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ABSTRACT

The mechanical integrity of electrospun nanofiber membranes (ENMs) under operational conditions may limit their appli-
cation in membrane contactors. This study integrated the electrospinning (ESP) with heat treatments to enhance nanofiber
integrity in polyvinylidene fluoride (PVDF) ENMs. The impact of ESP parameters on the properties of the resulting ENMs
was explored, including polymer dope flow rate (1.0-1.2mLh=1), tip-to-collector distance (TCD, 12-18 cm), and needle size
(20-22 Ga), along with collector type (flat or rotary drum), needle motion (static or moving at 10cms™1), and collector rotation
speed were assessed. Heat treatment was evaluated at 130°C-170°C for 1-15h. The optimized ENM exhibited a 134° + 5°
water contact angle, 200+ 50 um thickness, and 3.10+0.02mgcm~2 surface density. It was fabricated using a 1.20mLh!
polymer dope flow rate, 12cm TCD, and a static 20 Ga needle during an 8-h ESP session with a rotary collector, followed by
treatment at 150°C under 70 Pa for 6 h. It endured over 800 h under high hydraulic stress (21 Lh~! water flow), outperforming
a commercial PVDF membrane and highlighting its potential for long-term operation in gas-liquid membrane contactor
applications.

1 | Introduction including water purification [1, 2], food packaging [3], fuel

cells [4-6], or biomedicine [7, 8], among others. In gas-lig-
Membrane technologies can surpass conventional separa- uid separation processes, membranes play a critical role in
tion methods in chemical engineering, enabling tasks that enabling efficient gas transfer in degassing [9-14] or gas ab-
are otherwise challenging. Membranes offer energy-efficient, sorption under harsh conditions [15, 16]. However, transfer-
compact, and selective solutions for various applications, ring their laboratory success to the industry scale demands
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significant advancements in fabrication techniques, material
design, and scalability [17-19].

Membrane technology overcomes the drawbacks of conven-
tional separation techniques like flooding, foaming, loading,
and weeping. Instead, their long-term performance is affected
by wetting and fouling, especially in applications involving
highly contaminated or complex feeds [10, 11, 20, 21]. In aque-
ous environments, hydrophobic membranes are particularly
effective in resisting the partial or complete occupation of the
pores by the liquid, also known as pore wetting, due to their
inherent water-repellent properties [22, 23]. These membranes
preserve their structural integrity and performance by minimiz-
ing interactions with water molecules, ensuring their suitability
for gas-liquid membrane contactors [14].

Traditional membrane fabrication methods, such as vapor-induced
phase separation, nonsolvent-induced phase separation, track-
etching, and sintering, involve manipulating polymer-solvent
interactions, thermal processes, or chemical reactions to achieve
the desired porosity, thickness, and surface characteristics [24, 25].
Selecting the proper technique is key to boosting desirable mem-
brane properties. In this regard, electrospinning (ESP) emerged
as a versatile and powerful technology that utilizes a high-voltage
electric field to draw polymer solutions, producing nanofiber mats
with specific and tunable structural properties, including high po-
rosity and high surface area to volume ratio [26-28], with recent
developments to boost ESP upscaling, such as centrifugal, roller,
bubble, corona, and high-speed ESP [29]. These attributes make
electrospun nanofiber membranes (ENMs) particularly attractive
for applications requiring efficient separation, including fresh-
water production, desalination, or CO, capture by absorption
[30-32]. Particularly, those made from polyvinylidene fluoride
(PVDF) stand out due to their exceptional chemical resistance and
hydrophobicity [33, 34].

Achieving a product with desirable properties through ESP re-
quires balancing a complex interplay of parameters related to the
solution, process, and environment [26, 35-38]. Solution param-
eters, such as polymer concentration, viscosity, and conductivity,
dictate fiber formation and uniformity. Process parameters, in-
cluding voltage, flow rate, and needle-to-collector distance, control
the morphology and diameter of the fibers. Environmental factors
like temperature and humidity influence solvent evaporation and
fiber deposition. Imbalances between these factors lead to defects
such as bead formation, inconsistent fiber diameters, or nonuni-
form mats [26, 35-38]. Therefore, optimizing these parameters in
harmony is crucial to producing ENMs with the desired structural
integrity, porosity, and functionality for specific applications.

