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ABSTRACT: This research examines the correlation between interfacial character-
istics and membrane distillation (MD) performance of copper oxide (Cu)
nanoparticle-decorated electrospun carbon nanofibers (CNFs) polyvinylidene
fluoride (PVDF) mixed matrix membranes. The membranes were fabricated by a
bottom-up phase inversion method to incorporate a range of concentrations of CNF
and Cu + CNF particles in the polymer matrix to tune the porosity, crystallinity, and
wettability of the membranes. The resultant membranes were tested for their
application in desalination by comparing the water vapor transport and salt rejection
rates in the presence of Cu and CNF. Our results demonstrated a 64% increase in
water vapor flux and a salt rejection rate of over 99.8% with just 1 wt % loading of
Cu + CNF in the PVDF matrix. This was attributed to enhanced chemical
heterogeneity, porosity, hydrophobicity, and crystallinity that was confirmed by
electron microscopy, tensiometry, and scattering techniques. A machine learning
segmentation model was trained on electron microscopy images to obtain the spatial distribution of pores in the membrane. An
Autoregressive Integrated Moving Average with Explanatory Variable (ARIMAX) statistical time series model was trained on MD
experimental data obtained for various membranes to forecast the membrane performance over an extended duration.

1. INTRODUCTION
Global water scarcity, exacerbated by population growth,
climate change, and industrialization, is a pressing issue.1

Despite 97% of Earth’s water being seawater, only 0.06% of the
total water is accessible freshwater. Efficient ocean water
desalination is thus crucial.2 The semiconductor industry’s
growing demand for high-purity water for silicon purification,
wafer cleaning, and cooling systems further underscores this
need.3 Various membrane-based processes, including reverse
osmosis, distillation, filtration, electrodialysis, and pervapora-
tion, are being explored for energy-efficient water purifica-
tion.4−8 Membrane distillation (MD), a hybrid thermal and
membrane process, is particularly promising due to its ability
to handle high-concentration discharges, operate under low
temperatures and pressures, resist fouling, and utilize renew-
able energy sources.9−12 MD offers 50−75% energy efficiency,
superior rejection rates, and cost-effective separations at $0.9/
m3, compared to the average $2.92/m3 of other technolo-
gies.13,14

In MD, a hydrophobic polymer membrane separates
nonvolatile and volatile components from wastewater.
Membrane properties like pore diameter, porosity, thickness,
mechanical strength, and interfacial characteristics can be
adjusted to control water vapor transport and salt reten-
tion.15−19 Hydrophobic membranes with antiwetting proper-

ties and thermal stability are preferred. Hydrophobic polymers
like polypropylene, polytetrafluoroethylene, poly(vinylidene
fluoride), and polysulfone are commonly used due to their
strength, stability, and hydrophobicity. Polyvinylidene fluoride
(PVDF) membranes are particularly notable for their chemical
and thermal properties and their ability to promote micro-
porosity.20,21 Integrating nanomaterials into polymeric mem-
branes can enhance their characteristics, leading to increased
water vapor flux and salt retention, crucial for MD
applications.22−24 This can be achieved through surface
coatings or by creating a mixed matrix with a polymer cast
solution.24,25

In our recent studies, we enhanced boiling surfaces using
coatings of graphene,26 graphene oxide,27 reduced graphene
oxide,28 graphene nanoplatelets,29 and copper particles.30 This
led to a higher critical heat flux at lower surface temperatures
due to enhanced thermal and interfacial properties.20,21,23−25,31
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In thermally driven processes, the three-phase contact among
liquid, vapor, and the heated solid surface is crucial for heat
and mass transfer. Incorporating nanomaterials into mem-
branes have been shown to improve permeate fluxes, fouling-
resistance, and durability.22,32,33 Recent studies have used
nanomaterial modified PVDF membranes for MD applications,
achieving superior water contact angles and fluxes. Wei et al.
reported silver nanoparticle coated membranes with a water
contact angle of 151.6 ± 2.5° and a flux of 17.6 kg m−2 h−1.33

