
0.715 +
0.043 mm
(CAH-MB)
Layer Height:
. . 1320 pm
acr?ﬁtlcr{iig?lelc Scaffold Mechanical Properties:

a f};e d p- Structure: 12 Micron-size Young's Modulus: 42.8 + Wound dressin
fhi o filaments per oo sontrold | NA 0.59 kPa (5 wi%), 43.8= | U & |159]
nanofibers layer, alternating p 0.20 kPa (7.5 wt%), 45.3 + J
(MACNF) orthogonal 0.58 kPa (10 wt%)

directions, 15
layers
polyether- I(;%yf;rﬂelghF Bio Properties:
ether-ketone ; . a) Antibacterial: Inhibition |bone tissue
Extrusion . . .
(PEEK) Width=03 mm zone against engineering,
+sodium- Ex trusior.l Staphylococcus aureus, providing a
carboxymethyl — Escherichia coli customized and
Speed=1.5 mm/s |600£30 pum | _ ., . e .
cellulose (Na- 50°£1 |b) Angiogenesis: Significant | effective [58]
Nozzle & Bed o .
CMCOC) Temperature=25° potential in Chick CAM approach for
+mesoporous C p assay (Zn—-Mn MBGNSs) faster recovery
bioactive glass Fill Density— c)Cell Viability: 103% and better patient
(MBGNSs) of 0.15 y viability at 7 days (WST-8 | results.
Zn and Mn Fill Angle= 45° assay)
chitosan -
graphene CH3GO - 0: facilitates the
oxide (CH - 40% differentiation of
GO) NA CH3GO -5: NA neuroblastoma [60]
nanocomposit 52% cells
e hydrogels
cellulose Number of
nanofibrils Layers: 5
reinforced D)Infill Density: [61]
aloe vera bio- | 100%
hydrogels

Notes: CA-Cellulose Acetate; CS-Chitosan ;CSMA- methacrylate chitosan ;dPVDF- dehydrofluorinated
Polyvinylidene fluoride ;DIW-Direct Ink Writing ; Fluoropor- Fluorolink MD700+1H,1,2H,2H-per-

fluoroooctanol;FDM-Fusion Deposition Modelling ;FFF-Fused Filament Fabrication; GELMA- methacrylate

gelatin; Geopolymers: metakaolin powders + sodium silicate solution + sodium hydroxide pellets; nGO-
Nanographene Oxide; PDMS/Co-Polydimethylsiloxane/Cobalt; PLA-Polylactic Acid; Plastic membrane mixture: ,
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[2- (methacryloyloxy) ethyl] dimethyl-(3- sulfopropyl) ammonium hydroxide, acrylamide PVA-Polyvinyl Alcohol;
Si02 NPs -silica nano-particles ;SLA-Stereolithography; YSZ- Yttria stabilized zirconia powders
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1.5 Key Performance Indicators (KPI) of Membranes in this Study

Natural leaf

Figure 1.

system
showcases the layered structure with
varying pore sizes and porosity,
inspiring our study. The diagram
highlights the cuticle layer with small
pores, the epidermis with medium
pores, and the mesophyll with large,
spongy pores, demonstrating water
flow, nutrients, or gases through these

layers.

Key properties of membranes crucial for

water filtration or purification include

permeability, selectivity, mechanical strength,

fouling  resistance, chemical stability,

hydrophilicity, and thermal stability. High

permeability ensures efficient water flux, while
selectivity enables the removal of specific
contaminants. Mechanical strength and chemical

stability enhance durability in harsh conditions

[62], [63]. Fouling resistance reduces

maintenance needs, and hydrophilicity improves

wettability and reduces fouling. Thermal

stability allows membranes to operate

effectively at elevated temperatures. These
collectively optimal

properties ensure

performance and longevity in various water

treatment applications. This study will focus on the following performance studies.

First, mechanical durability and robustness of membranes are critical in water

filtration applications as they ensure long-term performance and reliability. Membranes
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with high mechanical strength can withstand the physical stresses and pressures
encountered during filtration processes, reducing the risk of damage and failure[64], [65].
This durability minimizes the need for frequent replacements and maintenance, leading to
lower operational costs and increased system efficiency. Robust membranes also maintain
their structural integrity under varying environmental conditions, ensuring consistent

filtration performance and prolonging the lifespan of the filtration system.[62], [63]

Second, pore size and porosity are essential characteristics they determine filtration
efficiency and selectivity by controlling the passage of particles and contaminants. Rapid
prototyping of porous morphologies in each layer allows for precise tailoring of these
properties, optimizing the membrane's performance for specific applications. [66],
[67]Techniques like 3D printing and Direct Ink Writing (DIW) enable the fabrication of
complex, multi-layered structures with varied pore sizes and porosity within each layer,
mimicking natural systems (Figure 1). This approach enhances the membrane's ability to
address different filtration challenges, offering high efficiency, improved durability, and

customized functionality in water treatment systems.[68], [69]