The choice of nanofiber collector in the ESP equipment depends
also on the desired properties and type of substrate. Flat collectors
are commonly employed in applications requiring random fiber
orientation [39], uniform fiber thickness [40], or when the study
demands simplicity and versatility in membrane production [41].
Their ability to create isotropic mats makes them a baseline for
comparative analyses and valuable for specific applications such as
wound dressings [42] or scaffold production [43] in biomedical ap-
plications. Additionally, flat collectors are ideal for depositing thin
films of randomly oriented fibers onto small-sized substrates [44].
On the other hand, rotary collectors are preferred for applications

requiring mats with aligned fibers, as these exhibit higher crystal-
linity and enhanced mechanical resistance in a specific direction
due to their anisotropic nature [45].

Regardless of the base material, untreated ENMs usually lack
the required mechanical integrity to operate in their intended
application [35, 46]. Among the most common postfabrication
strategies to enhance the mechanical properties of ENMs, heat
treatment or annealing stands out as one of the simplest and
environmentally friendly approaches, since it only involves
subjecting the polymer membrane to temperatures ranging
from its glass-transition temperature to its melting point over a
specific time without requiring more solvents or additives [35].
The membrane is typically placed between two plates to pro-
vide conductive heat, support, and flatness while facilitating
handling, preventing adhesion, and ensuring uniform pressure
distribution [47, 48].

The most commonly reported PVDF ESP conditions in the litera-
ture involve using a primary solvent, such as dimethylformamide
(DMF), dimethylacetamide (DMAc), N-Methyl-2-pyrrolidone
(NMP), or dimethylsulfoxide (DMSO), combined with acetone as
a secondary solvent [49, 50]. Polymer concentrations range from 5
to 28 wt. %, the tip-to-collector distance (TCD) from 10 to 18cm,
and positive voltages from 8 to 35kV [49, 51-53]. The resulting
membranes exhibit WCAs between 115° and 146° [50, 52], average
fiber diameters from 150 to 1300nm [50, 51], and porosities rang-
ing from 54% to 93% [51, 53]. These membrane properties are also
influenced by the specific posttreatment process used.

This study aimed to evaluate the ESP and postprocessing con-
ditions for fabricating hydrophobic flat-sheet PVDF ENMs
with sufficient stability to endure prolonged hydraulic stress,
serving as design criteria for gas-liquid separations in mem-
brane contactors. The effects of key ESP parameters, including
TCD, needle size, operating voltage, dope flow rate, and ESP
time, were assessed to fabricate membranes suited for water
treatment. The target properties included high hydrophobic-
ity, thickness uniformity, and sufficient integrity for long-term
service. Likewise, evaluating static and moving needle configu-
rations, along with flat and rotary drum collectors, was highly
relevant to determining the most suitable setup, with particular
attention to the impact of rotation speed on membrane surface
characteristics. Additionally, the influence of posttreatment
consolidation temperature and time on membrane properties
was examined, alongside stability tests in flat-sheet membrane
contactors. Finally, benchmarking the ENMs with promising
surface properties and resistance to hydraulic stress against a
commercial membrane under simulated operational conditions
provided relevant knowledge for the further operation of PVDF-
based ENMs. This experimental approach aimed to improve the
mechanical robustness and durability of the ENMs while pre-
serving the unique properties essential for efficient operating
performance.

2 | Materials and Methods

The study comprised three experimental sets: (1) fabrication
of membranes through ESP by adjusting the parameters and
setup to enhance the efficiency of the ENM fabrication process,
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(2) evaluation of consolidation conditions to ensure membrane
integrity, and (3) assessment of the stability of the fabricated
ENMs under simulated operating conditions.

2.1 | Materials

The polymer powder, PVDF Kynar 761 (Mw ~440,000g/mol
[54]), was provided by Arkema (France). Dimethylformamide
(DMF, 98% purity) and acetone (ACS grade) were purchased
from VWR (USA). N-octanol (99% purity) was acquired from
ThermoFisher Scientific.

2.2 | PVDF Membrane Fabrication by
Electrospinning

The ESP dopes were prepared at a polymer concentration of
10wt. % by dissolving PVDF powder in a 6:4v/v % solution of
DMF and acetone [49], in a Pyrex flask at 60°C and 175 rpm over-
night in an orbital shaker (Rotaterm, J. P. Selecta, Barcelona,
Spain). After homogenization, the solution was degassed for 24 h
at room temperature and used for membrane preparation.