Reddy et al. developed mixed matrix membranes of PVDF and
TiO2, demonstrating a vapor flux of 5.10 ± 0.10 kg m−2 h−1

and effective dye extraction from textile wastewater.34 Yadav et
al. developed SiO2 modified PVDF nanofibrous membrane
with a water contact angle of 154.6°, which produced a vapor
flux of 11.5 kg m−2 h−1.35 Additionally, carbon based
nanomaterials, such as reduced graphene oxide blended with
PVDF membranes, resulted in 31.79% increase in vapor flux
compared to pristine PVDF membrane,36 and multiwall carbon
nanotube spray coated PVDF membranes yielding a vapor flux
of 33.2 kg m−2 h−1.37

This study introduces copper-oxide-nanoparticle-impreg-
nated carbon nanofibers (CNFs) incorporated into a PVDF
polymer matrix via wet phase inversion. We hypothesized that
Cu and CNF would induce chemical and morphological
heterogeneity, leading to improved wettability, porosity, and
pore dynamics for efficient MD. We investigated electrospun
CNF/PVDF and Cu + CNF/PVDF mixed membranes,
optimizing CNF and Cu concentrations for membrane wetting
and pore dynamics. A comprehensive structure−property-
performance correlation analysis was performed using
physiochemical, thermal, and mechanical analyses, along with

small- and wide-angle X-ray scattering (SAXS and WAXS). A
machine learning (ML) tool was used for scanning electron
microscopy (SEM) micrograph image processing to determine
spatial porosity. The Cu + CNF/PVDF membranes achieved
the highest salt rejection and vapor flux due to superior
interfacial properties. An autoregression model was trained on
MD data for time series performance analysis.

2. RESULTS AND DISCUSSION
2.1. PVDF and Mixed Membrane Properties: Crystal-

linity and Thermal Stability. Crystallinity of membranes
plays a crucial role in determining their MD performance.
Enhanced crystallinity in polymer membranes typically results
in reduced permeability due to decreased free volume, but it
can improve selectivity due to a more ordered structure.
Crystalline regions, being more thermally stable than
amorphous ones, contribute to the membrane’s thermal
stability, a critical factor for high-temperature processes.
Additionally, higher crystallinity augments the membrane’s
mechanical strength, thereby increasing its resistance to
operational stresses. It also influences the membrane’s surface
properties, impacting its fouling resistance. Studies have also
indicated that membranes with larger pore sizes, which are
associated with higher crystallinity, exhibit reduced nucleation
time and increased crystal growth rate.38,39 Prior work analyzed
variations in the crystalline conformation of PVDF chains in
the PVDF/poly(methyl methacrylate) blends, where the
degree of crystallinity and the molecular mobility in the
amorphous phase were quantitatively estimated using the
nuclear magnetic resonance spectroscopy.40 PVDF has been
reported to possess several crystalline polymorphs, such as α-,

Figure 1. Comparison of properties of PVDF, CNF/PVDF, and Cu + CNF/PVDF membranes at 1 wt % (a) DSC curve demonstrating cold
crystallization peak, (b) FTIR spectra with chemical functional and α crystal peaks, (c) SAXS analysis study, and (d) thermogravimetric analysis
curve.
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β-, γ-, δ-, ε-, out of which α-, β-, and γ are the dominant
conformations. α-Form crystallites are the most stable
conformation in melt-crystallized PVDF and can be identified
on IR spectra at 976, 855, 795, and 766 cm−1.41,42

A comprehensive investigation of the crystallinity of PVDF
membranes in the presence of Cu and CNF was performed
using differential scanning calorimetry (DSC), Fourier trans-
form infrared spectroscopy (FTIR), and SAXS. Figure 1a
represents the cold crystallization DSC. All three membranes
yielded a crystallization peak at around 130 °C; however, a
significant difference in the shape and magnitude of these
peaks were noted in the presence of multiscale CNF and Cu
materials in the PVDF matrix. The integration of nanomateri-

als into the PVDF matrix serves as nucleation sites, promoting
the crystallization of PVDF. The degree of crystallinity of
PVDF membrane was around 0.37%, and with the integration
of 1 wt % CNF and Cu + CNF, the degree of crystallinity
increased to 0.39 and 0.4%. This behavior is widely reported to
alter the thermal characteristics of PVDF, as evidenced by the
broadening of the DSC peak.43,44 In this study, CNF and Cu
altered the formation of α crystal system but that the CNF and
Cu nanoadditives moderate the formation of the ordered
phase, likely through restricted mobility. The compatibility of
the nanofillers and the PVDF polymer is critical for ensuring
stability and performance of the mixed matrix mem-
branes.45−47 The thermodynamic compatibility of the polymer

