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Photothermal carbon black coatings enable
efficient solar-driven membrane distillation
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Membrane distillation (MD) is a promising thermally driven desalination technology; however, its practical
implementation remains limited by low vapor flux and pronounced temperature polarization. In this
study, a thin photothermal coating composed of polyvinyl alcohol (PVA) and nanostructured carbon
black (CB) was spray-deposited onto a commercial porous PTFE membrane to enhance solar-driven MD
performance. The resulting PVA-CB layer exhibited strong broadband light absorption and efficient
photothermal conversion in the visible-near infrared (Vis-NIR) range. Structural and optical analyses
confirmed a turbostratic graphitic structure with a crystallite size of 36.3 nm, a microstrain of 3.44 x
10*, and an effective direct optical band gap of 3.58 eV determined from Tauc analysis of the dominant
m—-7* transitions. Under simulated solar irradiation, the modified membrane showed a pronounced
increase in surface temperature, enabling enhanced interfacial evaporation. Consequently, the PVA-CB
membrane achieved a 45-60% increase in vapor flux compared with pristine PTFE, reaching up to 1.3 L
m~2 h! at a temperature difference of 40 °C, while maintaining salt rejection above 99% and stable
long-term operation. This improvement is attributed to the synergistic effects of CB-induced localized
photothermal heating and PVA-enhanced surface hydrophilicity, which collectively reduce temperature
polarization and facilitate efficient heat and mass transfer. These results highlight a scalable, cost-
effective strategy for fabricating durable photothermal membranes, thereby advancing solar-driven
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1. Introduction

Rapid population growth, accelerating industrialization, and
the intensifying impacts of climate change have made fresh-
water scarcity one of the most pressing global challenges.
Conventional desalination technologies, such as reverse
osmosis and thermal distillation, are typically energy-intensive,
costly, and susceptible to membrane fouling, which limits their
long-term  sustainability and large-scale deployment.
Membrane distillation (MD) has emerged as a promising
alternative because it can utilize low-grade or solar thermal
energy and effectively treat high-salinity feedwaters.' Never-
theless, the practical performance of MD is often constrained by
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desalination and sustainable water treatment.

low vapor flux and severe temperature polarization at the
membrane interface, resulting in reduced thermal efficiency
and productivity. These limitations highlight the need for
advanced photothermal materials capable of localizing heat at
the membrane surface and enhancing mass-transfer efficiency.
CB, owing to its strong broadband light absorption, high pho-
tothermal conversion efficiency, and low cost, represents an
attractive candidate for addressing these challenges and
enabling more energy-efficient MD systems.*™*

Carbon-based materials have attracted considerable interest
in environmental, energy, and separation technologies due to
their chemical stability and tunable surface chemistry. Among
them, CB is distinguished by its turbostratic nanostructure,
strong optical absorption, and efficient photothermal conver-
sion capability.” Unlike diamond-like or amorphous carbon
films, which are typically valued for their mechanical hardness
and low friction, CB can rapidly localize heat under solar irra-
diation.>®® This property makes it particularly suitable for
enhancing MD performance by improving surface heating,
mitigating temperature polarization, and promoting efficient
vapor generation. In addition, carbon-based matrices can serve
as versatile hosts for functional nanostructures. While SiO, or
Al,O; supported composites have been widely investigated for
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photonic applications, CB offers distinct advantages for
photothermal-driven separation processes due to its strong
light absorption and thermal localization properties.>*** A
comprehensive understanding of CB across multiple length
scales is essential because its structural features strongly
influence its optical behavior, particularly in the ultraviolet
region.>'* CB primary particles, typically ranging from a few
nanometers to approximately 100 nm, consist of basic struc-
tural units (BSUs) composed of turbostratic graphitic domains.
These domains comprise stacks of four to five or more graphene
layers in which carbon atoms exhibit sp> hybridization, gov-
erning both bonding characteristics and optical properties. The
presence of heteroatoms, such as oxygen, can further modify
these electronic and optical properties. Therefore, precise
characterization of these structural features is critical for the
rational design of carbon-based nanocomposites.'> Several
theoretical models, including the Tauc,*** Tauc-Lorentz (TL),**
and Forouhi-Bloomer (FB)" models.have been employed to
describe electronic transitions in amorphous carbon and
related materials. However, their applicability to CB remains
incompletely understood and requires further investigation.***