Nonwoven PVDF ENMs were produced in a Spinbox electro-
spinner (Bionicia, Paterna, Spain) in a horizontal setup by two
different collectors: a 20 X 20 cm vertical stainless steel flat plate
and an anodized aluminum rotary drum with a 10cm diame-
ter and a 20cm length with 250-2000rpm rotating speed. An
aluminum foil layer covered the collectors for easy membrane
detachment. A Sensirion SHT45-AD1B sensor (Sensirion, Stéfa,
Switzerland) monitored the temperature and relative humidity
inside the ESP chamber. During membrane fabrication, tem-
perature was maintained within the range 24°C-26°C, and
relative humidity was kept within the range 45%-55%. The
electrospinner used two needle configurations: a needle with a
scanning motion of 100mm/s~! (unidimensional and parallel to
the collector), and a static needle. The tip-to-collector distance
(TCD), needle size, dope flow rate (Q,), and operating voltage
were respectively adjusted from 12 to 18cm, 20 to 22Ga, 1.00
to 1.20mL/h!, and 8 to 10KV, to ensure a proper ESP process.
Fabrication time (t,) was selected from 1 to 10h to adjust the
resulting ENM thickness.

After production, the ENMs were dried overnight at 85°C in an
oven (TCN 30 plus, Argolab, Carpi, Italy) to remove the residual
solvent and stored for further consolidation under different heat
treatment conditions.

2.3 | Heat Treatment Consolidation of Nanofibers

A heat treatment step was implemented to enhance fiber integ-
rity in the membrane. ENM samples were placed between two
glass plates and heated in an oven (TCN 30 plus, Argolab, Carpi,
Italy) at a specified temperature and time, under an estimated
applied pressure of 70 Pa. The membranes were preliminarily
heat treated at 130°C for 15h to provide an initial level of cohe-
sion between fibers under mild conditions. Afterward, further
heat treatment was applied at temperatures between 150°C and
170°C and times between 1 and 6 h.

2.4 | Membrane Characterization Techniques

ENMs were characterized based on membrane thickness and
surface density, hydrophobicity, nanofiber morphology and
alignment, overall porosity, and hydraulic stability under oper-
ational conditions.

The average membrane thickness (8, um) and its standard de-
viation were determined from 20 measurements with a low-
force micrometer (543-705B Mitutoyo Digital Indicator ID-C,
Mitutoyo, Japan).

The membrane surface density (o, mg cm~2), representing the
average quantity of PVDF per unit membrane area, was deter-
mined using Equation (1), where m,, (mg) and A,, (cm?) corre-
spond to the sample's mass and area, respectively. Results were
reported as the average and standard deviation of three samples.
A laboratory scale (Denver Instrument SI-114, USA) measured
the mass of the membrane samples.

My,
6= AM (1)

The hydrophobicity of the membranes was assessed using the
sessile-drop water contact angle (WCA) measurement tech-
nique. A syringe pump (NE-300, KF Technology, Roma, Italy)
dispensed water droplets on the membrane surface at five
points. After a 15-s stabilization period, images of the droplets
were captured using a digital microscope (Celestron Handheld
Digital Microscope Pro, California, USA) with a white light
source (Philips HUE Lamp, Amsterdam, The Netherlands) in
the background. The images were analyzed with the Contact
Angle plugin of ImageJ software, using the ellipse approxima-
tion method to calculate the WCA of at least five droplets per
membrane, from which the average and its standard deviation
were determined.

The surface morphology of the ENMs was examined using
a Field Emission Scanning Electron Microscope (FESEM)
(Hitachi S4800, Hitachi Ltd., Tokyo, Japan) at an accelerat-
ing voltage of 10kV. Before imaging, the samples were coated
with a thin layer of palladium-gold alloy using an SC7640
sputter-coater (1 min, 1.8kV). The ImageJ software was used
to determine the average fiber diameter (d, nm) and its stan-
dard deviation from 150 randomly selected fibers. The mem-
brane surface porosity (¢¢) and its standard deviation were
calculated from at least two SEM images at 2000x magnifi-
cation [20].

The degree of alignment (A4, %) of the nanofibers was esti-
mated with Equation (2), where N, represents the number of
fibers with a given angle (6), and N, the total number of sam-
pled fibers [55]. The orientation angle of around 180 randomly
selected fibers was measured with the Image J software from
SEM images.