Controlling the water contact angle on membrane surfaces is another crucial factor
for optimizing their performance in water filtration and purification applications. The water
contact angle indicates the hydrophilicity or hydrophobicity of the membrane, which
directly affects its wettability, permeability, and fouling resistance. Membranes with a low
contact angle (high hydrophilicity) promote better water permeability and reduce the
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accumulation of contaminants on the surface, enhancing long-term filtration efficiency.
Conversely, hydrophobic membranes with a high contact angle may resist fouling but could
impede water flow. Balancing these properties ensures that membranes maintain high
performance and durability over extended periods, minimizing maintenance and
operational costs. [70], [71]Achieving the ideal water contact angle through surface
modifications and material selection is essential for developing advanced membranes

tailored to specific filtration needs.
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2 MATERIALS AND METHODS

2.1 Materials and Material Selection Rationale

Polyvinylidene fluoride (PVDF) powder with a molecular weight of 534 kDa was
sourced from Solvay Specialty. Dimethylacetamide (DMAc) with a purity of >99.8%
(CAS# 127-19-5) was used as the solvent. The process involved using polyethylene glycol
1000 (PEG 1000) with an average molecular weight of 950-1050 g/mol (CAS# 25322-68-
3) as a pore-forming agent and viscosity modifier. Additionally, cellulose acetate (CA) with
a molecular weight of 30,000 g/mol was purchased from Sigma Aldrich. The membranes

underwent phase inversion using deionized water obtained from the laboratory facility.

The materials used for PVDF composites in this study include polyethylene glycol
(PEG) and cellulose acetate (CA). PEG, being hydrophilic, enhances membrane selectivity
and serves as an effective pore-forming agent, contributing to improved filtration
performance. CA, a prominent cellulose derivative, is derived from natural and renewable
resources, offering significant advantages such as low toxicity, biodegradability, and
environmental friendliness. CA's inherent hydrophilic groups (~OH) further enhance its
filtration capabilities, making CA membranes highly suitable for water treatment and
filtration applications. These properties contribute to efficient water permeability and
fouling resistance, making PEG and CA ideal components for developing advanced

membranes.
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2.2 Ink Preparations for DIW

The PVDF, PEG, and CA were combined in a DMACc solution and continuously
stirred at 150 rpm for 24 hours at 90°C using a magnetic stirrer. Once fully dissolved, the
solutions underwent 30 minutes of sonication to ensure thorough dispersion of CA particles
and uniform viscosity. The overall solute concentration was maintained at 20 wt% to
achieve thixotropic ink behavior and ensure solvent dispersion homogeneity. The solution
was subsequently transferred to a vacuum chamber to eliminate any trapped bubbles that
formed during stirring. Afterward, the solution was carefully loaded into syringes, taking
care to avoid introducing air bubbles that could create voids during the printing process.
Table 2 details the ink compositions, their designations, and the 3D printing parameters

utilized.

2.3 DIW 3D Printing of Membranes

A Hyrel SR printer was used to produce single-layer circular films measuring 86
mm in diameter and ranging in thickness from 190 pm to 240 pm. These films were printed
onto a clean glass substrate. The printing process employed a nozzle guided by G-codes to
ensure precise extrusion control, maintaining a printing speed of 40 mm/s and an extrusion
pressure ranging from 5 to 8 psi across all compositions. Throughout the printing process,

the substrate and nozzle temperatures remained constant at 23 °C. Following printing, the
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glass substrate underwent a 30-minute immersion in deionized (DI) water to initiate phase
inversion—a crucial step that solidifies the membrane structure and removes residual
solvents. The circular films were used to evaluate contact angle and membrane
morphology, while rectangular specimens were designated for tensile testing to assess
mechanical properties. These printed membranes promote uniformity in the filtration and

are well-suited for applications in microfiltration and water treatment.
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Table 2. Nomenclature of prepared membrane samples from 3D printing and their

compositions, where T is temperature, P is pressure and t is the thickness of printed

membranes
Membrane compositions 3D printing
Samples DMAc
PVDF PEG CA T P Speed | Nozzle t
(Solvent
wt.%) | (wt.%) (Wt%) °C) | (psi) | (mm/s) | (mm) (um)
in ml)
14PVDF/4PEG/2CA 14 4 2 20 200+10
12PVDF/4PEG/4CA 12 4 4 20 20020
8PVDF/4PEG/4CA 8 4 8 20 30 | ol 40 0.26 | 200430
4PVDF/4PEG/12CA 4 4 12 20 20015
2PVDF/4PEG/14CA 2 4 14 20 200+20