In recent years, MD has been increasingly explored for the
desalination of high-salinity waters,"”*® beverage concentration,
produced-water treatment, and the separation of volatile
compounds such as methanol and ammonia.>*** One of the
principal advantages of MD is its relatively stable energy
consumption across a wide range of feed salinities,” which
makes it particularly compatible with renewable energy sources,
especially solar power. Integrating MD with solar energy
through photothermal coatings enables localized heating at the
membrane-solution interface, thereby alleviating temperature
polarization and enhancing permeate flux.>*-** Light-absorbing
materials, including CB, can be immobilized on membrane
surfaces to harvest solar energy while preserving vapor-
transport pathways, providing a scalable and cost-effective
strategy for solar-driven desalination.***”*® Despite these
advantages, further improvements in MD efficiency and long-
term operational stability are required for large-scale imple-
mentation. In particular, the development of low-cost, stable,
and highly efficient photothermal coatings remains a critical
challenge. Although CB has been explored as a photothermal
material, systematic studies that directly correlate its structural
and optical properties with desalination performance remain
limited.>*>

In this work, PVA-CB nanocomposite coatings were depos-
ited onto PTFE membranes via spray coating to enhance pho-
tothermal conversion and vapor flux in solar-driven MD. The
optical, morphological, and structural properties of the coat-
ings were systematically characterized, and their influence on
desalination performance was evaluated. The novelty of this
study lies in establishing a quantitative correlation between
advanced optical parameters, including the Wemple-Di-
Domenico oscillator model, volume and surface energy loss
functions (VELF/SELF), and nonlinear optical constants, and
the resulting photothermal desalination efficiency. By linking
these parameters to the electronic structure and optical band
gap of CB the study provides fundamental insight into
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interfacial heating and energy loss mechanisms at the
membrane surface. Unlike prior MD studies that focus
primarily on empirical performance metrics or material
screening, this work introduces a predictive, physics-based
framework that connects optical properties with photothermal
behavior. This integrated approach bridges the gap between
optical materials science and membrane distillation engi-
neering, enabling the rational design of efficient, durable, and
scalable photothermal membranes for solar-driven water
treatment applications.

2. Experimental

2.1. Materials

The CB nanopowder was purchased from US Research Nano-
materials, Inc (Houston, USA), and has an average particle size
of approximately 150 nm. Poly(vinyl alcohol) (PVA; molecular
weight 85 000-124 000, 95.5-96.5% hydrolyzed) was obtained
from ACROS Organics, while glutaraldehyde (GA; 50% aqueous
solution) was supplied by ADWIC. The PVA/CB layer was fabri-
cated on a hydrophobic polytetrafluoroethylene (PTFE)
membrane supported by polypropylene (PP) with a pore size of
0.45 pm, supplied by Jian City Qing Feng Filter Equipment Co.,
Ltd. Acetone, ethanol, and hydrochloric acid (36-37%) were
purchased from PIOCHEM. Salt test solutions (MgSO,-7H,0,
Na,S0,, NaCl, NaHCOj3, CaCl,, and KCl) were prepared using
deionized water produced by a LUNDA PD 8 R system (Ger-
many). All chemicals were used as received without further
purification.

2.2. Preparation of the PVA-CB/PTFE composite membrane

2.2.1. Preparation of CB thin films for optical character-
ization. For optical property measurements, pure CB thin films
were prepared on highly transparent quartz substrates by
dispersing 0.05 g of CB nanopowder in 2 mL of ethanol, fol-
lowed by spray coating using the same equipment at 50 psi. The
coated quartz substrates were dried in an oven at 100 °C for
15 min to remove residual solvent and enhance film adhesion.