N
Ag(%)=Ni « 100 )

The overall membrane porosity was measured using a variation
of the wet-dry method, with n-octanol as the wetting solvent.
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Results were reported as an average and standard deviation
from five membrane samples of 4cm?. The samples dehydrated
in a laboratory oven at 60°C until they reached a constant weight
(mdry, mg). Each sample was then immersed in 10mL of n-
octanol inside 15mL glass vials and subjected to 100 rpm orbital
shaking at room temperature for 24h. After full impregnation,
the excess solvent was carefully removed and the wet samples
were immediately weighed (m,,,,, mg). The porosity (¢, %) was
calculated using Equation (3), where p_,; represents the den-
sity of n-octanol (824kgm™ at 25°C), A,, (m?) the sample area,
and & (m) the thickness.

et — Mg

g(%)=u.100 ®3)

Pes—omn * Ay * 6
2.5 | Membrane Integrity Test in Operation

The hydraulic stability of the membranes was assessed with a
flat-sheet module (FSM, active area of 17.3cm?) by exposing
them to a continuous distilled water flow rate of 21 Lh~! (liquid
velocity of 16.8 cms™), provided by a peristaltic pump (Percon
N-M-II, JP Selecta, Barcelona, Spain), within a closed-loop sys-
tem [9]. A scheme and a photograph of the experimental setup
scheme are available in Figures 1 and S2. Membrane samples
with a diameter of 6.5 cm were used. The test was extended until
membrane failure or breakthrough, identified by water leakage
on the module permeate side.

3 | Results and Discussion

The ESP parameters (TCD, needle size, voltage, and dope flow
rate) were adjusted to obtain desirable membrane properties
for efficient gas desorption from water streams in flat-sheet
membrane contactors: high hydrophobicity and membrane in-
tegrity, assessed with the membrane breakthrough time under
service conditions. Bulk properties, such as fiber arrange-
ment, thickness, and surface density depend on the appropri-
ate combination of the collector type, injection needle motion,
and ESP time [26, 56, 57]. For the selection of the most suit-
able emitter—collector conditions, membranes were produced
under the four possible combinations: (i) flat collector with a
static needle, (ii) flat collector with moving needle, (iii) rotary
drum collector with a static needle, and (iv) rotary drum col-
lector with moving needle.

Water recirculation

Liquid Membrane
feed tank module
/
_—
Per::mc L Lealf
Q =leFI)_ b detection

FIGURE1 | Processflow diagram for hydraulic stability test.

3.1 | Steady PVDF Electrospinning Process in a
Flat Collector and Static Needle

The initial attempts at ENM fabrication involved <3-h ESP ses-
sions using a flat collector and a static needle. The TCD (12 and
18cm), needle gauge (20 and 22Ga), voltage (8.0 and 9.0kV),
and polymer flow rate (1.0 and 1.2mLh™!) were varied to obtain
nanofibers, improve fiber collection efficiency, enhance thick-
ness uniformity and membrane manipulability, and reduce the
fabrication time for a target thickness. The resulting ESP fabri-
cation conditions were a TCD of 12cm, a needle gauge of 20 Ga,
a voltage of 8.0kV, and a dope flow rate of 1.20mL/h~!. These
conditions ensured effective solvent evaporation and a stable
performance of Taylor's cone, without jet branching or splay-
ing. Additionally, they prevented bead formation by maintain-
ing a proper balance between surface tension and the electrical
forces, which can be challenging in highly viscous solutions and
under high electric fields [58]. The obtained ENMs were dried at
100°C for 1h to promote the evaporation of the residual solvent,
then subjected to glass-plate consolidation at 130°C overnight
[50]. They showed high hydrophobicity (WCA around 128°),
with an average thickness of 160 +20um, a surface density of
2.7+0.1mg/cm~2, porosities in the 80%-90% range, and an
average nanofiber diameter of 530+160nm. The experimental
data related to the preliminary optimization of the ESP parame-
ters are provided in (Table S1).

Further improvement of the fabrication of PVDF ENMs was ex-
plored by evaluating the effect of collector type, needle motion,
speed of the rotary collector, and heat posttreatment.