Table 1. Scanning Electron Microscope Images and Effective Mean Pore Diameters of PVDF and CNF/Cu + CNF Mixed
PVDF Membranes at 1 and 2 wt % Loading
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and the nanoparticles dispersed in the polymer matrix was
assessed using the Flory−Huggins interaction parameter given
by equation.48

H
kT

mix=
(1)

where χ is the Flory−Huggins interaction parameter, ΔHmix is
the enthalpy of mixing for the mixed matrix membrane
calculated using eq S1 of Supporting Information, k is the
Boltzmann constant, and T is the absolute temperature. The
calculated Flory−Huggins interaction parameter for CNF/
PVDF was ∼0.119 and ∼0.093 for the Cu + CNF/PVDF
membrane. Both the mixed matrix membranes exhibited low
(close to zero) Flory−Huggin’s interactions parameters,
indicating good thermodynamic compatibility and stability
between polymer and nanofiller.49,50

Figure 1b compares the FTIR spectra of PVDF, CNF/
PVDF, and Cu + CNF/PVDF at 1 wt % Cu and CNF with
respect to PVDF. For all the membranes, strong absorption
bands for antisymmetric C−C stretching and symmetric CF2
stretching vibration were observed at 875 cm−1, asymmetrical
C−F stretching peak was observed at 1178 cm−1, and CH2
wagging vibration along with antisymmetric C−C stretching
vibration was observed at 1405 cm−1, native to PVDF
polymers.51,52 The bands around 750 cm−1 observed in
FTIR spectra can also be attributed to the presence of α
crystals.40,41 X-ray Scattering (XS) measurements were
performed on the membrane films to further elucidate the
morphological details within the films further. WAXS data
revealed commonly reported α and β peak structures with
negligible differences between the membrane formulations
(Figure S1). However, subtle differences appear in the SAXS
data shown in Figure 1c, with an unambiguous reduction in the

first lamellar feature (q ∼ 0.04) in the system containing Cu
particles. This result is consistent with a reduction in density-
driven contrast, or reduced order, resulting from the frustrated
chain diffusion at the crystal growth face.53 While the SAXS
data strongly suggest the presence of two distinct lamellar
structures in the mixed matrix membranes, direct morpho-
logical evidence is lacking. Future work will involve
complementary techniques such as transmission electron
microscopy or atomic force microscopy to visually confirm
and investigate the lamellar morphology observed through
SAXS analysis. The membranes were tested for their stability
within the operating temperature range of MD and at higher
temperatures for their potential future applications in high
temperature gas separation. Figure 1d compares the dynamic
thermogravimetric curves of the membranes that demonstrate
their stability up to 400 °C.
2.2. Pore Morphology, Porosity, and Wetting Char-

acteristics of PVDF and Mixed Matrix Membranes. Table
1 summarizes the SEM images of PVDF and mixed matrix
membranes with 1 and 2 wt % CNF and Cu + CNF. Several
other lower and higher concentrations of CNF and Cu + CNF
were also investigated to elucidate their effect on overall
membrane properties. The thickness of the fabricated
membranes was in the range 50 ± 4 μm measured using a
micrometer. Brunauer−Emmett−Teller (BET) analysis was
performed to report the porosity of the membranes and is
presented in Supporting Information Figure S2. The effective
pore diameters and % pore size distributions of the membranes
computed using digiM I2S image analysis are summarized in
Table 1 and in Supporting Information Figure S3, respectively.
The mean pore diameter of the PVDF membranes obtained
was 93.5 nm. The pore diameters increased with increasing
CNF and Cu + CNF loading. The average pore diameter of 1

Figure 2. SEM images of (a) CNF, (b) CuO decorated CNF (Cu + CNF) and digiM I2S image analysis showing (c) cumulative % and (d) area %
pore size distribution for PVDF, 1% CNF/PVDF, and 1% Cu + CNF/PVDF membranes.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c03024
ACS Omega 2024, 9, 28764−28775