2.4 Membrane Characterization

2.4.1 Rheology-Membrane Printability

The evaluation of membrane printability included a thorough analysis of the

viscosity of each solution. Viscosity measurements were conducted using a 25 mm parallel

plate rheometer equipped with a Peltier plate (Discover hybrid rheometer HR30, TA

Instruments). The viscoelastic properties of PVDF-PEG-CA were examined at room

temperature.
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2.4.2 Membrane Morphology

The membrane structure was examined using scanning electron microscopy
(SEM)/Focused Ion Beam (FIB) technology on an Auriga instrument (Zeiss), operating at
a voltage of 5kV. Before analysis, samples were mounted onto SEM stubs using gold tape
and sputter-coated with a thin gold film under vacuum conditions. All membranes were
dried overnight in a vacuum before preparation for imaging. Surface porosity and cross-
section images were processed using Imagel software. Surface area and pore volume were
determined  using adsorption-desorption isotherms analyzed by  the
Brunauer—Emmett—Teller (BET) method, conducted with a Micromeritics ASAP2420
instrument using Silica Alumina as the reference material (BET Surface Area = 200 + 6
m?/g, Total Pore Volume for Adsorption Isotherm: 0.415500 cm?/g, Total Pore Volume for
Desorption Isotherm: 0.575622 cm?/g). All samples underwent degassing overnight at

room temperature before analysis.

2.4.3 Tensile Test for Mechanical Properties

To conduct tensile testing, specimens measuring 0.5 X 4 cm? were cut from the
circular membranes produced using the DIW process. The mechanical properties of the
membranes were assessed through tensile testing using a Discovery HR-30 hybrid
rheometer (TA Instruments Inc., USA). A consistent linear strain rate of 30 pm/s was

applied to the membranes printed with various concentrations. Multiple samples (5-7) of
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each membrane composition were tested to determine mechanical parameters such as

Young’s modulus, tensile strength, and elongation at break.

2.44 Contact Angle

The water contact angle was determined using an SDC350 Integral tilt-type contact
angle measuring instrument from SIDIN company, operating under standard room
temperature and pressure conditions. De-ionized water served as the probe liquid for all
measurements. To enhance accuracy and precision, the contact angle was measured at three

random locations on each sample, and the average value was recorded.
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3 RESULTS AND DISCUSSIONS

3.1 Membrane 3D Printing via DIW

Figure 2. a) Schematic representation of membrane filtration using the

membranes fabricated b) DIW setup used ¢) membranes printed after phase

inversion d) Inks used for DIW e)DIW printing process
Membrane 3D printing using Direct Ink Writing (DIW) is pivotal due to its capability to
finely control printing parameters, ensuring precise membrane architecture and
performance. By manipulating factors like printing speed, extrusion pressure, and nozzle
geometry, DIW allows for tailored adjustments in membrane porosity, thickness, and
mechanical strength. This control is essential for optimizing membrane properties such as
pore size distribution and surface morphology, which directly impact filtration efficiency

and durability. Moreover, DIW enables the incorporation of multiple materials like PVDF,
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PEG, and CA, enhancing membrane hydrophilicity and overall functionality.
Consequently, mastering these printing parameters in DIW not only ensures the
reproducibility and reliability of membrane fabrication but also unlocks the potential to
design membranes with customized properties tailored to specific industrial and

environmental applications.

Figure 2a illustrates the overall functionality of the membranes fabricated which
are used for filtration and water treatment purposes. The membranes are designed to
selectively allow water molecules to pass through while blocking contaminants and
impurities. This ensures efficient filtration, improving water quality and safety for various
applications. Figure 2b depicts the DIW setup utilized for 3D printing PVDF/PEG/CA
membranes. The process involved adjusting ink compositions while maintaining a printing
speed of 40 mm/s at room temperature. Air pressure between 5 and 7 psi assisted in
extrusion, with nozzle airflow variability addressed. Initially, achieving consistent prints
posed challenges due to composition variations and inadequate pressure control with a
mechanical extruder. To address this, a fluid dispenser was implemented to ensure stable
air pressure of ~6 psi with a standard deviation of £1 psi, ensuring uniform ink extrusion.
To optimize flow dynamics and improve print quality, a tapered nozzle was used. This
nozzle geometry adjustment enabled consistent and precise ink deposition, crucial for
maintaining desired membrane thickness and uniformity. More importantly, this design
facilitated smoother and more controlled ink flow by reducing the cross-sectional area
towards the tip, increasing flow velocity, and minimizing clogging. Ink flow dynamics
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were influenced by the interaction between air pressure and the tapered nozzle design,
which accelerated ink flow, enhancing control and reducing shear forces that could distort
or inconsistently extrude ink. Controlled flow dynamics were essential for maintaining
membrane structure integrity during printing.