2.2.2. Preparation of the coated membranes. PVA solutions
(1.0-1.5 wt%) were prepared by dissolving the PVA powder in
a water/ethanol mixture (2:3 v/v) at 90 °C under continuous
stirring for 2 h until complete dissolution. CB was subsequently
added at concentrations of 0.75 or 1.0 wt%, and the mixtures
were sonicated for 1 h to ensure homogeneous dispersion. The
resulting PVA-CB composite solutions were degassed to remove
air bubbles before use. Prior to spray coating deposition of the
PVA-CB solution, the PTFE membrane was gently pre-wetted
with 5 mL of ethanol to clean the surface and mildly enhance
wettability, thereby improving adhesion of the PVA-CB layer
without causing deep penetration into the hydrophobic pores.
Then the PVA-CB solution was deposited onto the pre-treated
PTFE substrate using a Master Airbrush (Model G22) con-
nected to a 1/5 HP air compressor operating at a constant
pressure of 50 psi. Multiple controlled overlapping passes were
applied to achieve a thin and uniform surface layer. After
deposition, the membranes were allowed to air-dry at room

© 2026 The Author(s). Published by the Royal Society of Chemistry
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temperature for 10 min. After that, crosslinking was carried out
by spraying a solution containing 2 wt% GA in a 2:3 (v/v)
acetone/water mixture, catalyzed with 0.12 mol L' HCL. The
membranes were then dried overnight at room temperature.
Subsequently, the crosslinked films were thoroughly washed
with ethanol and distilled water to remove residual GA and HCI,
ensuring the removal of any uncrosslinked hydrophilic mate-
rial. The final membranes were stored at room temperature
until further characterization and testing.

To mitigate the risk of pore wetting associated with the
hydrophilic PVA component, several precautions were imple-
mented. The PTFE substrate was only mildly pre-wetted with
ethanol, and the PVA-CB solution was sprayed at controlled low
pressure to restrict deposition to the membrane surface. The GA
crosslinking step fixed the PVA network, rendering it insoluble
and mechanically stable on the top surface while preserving the
hydrophobicity of the underlying PTFE layer. Thorough post-
washing effectively eliminated any loose hydrophilic
residues.’” Fig. 1 illustrates the fabrication process of the PVA-
CB/PTFE composite photothermal membrane.

2.3. Characterization

Detailed characterization of the materials and membranes, as
well as photothermal experiments is provided in the SI.

2.3.1. Optical properties of CB thin film. The optical
properties of the prepared CB thin films were characterized
using a JASCO V-670 UV-Vis-NIR spectrophotometer operated in
a dual-beam configuration. Measurements were performed at
normal incidence over a wide spectral range of 200-2500 nm.
High-precision optical transmittance, 7(1), and reflectance,
R(1), spectra were recorded to investigate the interaction of light
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with the thin films. To determine the key optical constants—
namely the refractive index (n), absorption coefficient («), and
extinction coefficient (k)—a dedicated computational program
was employed. This software analyzed the absolute reflectance
and transmittance data, R(1) and 7T(2), to extract the wavelength-
dependent optical parameters. The absorption coefficient « was
calculated using the relation reported in ref. 4 and 5.

2
k:E (2)
(4R L) (L#R
n((l—R)2 K) +(17R) (3)

The absolute values of R and T are given by the following
equation, where the film's deposited thickness is.