28767

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c03024/suppl_file/ao4c03024_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c03024/suppl_file/ao4c03024_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c03024/suppl_file/ao4c03024_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c03024/suppl_file/ao4c03024_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03024?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03024?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03024?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03024?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


wt % CNF/PVDF was greater by 22.3%, and 2 wt % CNF
loading further increased by 37.1% compared to the PVDF
membrane’s mean pore diameter. Additionally, copper nano-
particle decorated CNFs increased the mean pore size of the
mixed matrix membranes by 37.1% for 1 wt % loading and
165% for 2 wt % loading. The increase in pore diameters can
be attributed to the presence of CNF and Cu + CNF in the
polymer matrix, resulting in instantaneous demixing and
macrovoid formation.54

In PVDF membranes, the shape of pores was observed to
deviate from the typical circular form when CNFs and copper
(Cu) nanoparticle-decorated CNFs were introduced. Instead
of circular pores, ellipsoidal or elongated pores emerged. This
noncircularity arises from heterogeneity in the polymer matrix
during the phase inversion process, a phenomenon supported
by similar findings in existing literature.38−40 The underlying
mechanisms involve nanoconfinement effects and geometric
packing constraints, which limit the available free space within
the polymer chains and impact the overall membrane structure.
The influence of high surface energy from multidimensional
nanomaterials (such as nanofibers and nanoparticles) further
contributes to this deviation from circularity. The local
arrangement of polymer chains is altered due to the presence
of these nanomaterials.55−57 Figure 2a,b depict SEM images of
electrospun CNFs and Cu nanoparticle-decorated CNFs,
respectively. The electrospinning process yielded uniform-
diameter CNFs with diameters ranging from 1.2 to 1.6 nm.
Subsequent single-step thermal reduction with a copper salt
solution resulted in a homogeneous distribution of copper
particles within an interwoven CNF network. The addition of
Cu particles modified the surface properties, creating energeti-

cally favored sites that potentially influenced the overall pore
shape.
Figure 2c,d compare the effective pore size distribution of

PVDF and 1 wt % CNF and Cu + CNF/PVDF mixed
membranes by applying ML segmentation to SEM images
shown in Table 1. The analyses for higher concentrations of
Cu and CNF are presented in Supporting Information Figure
S3. The integration of CNF led to a notable expansion in the
pore size distribution peak due to their high surface area to
volume ratio and distinct morphological features, that
potentially created new pathways or modified the existing
ones within the PVDF matrix. The heterogeneity introduced
by CNF led to broadening of the pore size distribution. The
porosity of PVDF membranes was found to be 2.7% where in
the presence of CNF, the porosity was recorded to be 5.4%.
However, upon addition of Cu nanoparticle-decorated CNFs,
the porosity slightly dropped to 4.6%. The addition of
nanofiber and nanoparticles can have different effects on its
porosity due to their distinct morphologies and interactions
with the polymer matrix. When nanofibers are added to the
polymer membrane, they can create new void spaces or pores
due to their elongated shape and large aspect ratio. These
fibers can align themselves in a way that creates interconnected
channels, thereby increasing the overall porosity of the
membrane.58 However, when Cu nanoparticles are subse-
quently added to CNFs, the situation changes. Nanoparticles,
due to their small size and high surface area, have a strong
tendency to aggregate.59 When these aggregated nanoparticles
are incorporated into the polymer-nanofiber matrix, they can
fill the void spaces or pores created by the nanofibers, leading
to a decrease in porosity. Moreover, nanoparticles can also