3.2 | Effect of Collector Type and Needle
Motion Regime on Membrane Morphology
and Hydrophobicity

Membranes were produced using the four possible combinations
of flat/rotary collector and static/moving needle to evaluate the
impact of these parameters on membrane morphology and hy-
drophobicity. Figure 2a shows surface electron micrographs of
the four resulting membranes, which exhibit a randomly aligned
morphology of nonwoven nanofibers with the following average
fiber diameters: 530 £160 and 390+ 150nm for the flat collec-
tor with static and moving needle, respectively, and 590+ 170
and 450 + 140 nm for the rotary collector with static and moving
needle, respectively. Since all these samples consisted of fibers
with diameters below 1000nm, they qualify as ENMs. Also,
the choice of collector type and needle motion appears to have
no clear impact on fiber size, as all average fiber diameters fall
within their respective uncertainty ranges, as shown in the fiber
size histograms provided in the (Figure S3).This result is consis-
tent with the findings of other authors [39].

Figure 2a also summarizes the results of these experiments in
terms of WCA, thickness, and membrane surface density. Similar
WCA values around 133° were obtained regardless of the collector
type or needle motion. A maximum WCA difference of 5%, which
fell well within the measurement uncertainty, was attributed to
the inherent variability of the material. This result suggests that
the collector type had no significant impact on membrane hydro-
phobicity, regardless of the needle movement regime.

40f 12

Journal of Applied Polymer Science, 2025

FSUBD|T SUOWWOYD dA a1 3|qedl|dde au Aq pausenob ake sapile YO ‘38N Jo sajnl 1o A%eiqi auluQ 43|\ UO (SUO N IPUOD-PUR-SWLR)WLIOD" A3 | 1M Ale.d 1 pU T UO//SANY) SuonIpuoD pue s | Yl 39S *[5202/60/62] U0 ARl auljuQ /8|1 (Pepiues ap 0LBXSIUIA) UOSIAOK [RUOIRN aUeIUo0D usiueds Ad /6,6 dde/z00T OT/10p/wod A8 1im Akelq 1puljuo//sdny wolj papeojumoq ‘Ty ‘S20Z ‘829v260T



(a) Flat collector  Rotary collector
N r ¢ il

Static needle

Moving needle

150 Flat Rotary 200 _ 4
140 r
0 -150  F3.~
£~ | |
- B
3 120 - 100 =f 2 %0
Z 110 Il =
50 [10
100 [
90 | Lo Lo

Static Moving Static Moving
Needle motion

FIGURE2 | (a)Surface electron micrographs and nanofiber diameter (d,,) of PVDF ENMs fabricated with flat or rotary collectors, and with static
or moving needle. (b) Effect of needle motion and collector type in water contact angle (WCA, (] ), thickness (8, O ), and polymer surface density (o,

[ )- ESP conditions: T, =2.5h (flat collector); £,

=5h (rotary drum collector, 400rpm); Qp¢, =1.20 mLh~!; TCD =12cm. Heat treatment: 130°C

for 15h. Bar errors represent the standard deviation. [Color figure can be viewed at wileyonlinelibrary.com]
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Position (cm)

FIGURE3 | Thickness (5, ¢) and polymer surface density (o, ®) pro-
file for PVDF ENM. ESP conditions: Rotary drum collector at 400rpm,
static needle, Qpqp=1.20mL h-1, TCD=12cm, tpsp=8h. Heat treat-
ment: 130°C for 15h. The 0cm position corresponds to the central point
of the collector. [Color figure can be viewed at wileyonlinelibrary.com]

Static-needle fabricated membranes exhibited higher thickness
and polymer surface density than those produced with a moving
needle, as anticipated. This was attributed to the static-needle
setup directing fibers to a single point, typically the center of the
collector, leading to increased thickness and polymer density in
that area, as shown in Figure 3. Moreover, moving-needle fabri-
cated membranes exhibited lower thickness standard deviations,
regardless of the collector type, indicating greater thickness uni-
formity compared to those produced with a static needle. This
aligns with the broader region of more evenly distributed fibers
across the collector's breadth depicted in (Figure S4).

Membranes produced with the flat collector showed greater
thickness and polymer surface density than those produced
with the rotary collector, even though the latter operated for
twice the duration (5hvs. 2.5h) to account for its 1.6 times larger
collection area. These differences were attributed to the total
available area on each collector, since the flat collector's smaller
surface area allowed fibers to accumulate more densely, leading
to faster thickness buildup. Ryu et al. reported that the thickness

unevenness often found in electrospun mats was generated by
the bending instabilities of the polymer jet, particularly affect-
ing setups lacking the movement required to adjust the fiber
nonuniform deposition [40], that is, those with a flat collector or
static needle configuration used in this work.