During the DIW process, 8.6 cm diameter circular films were printed with a
positional resolution of 1 um. Precise pressure control and optimized nozzle flow dynamics
enabled the production of membranes with uniform geometry crucial for this membrane
study. Figure 2c shows the final membranes post-phase inversion, Figure 2d illustrates the
inks used during the printing and process and Figure 2e illustrates the membrane printing
process. Phase inversion involved immersing printed membranes in deionized (DI) water,
a critical step for membrane formation that solidified membrane structure by removing
residual solvents and inducing phase separation between polymer and solvent. During this
process, the immersion in DI water transitions the membranes from a liquid to a solid state,
triggering the extraction of solvents and causing the polymer to coagulate and form a
robust, porous matrix. DI water phase inversion resulted in well-defined porous structures
suitable for filtration applications, optimizing membranes for various performance
assessments. This process facilitated the development of membranes with enhanced
structural integrity and tailored properties, meeting requirements for efficient water
treatment. The uniform phase separation ensured by DI water immersion is essential for
producing high-performance membranes tailored for effective water filtration and

treatment applications.
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3.2 Ink Formulation and Rheology

3.2.1 Flow Sweep Test

The viscosity curves shown in Figure 3 illustrate the relationship between viscosity
and shear rate for various PVDF/PEG/CA compositions, providing insights into their 3D
printing capabilities. Viscosity is a critical parameter in DIW as it influences the flow
behavior of the ink through the nozzle, impacting print quality and precision.

The graph shows that all compositions exhibit shear-thinning behavior, where the
viscosity decreases with increasing shear rate. This characteristic is essential for DIW, as
it allows the ink to flow easily through the nozzle under applied stress while maintaining a
higher viscosity at rest to ensure shape retention and stability post-extrusion. Among all
samples, the 12PVDF/4PEG/4CA composition shows the highest initial viscosity, starting
around 800 Pa.s at low shear rates and decreasing significantly as the shear rate increases.
This high initial viscosity suggests that this composition may offer better shape fidelity and
less sagging or deformation during printing, but it may require higher extrusion pressures.
In contrast, the 2PVDF/4PEG/14CA and 8PVDF/4PEG/4CA compositions have lower
viscosities across all shear rates, indicating easier flow through the nozzle but potentially
less shape stability. The 14PVDF/4PEG/2CA compositions demonstrate intermediate
viscosity profiles, balancing between easy flow and adequate shape retention. This balance

is crucial for achieving high-resolution prints with minimal defects.
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Overall, the viscosity data suggest that compositions combining manageable flow
properties with sufficient post-extrusion stability. This analysis highlights the importance
of tuning polymer concentrations to optimize the rheological properties for successful 3D

printing applications.
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Figure 3. Flow sweep data for the specimens for the viscosity vs. shear rate

relationships.

3.2.2 Amplitude Sweep Test

In the amplitude sweep test, the storage modulus (G') and loss modulus (G") were

measured across increasing oscillatory strains from 0.999832% to 99.8618% to understand
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the viscoelastic behavior of the inks for DIW 3D printing. Ink 1 (14PVDF/4PEG/2CA)
starts with G' of 131.546 Pa and G" of 736.268 Pa, decreasing to 77.6794 Pa and 718.35
Pa, respectively. The higher initial loss modulus compared to the storage modulus indicates
that Ink 1 exhibits more viscous behavior, which may lead to insufficient shape retention
post-extrusion. This fluid-like behavior could cause the ink to spread on the substrate, but
given the minimal thickness in 2D film applications, this characteristic might still be

favorable.

Ink 2 (12PVDF/4PEG/4CA) shows the highest initial moduli, with G' at 808.787
Pa and G" at 3313.78 Pa, dropping to 390.249 Pa and 2852.23 Pa. These high initial values
reflect robust elastic and viscous properties due to higher CA content, enhancing hydrogen
bonding and intermolecular interactions. Despite the drop at higher strains, the initial high
storage modulus supports structural integrity post-deposition, which is essential for

maintaining shape in membranes.