Table 2. Comparison of Static and Dynamic Contact Angle of PVDF and 1 wt % CNF/PVDF, 1 wt % Cu + CNF/PVDF Mixed
Membranes
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interact with the polymer chains and cause them to rearrange
or compact around the particles, further reducing the pore
volume. This phenomenon is often referred to as “polymer
densification”.60,61 The addition of 2 wt % Cu + CNF
increased the porosity, highlighting the significance of tuning
the mixed membrane composition for desired properties.
While this study employed ML segmentation for pore size
characterization, the future work will involve modeling the
transport of solute in heterogeneous porous media using a
nonlinear convection-dispersion partial differential equation
system developed by Michaels et al. (1980)62 to obtain insights
into the pore size distributions and effective pore diameters by
analyzing the solute transport behavior through the porous
material. Combining the ML segmentation approach with the
solute transport method would allow for a more robust
characterization of the porous structure. While ML segmenta-
tion can quantify pore sizes from imaging data, the solute
transport method can complement this by probing the
interconnectivity and tortuosity of the pore network, which
are crucial factors influencing the effective pore diameters and
overall transport properties.
Additionally, the incorporation of CNFs and copper-

decorated CNFs (Cu + CNFs) into the mixed matrix
membranes exhibited a modest enhancement in mechanical
strength, as illustrated in Figure S5 of the Supporting
Information. These improvements in mechanical properties
can potentially be attributed to the influence of CNFs on the
membrane’s interfacial porosity and pore morphology.
The correlation between pore diameter and modified

wetting characteristics of PVDF membrane upon addition of
1 wt % CNF and Cu + CNF was demonstrated by comparing
the static and advancing contact angles. PVDF membranes
yielded static contact angle (SCA) of 87.6° and advancing
contact angle (ACA) of 95.3 ± 1.5° this is attributed to the
cohesive forces within deionized water used for measurement
that was stronger than the adhesive forces between the water
and the PDVF membrane leading to a high contact angle and
poor wetting. When incorporated with CNF, both SCA and
receding contact angle decreased to 84.7° and 91.7 ± 1.1°,
respectively. This slight alteration in contact angles with
notable hysteresis presented in Table 2 is attributed to the
combined effects of pore diameter and hydrophilicity induced
by CNF in PVDF matrix according to the Washburn
equation.63

dp
cos

4
=

(2)

where θ is the contact angle (deg) between the mercury and
the membrane, d is the pore diameter (nm), p is the applied
pressure (Pa), and γ is the surface tension of mercury (480 N/
m). However, upon addition of Cu particles in CNF and
PVDF matrix, the SCA significantly increased to 97.4°, while
ACA increased to 95.7 ± 2.4 in the similar range of PVDF
membrane. Contact angle hysteresis representing the differ-
ence between the advancing and receding contact angles was
recorded highest for distilled water droplet on Cu + CNF/
PVDF membranes, confirming the chemical and physical
heterogeneity of membrane surfaces that arises from the
pinning of contact angle line. Additionally, the water
penetrated the membrane pores during the advancing phase
and remained entrapped during the receding phase, leading to
hysteresis. The changes in dynamic contact angles of the
membranes with respect to time have been reported in Figure
S4 of the Supporting Information. The surface roughness of
PVDF and mixed matrix membranes was measured and
reported in Table S2 of Supporting Information. The surface
roughness of the mixed matrix membranes was higher than
PVDF membranes, especially in the case of Cu + CNF mixed
matrix membranes. The increase in SCA in the case of Cu +
CNF membrane can be attributed to the increase in surface
roughness.64

2.3. Experimental and Time Series Forecasting of
PVDF and Mixed Matrix Membrane Desalination. PVDF,
CNF, and Cu + CNF mixed PVDF membranes at 1 and 2 wt
% concentrations were tested for their applications in using a
direct contact membrane distillation (DCMD) module,
specifically designed for this purpose. Throughout the MD
experiment, the feed and permeate temperatures, feed
concentrations, and flow rates of feed and permeate were
kept constant. Figure 3a summarizes the water vapor flux and
salt rejection rates obtained for CNF/PVDF and Cu + CNF/
PVDF membranes over 10 h, respectively. The PVDF
membranes exhibited a salt rejection of 99.89% but with a
low water vapor flux of 4.03 kg m−2 h−1. The salt rejection rate
obtained for 1 wt % CNF was nearly 99.97% while with 2 wt %
CNF it dropped slightly to 99.6% which was lower than that of
PVDF membranes alone. Similarly, water vapor flux for 1 wt %
CNF was obtained as 6 kg m−2 h−1 that slightly dropped to 5.6
kg m−2 h−1 with 2 wt % CNF, but still 39% higher than that
yielded by PVDF membranes. Upon addition of 1 wt % Cu +