CEew o
R= (%)Rm(l +[1=R)7) ~ TR, 5)

To ensure accurate determination of the optical parameters,
the measurements were analyzed using a computational method
based on Murmann's precise equation. This approach accounted

Step 3: Spray Deposition

Spray coating at 50 psi
(Master Airbrush) — multiple passes
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Membrane (Cross-section)
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Fig.1 A schematic diagram illustrating the step-by-step fabrication of the PVA-CB/PTFE composite photothermal membrane via spray-coating

technique.
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for several experimentally measured quantities. Specifically, Iz
represents the intensity of light transmitted through the film-
quartz structure. R, denotes the reflectance of the quartz
substrate, while I, refers to the reflected light intensity from the
bare quartz substrate. In addition, I, is the reference light
intensity reflected from a standard mirror with a known reflec-
tance R,,. These measured intensities formed the basis for the
precise determination of the reflectance and transmittance of the
thin-film samples. Experimental uncertainties were carefully
evaluated to ensure the reliability of the derived optical param-
eters. The uncertainty in film thickness measurements was
assumed to be within +3%, whereas the uncertainties in reflec-
tance R(A)and transmittance 7(A)were estimated to be within
+1%. As a result, the calculated extinction coefficient k£ and
refractive index n were associated with an overall uncertainty of
approximately £3%. This level of precision confirms that the
extracted optical constants reliably represent the intrinsic optical
behaviour of the CB thin films under investigation.

The optical band gap (Eg) of the CB film was determined
using Tauc's relation, This relationship is expressed by the
following eqn (6) and (7):

(«E)* = A(E — E,) (6)

The optical dispersion of the CB thin film was analysed using
the Wemple-DiDomenico single-oscillator model,®

2 *lfﬂ_ 1 2
(" = 1) T E, E.E

)

Analysis of the n* versus 2> relationship (eqn (10)) yielded

a lattice dielectric constant (¢) and a high carrier
concentration-to-effective-mass ratio (N/m*).
2
2 eN 2
e =n =& — ———=A 8
! Y 4 m*C2 (8)

The complex dielectric function, ¢(E), governs the optical
response of materials, including transmission, reflection, and
absorption, and is essential for optoelectronic device design. It
is defined as;

e(E) = &1(E) + 1ex(E) ©)

where ¢(E) and &,(E) are the real and imaginary parts, respec-
tively. These quantities are related to the refractive index () and
extinction coefficient (k) by;
ei(E) =n* — k> and ex(E) = 2nk (10)
The interaction of incident electromagnetic radiation with
electrons in a material can be quantified using the Volume
Energy Loss Function (VELF) and the Surface Energy Loss
Function (SELF). These functions provide insights into the
energy dissipated by electrons as they interact with the elec-
tromagnetic field at the surface and within the bulk of the
material, respectively. Mathematically, SELF and VELF are
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related to the complex dielectric function, &(E) = &4(E) + iey(E),
via the following expressions:

1 &
ELF = dm(—) = —2 11
v m(s*) &2 + &2 (11)
SELF = Im( ! ) = ©2 (12)
e+ 1 (e1 +1)° + &2

The study of nonlinear optics (NLO) is paramount for the
development of advanced optoelectronic devices, including
photosensitive signal processing units and optical switches.
The nonlinear optical characteristics of CB-based devices are
crucial for their successful implementation in these applica-
tions. The nonlinearity of a material is manifested through its
polarization, which is related to the linear optical susceptibility
(x"), electric field (E), and second-order susceptibility (x*))
through the following eqn (9):

p=xVE+ xPE + y\®F (13)

To understand the nonlinear optical behavior of the CB thin
film, the single oscillator parameters, oscillator energy (E,) and
dispersion energy (Eq), are correlated to x*) via the following
eqn (9):

0 _ ("2_1)
X()_T (14)

So

m) EoEq

The third-order nonlinear susceptibility, x(a), is then calcu-
lated using the above equation, which relates it to x™ and the
static refractive index (n,). The static refractive index, n,, is
obtained from the refractive index at zero photon energy (hv =
0) using the following eqn (10):

a _ (l’loz — 1) _ Ed
4rE,

(16)

Furthermore, the photon energy dependence of x® is estimated
using Miller's generalized rule and the Wemple-DiDomenico single
oscillator model, as described by the following eqn (10):

4
EoEd

G) _ (M4 _
X =A(x =A|—F———
o) 4z (EOZ - (hv)2>

(17)

3. Results and discussion
3.1. Structural and morphological investigation of CB

The XRD pattern of CB powder shown in Fig. 2A displays
a broad diffraction feature centered at approximately 20 = 24~

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD pattern of CB in powder form (A). The relation between (8 cos ) and (4 sin 8) (B). The front view of SEM images (C). The grain size
distribution for CB (D). Height vs. distance of CB sample (E). FTIR spectrum of pure CB (F).