Ink 3 (8PVDF/4PEG/8CA) begins with lower moduli, G' at 64.7056 Pa and G" at
624.093 Pa, decreasing to 35.8667 Pa and 579.693 Pa. The lower moduli indicate a more
fluid-like behavior, enhancing extrudability but potentially compromising post-printing
stability. The low initial storage modulus suggests limited shape retention, which could be
problematic even for 2D film applications like single-layered membranes. Ink 4
(4PVDF/APEG/12CA) has intermediate values, with G' at 232.512 Pa and G" at 2369.93
Pa, decreasing to 132.055 Pa and 2239.79 Pa. This indicates moderate network strength at
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low strains, with higher CA content enhancing flexibility and hydrogen bonding. As strain
increases, the ink becomes more fluid-like, balancing extrusion ease and structural
integrity, which is beneficial for printing thin films with some level of structural fidelity.
Ink 5 (2PVDF/4PEG/14CA) shows the lowest initial moduli, with G' at 34.3414 Pa and G"
at 885.631 Pa, dropping to 20.0855 Pa and 870.688 Pa. This predominantly fluid-like
behavior, even at low strains, is due to high PEG content acting as a plasticizer, disrupting
the PVDF network and enhancing chain mobility. This results in high extrudability but
poor shape retention post-deposition, which might be acceptable for very thin films but

could be problematic for maintaining precise patterns.

Overall, the decreasing trend in both storage and loss moduli with increasing strain
b) Ilinks indicates a transition from more solid-like to more fluid-like behavior. For DIW,
especially in 2D film applications with minimal thickness, the fluid-like behavior ensures
the inks can be easily extruded under high shear. However, maintaining sufficient viscosity
to retain shape once deposited is crucial. The varying initial moduli and their reductions
highlight the influence of PVDF, PEG, and CA concentrations on viscoelastic properties.
Higher PVDF enhances network strength, higher CA promotes elasticity and bonding, and
higher PEG reduces viscosity and enhances flow. This interplay allows tailoring inks for
optimal printability and structural stability in DIW applications, particularly for creating

thin films.
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Figure 4. a) Variation of loss modulus concerning oscillation strain for various inks. b)
Variation of storage modulus concerning oscillation strain for various inks. ¢) Comparison

of loss and storage moduli for various inks used in the study.

3.2.3 Frequency Sweep Test

In the frequency sweep test, the storage modulus (G') and loss modulus (G") were
measured across a range of angular frequencies to assess the viscoelastic behavior of
various inks for DIW 3D printing. Ink 1 (14PVDF/4PEG/2CA) demonstrates a transition
from elastic to viscous behavior as frequency decreases. At 100 rad/s, G' (3921.08 Pa) is

lower than G" (8736.01 Pa), indicating dominant viscous behavior. At 0.1 rad/s, both
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moduli drop sharply (G' = 8.6761 Pa, G" = 21.9943 Pa), with G" remaining higher. This
fluid-like behavior at lower frequencies ensures smooth extrusion, which is suitable for

single-layered 2D membranes despite the higher loss modulus.

Ink 2 (12PVDF/4PEG/4CA) starts with high values at 100 rad/s (G' = 15892.2 Pa,
G" =29380.5 Pa), with G" higher than G' across all frequencies. At 0.1 rad/s, G' and G"
decrease to 27.6147 Pa and 91.72 Pa, respectively, indicating a transition from semi-solid-
like to more liquid-like behavior. This supports controlled extrusion and sufficient
structural integrity for single-layered applications. Ink 3 (8PVDF/4PEG/8CA) exhibits
predominant viscous behavior, with G" (9036.56 Pa) much higher than G' (1213.3 Pa) at
100 rad/s. This trend continues with decreasing moduli at lower frequencies (G" = 15.2527
Pa, G'=2.37729 Pa), highlighting the ink’s fluid nature, which facilitates easy flow through
the nozzle and is adequate for single-layered membrane printing.

Ink 4 (4PVDF/4PEG/12CA) shows high initial moduli at 100 rad/s (G' = 9105.4
Pa, G" = 33808.7 Pa), with G" dominating. As frequency decreases, both moduli decline
(G'=1.08079 Pa, G" = 53.9444 Pa), indicating fluid readiness for smooth extrusion. This
ink's behavior ensures that it flows well through the nozzle and maintains some structural
stability, which is acceptable for thin 2D membranes. Ink 5 (2PVDF/4PEG/14CA) has the
lowest initial moduli at 100 rad/s (G' =200.498 Pa, G" = 15856.5 Pa), with G" consistently
higher. At 0.1 rad/s, G' and G" reduce to 0.705773 Pa and 19.1631 Pa, indicating
predominantly viscous behavior. This facilitates extrusion but requires careful handling to
prevent post-deposition deformation due to weaker elastic properties.
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Figure 5. a) Variation of loss modulus with angular frequency for various inks. b) Variation
of storage modulus with angular frequency for various inks. ¢) Comparison of loss and
storage moduli with angular frequency for various inks used in the study.

3.3 Morphology and Porosity Studies

The detailed morphological analysis of the PVDF/CA composite membranes,
supported by SEM, provides significant insights into their structure and properties. The
SEM images in Figure 6 illustrate the morphological characteristics of the PVDF/PEG/CA
membranes with varying PVDF/CA concentrations.