Our results suggest that using a flat collector is a suitable choice
when thickness and short-term production take priority over the
total membrane area produced, such as during proof-of-concept
testing. As shown in Figure 2b, rotary-collector ESP required
a longer production time to achieve membrane thickness and
surface densities comparable to those obtained with the flat col-
lector, due to the wider distribution of fibers and greater collect-
ing area. These results suggest that the rotary collector is better
suited for scenarios requiring higher uniformity and membrane
surface to meet quality standards. Consequently, to ensure uni-
form membranes while minimizing material waste and process-
ing time, the rest of the study was conducted with the rotary
collector and a moving needle.

3.3 | Effect of the Speed of the Rotary Collector on
Fiber Morphology and Membrane Hydrophobicity

To achieve mechanically stable and isotropic membranes, a cer-
tain degree of entanglement provided by randomly oriented non-
woven fibers is desired. In contrast, highly aligned fibers would
induce anisotropy, which is not desirable in this study. Rotary
drum collector speeds between 400 and 900rpm [59-61] were
screened to assess their effect on fiber morphology and mem-
brane hydrophobicity. Surface electron micrographs (Figure 4a)
showed continuous, uniform, defect-free fibers with an appar-
ently random orientation at all the rotary speeds studied. The
average fiber diameter (d,, around 470nm) was unaffected by
increasing collector speed from 400 to 900rpm, unlike other
studies reporting fiber diameter reduction due to greater and
more sustained jet stretching forces at higher speeds [62-65].

Further analysis of the fiber alignment histograms (Figure 4b)
revealed the influence of rotary speed on fiber alignment
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FIGURE 4 | (a)Surface electron micrographs and average nanofiber diameter (d,), (b) fiber alignment degree (A,) vs. fiber angle (6) histograms,
and (c) water contact angle (WCA), of PVDF ENMs. ESP conditions: Rotary collector at 400, 600, and 900rpm, moving needle, Q ¢, = 1.10mL/h~L
TCD=12cm. Heat treatment: 130°C for 15h. [Color figure can be viewed at wileyonlinelibrary.com]

degree distribution in 10° interval bins. At 400rpm, a broad
distribution was evident, with all intervals showing alignment
degrees below 12%. Similarly, other studies have reported
membrane morphologies of randomly oriented fibers with
alignment degrees around 10% for all intervals between 0° and
180° at a collector rotation speed of 300 rpm [66]. In our study,
increasing the rotation speed to 600 rpm narrowed the align-
ment degree distribution to degree values between 10% and
15% for intervals within the 60°-100° range. As expected, at
900rpm, the highest degree of alignment was observed, with
values exceeding 20% for intervals between 70° and 90°. An
alternative interpretation of these results involves evaluating
the percentage of aligned fibers within a specific angle range.
For fibers with angles between 80° and 100° the percent-
ages increased progressively with rotation speed, from 18%
at 400rpm to 24% at 600rpm, and 33% at 900rpm. Although
higher rotation speeds improved the degree of alignment, the
ENMs produced in this study cannot be classified as fully
aligned. Achieving full alignment likely requires higher rota-
tion speeds. For example, other researchers have reported 40%
alignment at 85°-95° fiber with a rotation speed of 1000 rpm
and over 90% alignment at 2000 rpm [55].

Additionally, lower rotary speed seems to slightly enhance
membrane hydrophobicity (Figure 4c), with a maximum WCA
of 134°+5° at 400rpm and a minimum of 127° +2° at 900 rpm.
So, a 400-rpm rotary speed was selected for subsequent mem-
brane fabrication.

3.4 | Heat Treatment Effect on Fiber Morphology,
Membrane Hydrophobicity, and Thickness

The preliminary exploration of heat treatment conditions focused
on identifying suitable temperature and time ranges. Electrospun
mats underwent changes in both bulk and surface properties fol-
lowing postfabrication heat-driven treatments (Figure 5), in line
with expectations based on prior studies [50, 53].