25°, corresponding to the (002) reflection of turbostratic
graphitic domains with disordered interlayer stacking which is
characteristic of disordered stacking of sp> carbon layers and
reflects significantly reduced interlayer coherence compared
with crystalline graphite. A weaker, broader band around 43-
45° arises from the (10) in-plane reflections (overlapping 100
and 101). These characteristics are typical of CB, which consists
of small, randomly oriented graphene-like stacks (turbostratic
structure) rather than highly ordered graphite (sharp (002) at
26.5°). The absence of sharp peaks confirms the predominance
of amorphous and turbostratic phases with limited long-range
order suggests extremely small coherent scattering domain

© 2026 The Author(s). Published by the Royal Society of Chemistry

sizes (on the nanometer scale) and/or the presence of
substantial microstrain and stacking disorder.* The average
crystallite size (D) was estimated using the Williamson-Hall (W-
H) method. This approach employs the simplified integral
breadth of the diffraction peaks and evaluates peak broadening
as a function of the diffraction angle (26).*

Fig. 2B illustrates the correlation between ( cos 6 and 4 sin 4
for all CB preferred turbostratic graphite-like structure. The
strong linearity of the fitted data confirms homogeneous lattice
distortion and uniformity of the crystalline planes. The analysis
reveals a crystallite size of 36.3 nm and a microstrain value of
3.44 x 10~ * with a negative slope indicating compressive strain

RSC Adv, 2026, 16, 23101-23119 | 23105
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due to structural defects and turbostratic disorder. The points
exhibit reasonable linearity considering the heterogeneous
nature of CB; deviations arise from anisotropic strain and size
distribution common in turbostratic carbons.*'**> The average
dislocation density was determined to be 3.9 x 10° cm >
reflecting significant lattice imperfections consistent with CB's
nanostructured morphology. This relatively high value indicates
the presence of significant structural imperfections and lattice
disorder within the CB nanopowder, consistent with its tur-
bostratic nature and the existence of nanocrystalline domains
embedded in an amorphous matrix. The observed negative
slope is particularly significant, as it denotes compressive
behavior, in contrast to the positive slope typically associated
with tensile strain. This compression suggests a reduction in
lattice parameters relative to ideal graphitic structure, which
may arise from structural defects or residual stresses intro-
duced during the growth process. The nanoscale crystallite size
indicates a limited domain structure, which directly influences
the film's mechanical stability and optoelectronic properties.
Although the measured microstrain appears moderate, its
impact on key material characteristics, such as band-gap
modulation, defect-state density, and charge-carrier dynamics,
can be substantial. Internal strain plays a critical role in
tailoring the functional performance of thin-film materials.***

The surface topography of the CB films was further analyzed
using SEM images in combination with image-processing soft-
ware. The front-view SEM image shown in Fig. 2C reveals a high
grain density with pronounced clustering and a random spatial
distribution across the surface, also; exhibit the characteristic
morphology of branched aggregates with lateral dimensions
reaching the micrometer scale. While the scale bar indicates
features around 2.5 pm, these represent secondary aggregates
or large clusters formed by the physical entanglement of carbon
primary units. Fig. 2D presents the grain-size distribution and
the corresponding line-profile produced from SEM image
analysis. Based on the line-profile data, the average surface
grain size was extracted, and it reveals that the primary particles
(nodules) possess much smaller diameters, typically ranging
from 10 to 40 nm. This hierarchical arrangement is typical for
CB, where fused primary particles forming aggregates, which
then associate into the larger micrometer-sized agglomerates
observed in SEM. The nanometric size of these primary nodules
is the key factor contributing to the high specific surface area
and the reinforcing capabilities of the material in practical
applications.’® Interestingly, localized regions analyzed in
Fig. 2E revealed grain sizes as small as approximately 5 nm.
Such spatial variations suggest a non-uniform distribution
across the surface, which is consistent with the random spatial
distribution observed in the SEM front-view. The FTIR spectra
of pure CB reveal the characteristic functional groups, as illus-
trated in Fig. 2F. The FTIR spectrum of pure CB is predomi-
nantly composed of amorphous carbon and lacks diverse
functional groups. A weak and broad band around 1600 cm™" is
attributed to C=C stretching vibrations of aromatic domains
within the carbon structure. Additionally, a minor band near
3400 cm ' may indicate the presence of surface hydroxyl groups
(-OH) or adsorbed moisture on the carbon particles.
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3.2. Optical properties of CB thin film