The concentration of PVDF in DMAc significantly influences the pore size and
porosity of membranes. Higher concentrations of PVDF generally lead to denser
membranes with smaller pore sizes, while lower PVDF concentrations result in membranes
with larger pores and higher porosity. Previous studies have demonstrated this relationship.
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For instance, an investigation into PVDF membranes prepared via phase inversion showed
that increasing PVDF concentration in DMAc results in a denser polymer network, thereby
reducing the pore size and overall porosity. This is because higher PVDF concentrations
enhance the viscosity of the casting solution, which slows down the phase inversion
process, leading to a more compact membrane structure with fewer and smaller pores.
Conversely, lower PVDF concentrations facilitate faster phase inversion due to lower
solution viscosity, resulting in larger pores and higher porosity. This is particularly
beneficial for applications requiring high permeability, such as microfiltration and
ultrafiltration.

As shown in Figure 6, at 14 wt% PVDF, the membrane shows a dense and tightly
packed structure with limited porosity. At 12 wt% PVDF, the membrane exhibits a slight
increase in porosity with more noticeable interconnected pores. The 8§ wt% PVDF
membrane displays a significantly more open and spongy structure. This trend continues
with the 4 wt% PVDF membrane, which shows an even more pronounced porous structure
with large, well-defined pores. Finally, the 2 wt% PVDF membrane has the highest
porosity, featuring a highly interconnected and spongy network.

The SEM analysis of the PVDF/CA membrane surfaces shows a similarly clear
trend of increasing pore size with decreasing PVDF concentration and a CA concentration
up to 8wt%. Specifically, at 14 wt% PVDF, the membrane has an average surface pore size
0f 454450 nm. When the PVDF concentration is reduced to 12 wt%, the pore size increases
to 528437 nm. This trend continues with the 8 wt% PVDF membrane, which exhibits a
significantly larger average pore size of 840+46 nm.
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The SEM analysis reveals the significant role of CA in influencing pore size in
PVDF membranes. Specifically, at 4 wt% PVDF and 12 wt% CA, the membrane shows a
remarkably small average pore size of 55+45 nm. The high CA content slows the phase
inversion process due to CA's hydrophilic nature and low miscibility with water, leading
to a denser, sponge-like structure with fewer macro voids and smaller pores. However,
when the PVDF concentration is further decreased to 2 wt% while increasing CA to 14
wt%, the pore size increases to 110+65 nm. This increase in pore size despite high CA
content suggests that at very low PVDF concentrations, the overall lower viscosity of the
casting solution and the rapid phase inversion process dominate, resulting in larger pores.
Therefore, balancing PVDF and CA concentrations is crucial for controlling pore size, as
their interplay determines the final porosity and structure of the membrane. This balance is
essential for tailoring membranes to specific applications that require precise pore size

control for optimal performance.
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Figure 6. SEM images of the fabricated membranes with varying CA concentrations: (a) 2
wt%, (b) 4 wt%, (c) 8 wt%, (d) 12 wt%, and (e) 14 wt%. Images (al-el) depict cross-
sections, while images (a2-b2),(a3-b3),(c2-d2),(c3-d3) and (e2-e3) show surface

morphologies.
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Table 3. Morphological results of fabricated membranes

SEM BET
Sample Pore size on the surface Surface Area
Pore size (nm)
(nm) (m*/g)
14PVDF/4PEG/2CA 454450 5.682 13.285
12PVDF/4PEG/4CA 528437 5.489 7.261
8PVDF/4PEG/8CA 840146 5.112 9.316
4PVDF/4PEG/12CA 55445 4.542 10.194
2PVDF/4PEG/14CA 110+65 5.243 8.591

3.4 Mechanical Characterization of Membranes

The mechanical characterization of the fabricated membranes reveals distinct
differences in their properties based on the composition of PVDF, PEG, and CA (Figure 7
& Table 4). The variations in Young’s Modulus, elongation at break, and tensile strength

(Figure 7 & Table 4) across different membrane formulations reflect the significant

influence of these components on mechanical behavior.

For the 14PVDF/4PEG/2CA composition, the membrane shows a relatively low
Young’s Modulus of 30 MPa, an elongation at break of 15.00%, and a tensile strength of

1.10 MPa (Figure 7 & Table 4). This indicates a moderate balance between stiffness and
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flexibility, primarily driven by the high PVDF content, which contributes to the overall
structural integrity and flexibility of the membrane. As the CA content increases and PVDF
decreases, such as in the 12PVDF/4PEG/4CA membrane, the Young’s Modulus drops to
25 MPa, with significant decreases in elongation at break and tensile strength to 4.50% and
0.60 MPa, respectively (Figure 7 & Table 4). This suggests that the initial increase in CA
content and reduction in PVDF disrupts the PVDF matrix, resulting in a less stiff and less
flexible membrane with lower tensile strength. This is corroborated by SEM images
showing a less dense and more porous structure as CA content increases.