The mats were first consistently subjected to heat treatment at
130°C and 70Pa for 15h as a first step, resulting in a surface
morphology characterized by a network of randomly aligned
nonwoven nanofibers, with no signs of sintering, indicating that
the fibrous structure remained virtually unaltered. This strategy
can be considered a preliminary strategy to enhance nanofiber
cohesion under mild conditions, as suggested by other authors
[50], who reported similar surface morphologies under compa-
rable temperature and time conditions.

The mats were then subjected to a second heat treatment step
involving more severe conditions, with temperatures of 150°C,
160°C, and 170°C, to further consolidate the nanofibers. Raising
the treatment temperature to 150°C led to a slight increase in
the number of fibers in the foreground while maintaining a pre-
dominantly nonsintered surface morphology, with only a few
well-spaced sintered fibers, especially with prolonged times. At
160°C, sintered regions and fiber flattening became more evi-
dent with the formation of triangular junctions along the edges
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FIGURES5 | Surface electron micrographs of PVDF electrospun nanofiber membranes heat-treated at different time and temperature conditions.
ESP conditions: Rotary collector at 400rpm, moving needle, QESP =1.20mL/h™!, TCD=12cm, tpgp=>5 h.

of the fibers, particularly for treatment times of 6h. Further
increasing the temperature to 170°C caused PVDF to melt, de-
stroying the fibrous structure as it approached its melting point.
Other authors subjected PVDF ENMs to 1h heat treatments at
170°C and 180°C. While the porous structure was preserved
at both temperatures, severe sintering similar to our results at
160°C for 6h was observed at 180°C [53]. This suggests that
other factors such as the rate of heat transfer may also influence
fiber morphology.

Given that 150°C and 160°C stood out as the most reasonable
temperatures for achieving fiber compaction without compro-
mising the nanofibrous morphology, a progressive evaluation
was carried out at these temperatures with heat treatment times
from 1 to 6 h. Figure 6a presents the effect of the heat-treatment
temperature and time on membrane surface morphology.
Because of these morphological modifications, heat treatment
reduced the surface porosity at higher temperatures and longer
durations (Figure 6b): from 13.2% +0.9% at 130°C for 15h to a
minimum of 7% + 2% at 160°C for 6 h. This trend aligns with the
greater number of fibers observed in the same focal plane under
more intense heat-treatment conditions.

Figure 6b also illustrates the impact of the heat treatment tem-
perature and time on membrane hydrophobicity and thickness.
Membranes treated at 130°C for 15h exhibited the highest WCA
(134°+£4°). A 10% WCA reduction was observed after additional
1-h treatments at 150°C and 160°C, while 6-h treatments led to a

13% reduction at 150°C and 17% at 160°C. The decline in hydro-
phobicity under more intense treatment conditions aligns with
the observed membrane surface morphology. The mat treated
at 130°C for 15h consisted of nonwoven PVDF fibers loosely ar-
ranged due to electrostatic repulsion, likely exhibiting elevated
roughness, which can enhance the natural tendency of a surface
to repel or attract water [67]. Following a higher temperature
heat treatment, however, fiber compression and potential sinter-
ing reduced roughness and, consequently, hydrophobicity.

In terms of membrane thickness, the second step of the heat
treatment at 150°C preserved the average membrane thickness
around 65um, while decreasing its variability, as indicated
by a lower standard deviation. However, at 160°C, thickness
decreased by 10% after 1h and by 43% after 6h, which is co-
herent with the surface porosity results. In summary, increas-
ing the temperature and time of the heat treatment reduced
membrane roughness, hydrophobicity, and thickness. Yao
et al. observed similar results when heat-treating PVDF-HFP
copolymers ENMs between flat metal plates at 140°C-170°C
and 0.7-9.8kPa for 1 to 8 h [68]. Liao et al. also described that
higher heat-treatment temperatures within the 160°C-180°C
range resulted in decreased hydrophobicity in their PVDF
ENMs [53].

Based on the obtained results, an initial heat treatment at 130°C
for 15h followed by a second step at 150°C for 6h, both under
70Pa, was selected for further experiments, as it preserved the
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nanofibrous structure while achieving membrane compaction
without significantly compromising hydrophobicity.