Figure 3.Water vapor flux and salt rejection plots (a) 1 and 2 wt % PVDF and mixed membranes for 10 h MD runs, (b) 36 h MD run for PVDF, 1
wt % CNF/PVDF, and 1 wt % Cu + CNF/PVDF membranes.
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CNF, the water vapor flux increased to 8.1 kg m−2 h−1 with a
salt rejection rate of 99.94%, however, with 2 wt % Cu + CNF
particles, the water vapor flux dropped significantly to 5.03 kg
m−2 h−1 with a slight decline in salt rejection rate of 99.62%.
The high performance achieved by 1 wt % Cu + CNF mixed
membranes compared to PVDF membranes demonstrates a
101% increase in water vapor flux.
The high-water vapor flux is attributed to the increased

porosity and modified pore size distribution by addition of 1
wt % Cu and CNF provided interfacial pathways for water
vapor transport. However, an even higher porosity generated
by 2 wt % led to a significant drop in water vapor flux that
warrants further investigation. The presence of both CNF and
Cu increases the surface roughness, as evident by high contact
angle hysteresis that led to enhanced hydrophobicity that
improved salt rejection rates by preventing the penetration of
saltwater into the pores. Thus, achieving an optimal MD
performance for desalination requires a fine balance between
permeability and selectivity. While high porosity and pore
diameter may improve flux, they may compromise selectiv-
ity.65,66

The water vapor flux for 1 wt % Cu + CNF/PVDF mixed
membranes was observed to be significantly superior compared
to 1 wt % CNF/PVDF and PVDF membranes, despite a
marginal decrease over time. All the membranes exhibited a
salt rejection rate of approximately 99.98%, although a
reduction in this rate was noted for PVDF membranes, and
a minor decline was observed for 1 wt % CNF membranes over
a period of 36 h. Given the largely uncharted stability of
nanomaterial-incorporated mixed membranes over prolonged
durations, primarily due to the time-consuming and labor-
intensive nature of MD experiments,54−57 a time-series
forecasting model was trained based on the experimental
data gathered from 36 h runs. Autoregressive Integrated
Moving Average with Explanatory Variable (ARIMAX) model
was adopted to predict the salt rejection and water vapor flux
for 108 h based on 36 h experimental data in Figure 3b. The
details of the training steps are provided in Supporting
Information Table S3 and Figure S6. The ARIMAX model is a
versatile tool for predicting time series behavior while
considering exogenous variables such as membrane properties,
operating conditions, or other relevant parameters. The model
chosen was based on its ability to forecast MD performance

while providing valuable insights on process optimization and
nanomaterial selection.
The water vapor flux and salt rejection rate forecasts of

PVDF, 1 wt % CNF, and 1 wt % % Cu + CNF PVDF
membranes are demonstrated in Figure 4a,b, respectively. The
PVDF membrane demonstrated a low, stable vapor flux of 4.4
± 0.2 kg m−2 h−1 with decreasing salt rejection reaching
97.75% at 108 h. The 1% CNF exhibited a slightly higher and
stable water vapor flux of 5.2 ± 0.3 kg m−2 h−1 with a high and
stable salt rejection of 99.8% at 108 h. The 1% Cu + CNF
initially exhibited high water vapor flux but decreased
gradually, reaching 4.6 ± 0.1 kg m−2 h−1 with a low salt
rejection close to 98.2% after 108 h, which may be due to the
increased heat loss across the membranes due to the addition
of Cu nanoparticles. Based on the forecasts, the 1% CNF
demonstrated stable water vapor flux with high salt rejection
over longer duration MD runs. Recent advancements in data
training and predictive analysis techniques provide an
opportunity to create experimentally informed models. These
models can effectively forecast membrane performance and
flux over extended operational periods. By adopting such
approaches, MD processes can be optimized based on process
parameters and membrane design to develop efficient
membrane cleaning procedures that will ultimately enable
prolonged membrane reuse.