Interestingly, the SPVDF/4PEG/8CA membrane shows a slight increase in Young’s
Modulus to 31 MPa but maintains low elongation at break (4.34%) and tensile strength
(0.75 MPa). This indicates that at this specific ratio, there is a balance between PVDF and
CA that allows the membrane to retain some stiffness due to the cohesive interactions
between PVDF and CA, despite the increase in porosity shown in SEM images (Figure 7
& Table 4). The most notable change is observed in the 4PVDF/4PEG/12CA membrane,
which exhibits a significantly higher Young’s Modulus of 85 MPa, elongation at break of
7.03%, and tensile strength of 2.20 MPa (Figure 7 & Table 4). This composition suggests
that a higher CA content, despite lower PVDF, can significantly enhance stiffness and
tensile strength. The morphological formation, as evident in SEM images, shows a denser
and more cohesive polymer network, indicating that the combined effects of ink
morphology, printed membrane structure, and higher CA concentrations contribute to a

more rigid and robust structure.
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Finally, the 2PVDF/4PEG/14CA membrane, despite its high CA content, shows a
Young’s Modulus of 55 MPa, elongation at break of 4.72%, and tensile strength of 1.00
MPa (Figure 7 & Table 4). This indicates that very high CA content can improve stiffness
compared to lower CA concentrations but may not substantially increase tensile strength
or elongation. SEM images for this composition reveal a highly porous structure, which
can compromise tensile strength and flexibility despite the increased stiffness.
Furthermore, higher viscosity indicates a more entangled polymer network in the solution,
leading to the formation of denser membranes upon phase inversion. This denser structure
is evident in SEM images of membranes with higher CA content. For example, the
12PVDF/4PEG/4CA composition exhibits higher viscosity compared to the
14PVDF/4PEG/2CA composition, correlating with the observed decrease in stiffness and
tensile strength due to a less dense polymer network. However, as CA content continues to
increase, such as in the 4APVDF/4PEG/12CA and 2PVDF/4PEG/14CA compositions, the
high viscosity comparable to the highest viscous ink promotes the formation of a more
cohesive and rigid polymer structure, thereby increasing stiffness and tensile strength

despite lower PVDF content.
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Figure 7. Stress-strain curve relationships of membranes printed in this study namely a)
14PVDF/4PEG/2CA b) 12PVDF/4PEG/4CA c) 8PVDF/4PEG/8CA d)
4PVDF/4PEG/12CA

e) 2PVDF/4PEG/14CA

41



Table 4. Mechanical Characterization of membranes fabricated

Young’s Modulus

Elongation at break

Tensile Strength

Composition
(MPa) (%) (MPa)
14PVDF/4APEG/2CA 30+0.02 15.00+1.45 1.10£0.15
12PVDF/4PEG/4CA 25+0.01 4.50+0.85 0.60+0.02
8PVDF/4PEG/8CA 31+0.02 4.34+0.76 0.75+0.03
4PVDF/4PEG/12CA 85+0.30 7.03+1.29 2.20+0.50
2PVDF/4PEG/14CA 55+0.03 4.72+0.64 1.00£0.20

3.5 Contact angle

PVDF is known for its inherent hydrophobicity, which can be reflected by the

contact angle measurement with water. Pristine PVDF membranes typically exhibit water

contact angles ranging from approximately 81.5° to over 110°, depending on the specific

surface treatment and fabrication methods used.

Modifications and additives can

significantly alter the hydrophilicity of PVDF membranes. For instance, the addition of

hydrophilic additives or surface treatments can reduce the contact angle, making the

surface more hydrophilic. For example, PEG is known for its significant hydrophilicity,

which is reflected in its low water contact angle. Studies have shown that the water contact

angle of PEG surfaces can be as low as approximately 20°, indicating a highly hydrophilic

surface. This low contact angle is due to the presence of oxygen in the PEG backbone,

which promotes strong interactions with water molecules.
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In this study, PEG was incorporated as an additive to facilitate pore formation in
the PVDF/CA composite membranes. A constant concentration of 4 wt% PEG was used
across all samples. The introduction of PEG promotes phase inversion during membrane
fabrication, resulting in the formation of larger and more interconnected pores, as suggested
in the SEM images shown above. This effect is crucial for improving membrane
performance in applications such as filtration and water treatment, where high permeability
and effective separation are desired.