3.5 | Membrane Integrity Under Simulated
Hydraulic Operation

Although relatively rare in the literature, research on membrane
stability under service conditions is essential for defining or fore-
casting the limiting operating parameters, useful lifetime, and
long-term behavior of the membranes [9, 20, 69]. In this work,
the membrane integrity test aimed to determine how long heat-
treated membranes withstood simulated service conditions.
ENMs were therefore subjected to a distilled water flow rate of
21Lh7! in a flat-sheet module. This flow rate was specifically
chosen based on our previous studies, which showed that higher
rates caused structural damage to polymer-based membranes
[9]. The experiments were extended until a water breakthrough
was observed, and the breakthrough time was recorded.

Experiments with the previously presented membranes resulted
in short breakthrough times (Figure 7a), which were attributed
to their low thickness (<70pum) and polymer surface density
(<1.5mgcm~2), making them too thin for practical applications.
Thus, to achieve thicker membranes, the ESP time was extended
to 10h while maintaining the previously established conditions.

=5h. [Color figure can be viewed at wileyonlinelibrary.com]

The results for these ENMs in terms of thickness and polymer
surface density were interrelated, as both are extensive proper-
ties dependent on the amount of electrospun PVDF and the fiber
collection method. A regression of these two parameters for the
ENM s produced in this work (Figure 7b) suggested a linear rela-
tionship with an R? value close to 0.97. Surface density appeared
to be a more reliable metric for determining the amount of poly-
mer in the ENMs, as its measurement uncertainty is consider-
ably lower than that of thickness measurements.

Figure 7a shows the hydraulic stability test results in a thickness
versus breakthrough time plot, showing a clear relationship be-
tween both variables. Membranes with thicknesses between 110
and 120 um (surface densities from 2.0 to 2.4 mgcm—2) withstood
5 to 31 h of operation. Increasing thickness to 170 um (surface den-
sity of 2.8 mgcm™2) significantly enhanced hydraulic resistance,
extending breakthrough time to 661h. The thickest membrane,
with around 200um and a surface density of 3.10mgcm=2, main-
tained its integrity for 839h without failure, treating a total water
volume of 17.6m3. At this point, the experiment was terminated,
and the membrane kept its hydrophobicity (final WCA value
around 135°), and its thickness was slightly reduced (final thick-
ness 160 +20um), confirming the suitability for long-term opera-
tion. These results indicated that a minimum thickness of 170 um
and a polymer material surface density of 2.8 mgcm~2 were nec-
essary for the breakthrough time to increase from less than 1 day
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6h (70 Pa). [Color figure can be viewed at wileyonlinelibrary.com]

to beyond 25days (600h), for PVDF ENMs posttreated at 150°C
for 6h at 70 Pa. In other words, regardless of the collector type and
needle movement regime, the membrane thickness and the sur-
face density ultimately determined the hydraulic stability.

The ENMs of this work outperformed some commercial mem-
branes under similar hydraulic stress conditions. For instance,
commercial membranes of PDMS and PVDF were subjected to sim-
ilar hydraulic stress conditions (21 Lh™! of water) in our previous
work [9]. The PDMS membrane (overall thickness of 175+ 5um)
was tested for 95h before breakthrough occurred (treated water
volume of 2.0m?3), which was attributed to the delamination of the
dense layer. The PVDF membrane (159 + 2 um thickness) was used
for 150 h (treated water volume: 3.2 m?), with substantial structural
changes at a microscopic level, attributed to plastic deformation
induced by the hydraulic stress [9].

4 | Conclusion

The combination of the rotary drum collector and a moving nee-
dle was the most suitable configuration to increase the electro-
spinning yield while promoting homogeneous mats, reducing
material waste, and minimizing the setup reconditioning time
between electrospinning sessions.

The combined heat treatment with a first step at 130°C and 70Pa
for 15h to improve the cohesion between the nanofibers under mild
conditions, followed by a second and more severe step at 150°C in
durations of 3-6h maintained thickness and hydrophobic nature
(WCA =115°). These conditions, applied to 8 h electrospun ENMs,
yielded thicknesses of around 200um and surface densities close
to 3mgcem—2, and these ENMs exhibited excellent stability under a
continuous water flux of 21 Lh~1, lasting over 800 h without failure,
more than five times longer than a commercial PVDF membrane.
In this regard, surface density was proposed as a complementary
metric to thickness, with lower uncertainty, and strictly related to
membrane long-term stability under service conditions. Therefore,
PVDF ENMs have the potential for enduring service in membrane
contactors for gas-liquid operation with aqueous feeds.
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