3. CONCLUSIONS
Processes involving liquid−vapor phase change mechanisms
such as MD rely on a solid−liquid interface with superior
interfacial characteristics such as porosity, wettability, surface
tension, and adsorption. Quantifying water vapor flux and salt
rejection rates is intrinsic to optimizing desalination perform-
ance using mixed MD. This study highlights the role of
multidimensional copper nano particles and CNFs incorpo-
rated in PVDF membranes to improve their permselectivity via
porosity, crystallinity, and wettability. This presence of 1 wt %
Cu/CNF at the water-PVDF membrane interface induced
chemical heterogeneity, surface area, contact angle hysteresis,
and hierarchical morphologies that provided a pathway for
water vapor escape recording a 64% increase in water vapor
flux compared to PVDF membranes at 99.9% salt rejection
rate. The experimentally informed ML segmented image
processing and statistical time series models from this study
could pave the way for making data-driven decisions in

Figure 4. ARIMAX ML forecasting of fabricated membrane stability: (a) water vapor flux and (b) salt rejection.
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membrane design, stability, and operation. Future work could
focus on optimizing the concentration of Cu and CNF
particles in the PVDF matrix to further enhance membrane
performance as well as exploring other potential applications of
these mixed matrix membranes in high temperature gas
separation processes.

4. MATERIALS AND EXPERIMENTAL METHODS
4.1. Materials. N,N-Dimethylacetamide (DMAc), poly-

(vinylidene fluoride) polymer powder (MW�534,000), NaCl
salt, and copper(II) acetate (Cu (OAc)2), 1-heptanol were
purchased from Sigma-Aldrich, USA. Deionized water with a
conductivity of 2 μS/cm was utilized for all the experiments.
CNF were gift samples from Karlsruhe Institute of
Technology, Germany.
4.2. Fabrication of PVDF and Mixed Matrix Mem-

branes. CNF were manufactured from the electro-spun
polyacrylonitrile nanofibers via pyrolysis at 900 °C in an
inert atmosphere as reported earlier.67 A one step coating
method was adopted to grow Cu nanoparticles on CNFs.
0.073 g of (Cu (OAc)2) salt was dissolved in 20 mL of 1-
heptanol by stirring mildly at 65 °C for 15 h to prepare a 20
mM supernatant Cu precursor solution.68 The CNFs were
added to a crucible containing Cu precursor solution and
heated at 120 °C for 1 h in a vacuum oven to thermally grow
copper oxide (CuO) nanoparticles as follows

Cu(CH COO) (s) CuO (s) 2CH COOH
T

3 2
120 C

1 Heptanol 3+
= °

(3)

The PVDF, CNF/PVDF, and Cu + CNF/PVDF were
synthesized via phase inversion technique by suspending 16 wt
% PVDF pellets in DMAc solvent as shown in Figure 5. The
resultant casting solution was gently heated at 85 °C for 8 h in
a clear glass bottle under constant stirring until the
homogeneous solution was obtained, which was then degassed
overnight at room temperature. To synthesize the PVDF/
CNFs modified nanocomposite membranes with 0.5, 1, and 2
wt % CNF content, the following protocol was followed.
First, an applicable quantity of CNFs with an average

diameter of 175 nm were added to a certain volume of DMAc
solvent and sonicated at 25−30 °C for at least 30 min to assist

the dispersal of the CNFs into the solvent matrix. About 2 g of
PVDF polymer powder was added to the CNFs dispersion.
The volume of CNF dispersion being added to PVDF powder
was varied to prepare CNF/PVDF mixed matrix membranes
with two different CNF loadings (1 and 2 wt % of PVDF
polymer). These mixtures were heated to 80−90 °C, stirred for
6−8 h to get a homogeneous nanopolymer matrix, and then
kept overnight for degassing. The resultant nanofiller/PVDF
solution was cast on a glass plate with a thickness of 50 μm
using a doctor blade; the membrane was allowed to dry, and
the solvent was vaporized in the air for 30 s and directly
submerged in deionized water at ambient temperature. The
membranes were left in the water bath for 12 h for complete
phase inversion, and then, the synthesized membranes were
washed using deionized water, dried completely, and kept in a
dry place. The same protocol was followed with Cu + CNFs to
prepare the Cu + CNF/PVDF mixed matrix nanocomposite
membranes.
4.3. Physiochemical and Thermal Characterization of