3.2.1. Transmittance and reflectance characteristics of the
CB thin film. Fig. 3 presents the optical spectral response of
a CB thin film (coated on quartz) over a broad wavelength range,
highlighting its strong wavelength-dependent interaction with
light. Two optical parameters are shown corresponding to
reflectance (red) and transmittance (black), plotted against
wavelength from the ultraviolet (UV) to the near-infrared (NIR)
region. Fig. 3 elucidates that at short wavelengths in the UV
region, the CB film exhibits very low transmittance, accompa-
nied by relatively high reflectance. This behavior indicates
strong optical losses dominated by absorption, which is char-
acteristic of carbon-based materials with a high density of
electronic states and m-m* electronic transitions. The sharp
decrease in transmittance in the UV region suggests that inci-
dent photons are efficiently absorbed by the CB network rather
than transmitted through the film. This confirms the well-
known role of CB as an effective UV absorber. As the wave-
length increases from the UV toward the visible region, the
transmittance gradually increases, while the reflectance
decreases. This transition reflects a reduction in absorption
losses and a change in the balance between scattering, reflec-
tion, and absorption mechanisms. In the visible range, the film
remains weakly transmissive, consistent with the intrinsic black
appearance of CB, which absorbs a significant fraction of visible
light. However, the gradual rise in transmittance indicates
partial transparency at longer wavelengths, likely influenced by
film thickness, particle dispersion, and porosity.

Overall, the figure demonstrates that CB thin films are highly
absorptive in the UV and visible regions, with limited trans-
mittance and moderate reflectance, while exhibiting increased
reflectance in the NIR. These optical characteristics make CB
particularly suitable as a solar thermal absorber for photo-
thermal application in MD systems. The spectral trends also
provide insight into the electronic structure and light-matter
interaction mechanisms in CB, which are strongly influenced by
its nanostructured morphology and degree of graphitization."”
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Fig. 3 Transmittance (T) and reflectance (R) as a function of incident
wavelength (1) across the 200-2500 nm range.
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Fig. 4a illustrates the spectral dependence of the refractive
index, n(2), and the extinction coefficient, k(2), of a CB film over
the wavelength range of 200-2500 nm. The observed profiles of
n(A) and k(A) are governed by the electronic band structure of the
material and its interaction with incident light. In the UV region
(200-400 nm), the refractive index exhibits a pronounced peak,
indicating the presence of a resonance effect or an absorption
band associated with electronic transitions within the CB
structure. This sharp feature reflects strong optical dispersion,
signifying a substantial wavelength-dependent variation in the
refractive index within this spectral region. As the wavelength
extends into the visible and NIR regions, the refractive index
initially decreases, reaching a minimum around 1000 nm, fol-
lowed by a gradual increase and eventual saturation at longer
wavelengths. In contrast, the extinction coefficient, (1), shows
a monotonic increase with increasing wavelength, indicating
enhanced optical absorption in the NIR region compared to the
UV-visible range. This behavior suggests that the material
becomes progressively more absorptive at longer wavelengths.