CA exhibits a hydrophilic nature, with water contact angles typically lower than
90°, making it less hydrophilic than cellulose but not properly hydrophobic. For example,
contact angles for solution-cast CA films are reported to be around 56° to 65°, indicating
moderate hydrophilicity. The degree of hydrophilicity can be influenced by the casting
conditions and surface treatment, with rougher or patterned surfaces tending to lower the
contact angle further, enhancing wettability. Therefore, this study will primarily focus on
the influence of CA on the water contact angle of PVDF/PEG/CA membranes. The aim is
to understand how varying CA concentrations affect the hydrophilicity and overall
performance of the membranes in applications requiring high wettability, such as filtration
and water treatment. By analyzing the contact angles, we can determine the optimal balance
of CA needed to achieve the desired surface properties. This balance is crucial for tailoring
membrane characteristics to meet specific application requirements, ensuring enhanced.
The bar graph (Figure 8) illustrates the contact angle measurements for PVDF/PEG/CA
membranes with varying concentrations of CA and PVDF. The contact angle is a critical
parameter that indicates the wettability of the membrane surface, with lower contact angles
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corresponding to higher surface hydrophilicity. As shown in the graph, the contact angles
are lowest for the membranes with 8-14 wt% CA, indicating significant hydrophilicity.
For the 12 wt% CA membrane, SEM results indicate a denser and more cohesive
polymer network compared to membranes with 8 wt% CA. This increased density reduces
porosity and limits the exposure of hydrophilic groups on the surface, which affects the
contact angle measurement. Consequently, the 12 wt% CA membrane has a higher contact
angle (66.6°) than the 8 wt% CA membrane, indicating decreased hydrophilicity. Similarly,
the membrane with 14 wt% CA shows increased surface porosity, allowing more exposure
of hydrophilic groups compared to the 12 wt% CA membrane, leading to a lower contact
angle. This analysis demonstrates that increasing the CA concentration in PVDF/PEG/CA
membranes generally enhances hydrophilicity, and the specific surface porous morphology

determines the water contact angles.

100

Contact Angle (Degrees)

2%CA 4%CA 8%CA 129%CA 14%CA

Composition(CA in percent)

Figure 8. Contact Angle characterization of membranes
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4. CONCLUSION

In conclusion, the research demonstrates the significant potential of PVDF based
composite membranes fabricated using Direct Ink Writing (DIW) for water treatment
applications. The comprehensive characterizations, including rheological analysis,
morphological studiess, porosity and mechanical testing, underscore the importance of
optimizing the composition of PVDF, PEG, and CA to achieve desired membrane
properties. This study highlights the advantages of DIW in producing highly customizable
and precise membrane structures, overcoming the limitations associated with traditional
fabrication methods. The enhanced properties from these composite membranes could
significantly benefit industrial and environmental sectors requiring durable and efficient
water treatment solutions. The findings from this research contribute to the knowledge on
advanced membrane fabrication techniques and offer promising avenues for future
developments in water purification technologies. Further studies may focus on scaling up
the production process, exploring fine-tuning of the composite materials, and conducting

performance evaluations under various operating conditions.
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4 TERMINOLOGY

e CA: Cellulose Acetate; a hydrophilic, biodegradable polymer derived from natural and
renewable resources, enhancing membrane hydrophilicity and fouling resistance.

e DIW: Direct Ink Writing; an extrusion-based 3D printing technique allowing precise
control over membrane architecture and composition by depositing viscoelastic inks
through a fine nozzle.

e DMACc: Dimethylacetamide; a solvent used in the preparation of PVDF, PEG, and CA
solutions for DIW membrane fabrication.

e MF: Microfiltration; a membrane filtration process that removes large particles and
bacteria from water, typically with pore sizes ranging from 0.1 to 10 micrometers.

e NF: Nanofiltration; a membrane filtration process effective at removing divalent ions,
small organic molecules, and certain salts, with pore sizes typically between 0.001 and
0.01 micrometers.

e PEG: Polyethylene Glycol; a hydrophilic polymer used as a pore-forming agent to
improve membrane selectivity and enhance hydrophilicity.

e PES: Polyethersulfone; a polymer known for its high mechanical strength and thermal
stability, commonly used in ultrafiltration (UF) and nanofiltration (NF) applications.

e PP: Polypropylene; a low-cost, chemically resistant polymer primarily used in

microfiltration (MF) applications.
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PSF: Polysulfone; a polymer with high mechanical strength and thermal stability, used
in ultrafiltration (UF) and nanofiltration (NF) applications.

PVDF: Polyvinylidene Fluoride; a semicrystalline polymer widely used in membrane
fabrication due to its excellent chemical resistance, thermal stability, and mechanical
strength.

RO: Reverse Osmosis; a membrane filtration process that removes nearly all dissolved
salts, organic molecules, and other impurities from water, with pore sizes less than
0.001 micrometers.

UF: Ultrafiltration; a membrane filtration process that removes bacteria, viruses, and
some larger organic molecules from water, with pore sizes generally between 0.01 and

0.1 micrometers.
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