PVDF and Mixed Matrix Membranes. Prior to imaging,
PVDF, CNF/PVDF and Cu + CNF/PVDF membranes were
sputter coated with gold. A HITACHI S-4800 high resolution
SEM instrument at an accelerated voltage of 20 kV using both
secondary electrons and backscattered electron detectors was
utilized. The membrane thickness was confirmed using a
micrometer and by examining the cross-section of the
membrane via the SEM stage tilting. Elemental analysis (not
shown) confirmed the presence of Cu on the membranes. The
digiM I2S,69 a ML semantic segmentation based image
processing tool was used to identify the porous and polymeric
regions on the SEM images. The first step involved supervised
training of manually identifying the visible material, followed
by training a cloud based artificial intelligence model on those
identified pixels that are then generalized for the entire image.
Post segmentation, the spatial distribution of pores was
investigated using the method.
DSC measurements were performed between 25 to 180 °C

at a rate of 10 °C/min in inert atmosphere on TA Instruments
Q2500. FTIR with microattenuated total reflection (micro-
ATR) was performed using Varian Excalibur Series FTS 4000
to verify the chemical bonds, their positions, shapes, and
intensities of the components. The physical structure of the

Figure 5. Schematic of the membrane fabrication process.
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PVDF-based membranes was studied using a Xeuss 3.0
(Xenocs, France) XS instrument equipped with a D2+
MetalJet X-ray source (Ga Kα, 9.2 keV, λ = 1.3414 Å).
Membrane sections were fixed to a solid sample holder and
measured in transmission mode for 10 min at sample-to-
detector distances of 47 mm (wide angle, WAXS) and 900 mm
(small angle, SAXS). 2D images of the scattering patterns were
collected on an Eiger 2R 4 M hybrid photon counting detector
with a pixel dimension of 75 × 75 μm2 (Dectris, Switzerland).
The 2D SAXS images were circularly averaged and reduced in
the form of absolute intensity versus scattering vector

q
4 sin=

(4)

The direct beam intensity was used to calibrate the
measured intensities of each sample following background
subtraction, and transmission corrections were applied in the
XSACT software package (Xenocs, France). A multicompo-
nent lamellar model was applied to fit the SAXS data to extract
relevant physical parameters due to changes to the membrane
formulations. Thermal stability of the membranes within MD
operating temperatures were examined by using a TA
Instruments Q50 Thermogravimetric Analyzer. The membrane
samples were heated between 25 and 800 °C at a rate of 10
°C/min in inert atmosphere in hermetically sealed pans.
Advancing and receding contact angles of the membranes were
measured using a Theta Lite Optical Tensiometer by
dispensing distilled water at a volume rate of 0.5 μL/s for 60 s.
4.4. MD Setup. Figure 6 is a photographic representation

of the lab scale DCMD setup used in this study. The setup
includes a hot water bath and chiller, feed and permeate tanks,
an MD module with a 4 cm2 effective area and 4 mm channel
height (Solar Spring, Membrane Solutions, Germany), a data
acquisition computer, two dosing pumps, a conductivity meter
(HI5321-01, USA), a weight balance, and a thermocouple data

logger. The feed tank contained a 3.5 wt % NaCl solution,
while the permeate tank held deionized water. The hot (70
°C) and cold (20 °C) streams, separated by the fabricated
membranes inside the MD module, were circulated to
maintain 100 mL/min crossflow rate. Permeate overflow was
collected for durations dependent on the study, e.g., 10 h for
performance testing and 36 h for stability tests. The
conductivity of the permeate was measured using a meter in
the permeate tank, and distillate weight was measured using a
balance. Inlet and outlet temperatures of the feed and
permeate streams, permeate conductivity, and permeate weight
were logged. The experimental water vapor flux Jv across the
membrane is usually expressed as

J
m

Atv =
(5)

where Δm (kg) is the difference between the final and initial
mass of the distillate, A the active membrane surface area (m2),
t (h) is the MD operation time. The separation of nonvolatile
components dissolved in the feed in MD is quantified by
membrane separation efficiency

i
k
jjjjj

y
{
zzzzzR

C

C
(%) 1 100p

f
= ×

(6)

where, cp and cf are the concentrations (conductivities in our
case) of the permeate and the feed solutions, respectively.
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