The optical band gap (Eg) of the CB film was determined
using Tauc's relation, a widely accepted approach for corre-
lating photon energy (Av) with the absorption coefficient («) in
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semiconductor materials, particularly within the high-
absorption regime. The relationship between ahv® and photon
energy (E) is linear in the vicinity of the absorption edge, which
enables direct determination of the optical band gap (E,). From
Fig. 4b, the extrapolation of the linear region of the curve to the
energy axis intercept yields the direct optical band gap. This
approach is based on the principle that electronic transitions
near the band edge govern the observed absorption behaviour.
The extracted band gap value of 3.58 eV for the CB film repre-
sents a fundamental material property that strongly influences
its suitability for photothermal applications. The experimen-
tally determined band gap of 3.58 eV for the CB film reported in
this study falls within the range of values previously reported in
the literature,'***' although considerable variation has been
observed. As summarized in Table 1, reported E, values for CB
span from approximately 4.0 to 5.1 eV, reflecting a strong
dependence on synthesis conditions, structural characteristics,
and the presence of dopants or surface modifications. For
example, pristine CB films have been reported to exhibit higher
band gap values of up to 5.1 eV."®?*°

3.2.2. Refractive index and dispersion characteristics of the
CB film. The optical dispersion of the CB thin film was analysed
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Fig.4 Plot of spectral depends of refractive index n (1), (Right side) and absorption index K(4), (Left side) (A), and plot of (ahv)? versus E (B), plot of
(n? — 1)~ versus (E)? (C), and plot of n? as a function of A2 (D) of CB in PVA film.
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Table1 Energy gap of the CB thin film compared with values reported
in the literature

extracted. The relatively high E4 value reflects strong interband
electronic transitions, indicating an enhanced -electronic
polarizability that facilitates efficient light-matter interaction.
These optical characteristics are directly linked to the photo-
thermal conversion performance of the CB thin film. Strong
electronic transitions and high polarizability increase optical
absorption, particularly in the visible and near-infrared regions,

Samples Eq (eV) References

5.1-4.9 20
1.2 £01% 21
3.62, 3.77 22

Polyester-carbon black (3-12%)
CNPs
Nanocluster carbon thin films

PEO doped with 0.1 wt% carbon black  4.02 23 i radiati laxati th that ¢
PANI/NG o1 o1 promoting non-radiative relaxation pathways that conver
CS/MWCNT bio-nanocomposite films 5.86-4.58 25 absorbed photon energy into heat. The moderate oscillator
PVA/PEO 5.9-4.9 26 energy further supports broadband absorption, which is
PMMA/0.15% CB 5-11 26 advantageous for photothermal applications requiring efficient
PVA 4.86 [Present work] energy dissipation.

PVA/CB 3.58 [Present work]

Analysis of the n” versus A* relationship (eqn (13) and Fig. 4D)
yielded a lattice dielectric constant (e;, = 4.48) and a high carrier
concentration-to-effective-mass ratio (N/m* = 4.96 x 10°° kg *
m~®). The high N/m* value implies enhanced charge carrier
mobility, which facilitates rapid electron-phonon coupling and
accelerates thermalization processes. Moreover, the small
difference between ¢, (4.48) and ¢.. (1.29) indicates that elec-
tronic polarization dominates the dielectric response, mini-
mizing energy losses associated with ionic polarization and
favoring efficient photothermal heat generation. Overall, the
strong optical dispersion, high electronic polarizability, and

“ The standard deviation is estimated from the Tauc analyses.

using the Wemple-DiDomenico single-oscillator model,**
which accurately describes the refractive index behavior in the
transparent region (A > 700 nm). A linear relationship between
(n* — 1) " and E?, shown in Fig. 4C, confirms the applicability of
the model. From the slope and intercept of the fitted line, the
dispersion energy (Eq = 70.3 eV), oscillator energy (E, = 20.4 eV),
and high-frequency dielectric constant (e. = 1.29) were
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Fig.5 Plot of the photon energy dependence of real dielectric const. ¢; (Left side) and imaginary dielectric const. ¢, (Right side) versus E (A). Plot
of photon energy dependence of volume energy loss function, VELF (left side), and surface energy loss function, SELF (right side), as a function of
E (B). Plot of real optical conductivity, ; (Left side) and imaginary optical conductivity, o, (Right side) versus E (C), and plot of nonlinear optical
parameter versus E (D) of the CB film.
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efficient carrier dynamics revealed by the extracted parameters
collectively explain the favorable photothermal conversion
behavior of the CB thin film, supporting its potential use in
photothermal energy harvesting, thermal imaging, and opto-
electronic-thermal hybrid devices.

3.2.3. Dielectric characteristics of the CB thin film. Fig. 5A
presents the real (¢;) and imaginary (e,) parts of the dielectric
function of the CB thin film as a function of photon energy. The
gradual increase in ¢;(E) reflects enhanced polarization and
dispersive behavior arising from electronic transitions. The
relatively high values of &,(E) at low photon energies indicate
strong optical absorption, which is a key prerequisite for effi-
cient photothermal conversion. The decrease in &,(E) with
increasing energy suggests that photothermal heat generation
is most pronounced in the low-energy (visible-near-IR) region,
where photon absorption and subsequent non-radiative relax-
ation processes dominate.

Fig. 5B presents the Volume Energy Loss Function (VELF)
and Surface Energy Loss Function (SELF), offering direct insight
into the energy dissipation pathways responsible for photo-
thermal heating. The pronounced low-energy peaks in both
functions indicate efficient transfer of incident electromagnetic
energy to electronic excitations in the bulk (VELF) and at the
surface (SELF). These excitations subsequently relax through
non-radiative electron-phonon interactions, converting absor-
bed optical energy into heat.

The predominance of low-energy loss processes demon-
strates that the CB thin film is highly efficient in photothermal
energy dissipation, particularly at the surface where localized
heating is crucial for photothermal applications. The combined
effect of bulk and surface electronic excitations enhances
broadband optical absorption and promotes efficient light-to-
heat conversion, leading to high photothermal evaporation
rates in solar desalination systems. This absorption further
localizes heat at the membrane-water interface and minimizes
thermal losses to the bulk solution, which is essential for
interfacial photothermal applications.*®
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Fig. 5C illustrates the real (¢,) and imaginary (¢,) compo-
nents of the optical conductivity. The increase in ¢4(E) at higher
photon energies reflects enhanced photo-excited charge carrier
transport, which contributes to Joule heating and thus supports
photothermal conversion. Meanwhile, the monotonic increase
in 0,(E) indicates strong polarization and energy storage effects,
which facilitate delayed energy release as heat. Together, these
trends demonstrate that optical conductivity plays a central role
in converting absorbed photons into thermal energy within the
CB thin film.

Fig. 5D displays the loss tangent (tan ¢), a direct indicator of
dielectric energy dissipation. The high tand values at low
photon energies confirm substantial dielectric losses, which are
directly associated with efficient photothermal heat generation.
As photon energy increases, tan ¢ decreases, indicating reduced
dissipation and a transition toward more stable dielectric
behavior. This trend suggests that the photothermal efficiency
of the CB thin film is maximized at lower photon energies,
where absorption-driven losses are dominant. The dielectric
function, energy loss spectra, optical conductivity, and loss
tangent demonstrate that the CB thin film exhibits strong light
absorption, efficient energy dissipation, and pronounced non-
radiative relaxation processes. These features confirm the CB
suitability for photothermal applications.

3.2.4. The nonlinear optical characteristics of the CB film.
Fig. 6A shows the calculated first-order x, third-order x®
optical susceptibilities, and nonlinear refractive index (n,) of
the CB thin film as functions of photon energy, derived from the
measured dispersion parameters. The pronounced photon-
energy dependence of x®, with elevated values in the visible
and near-infrared regions, confirms strong third-order
nonlinear optical activity. This behavior arises from electronic
transitions governed by the material's band structure and
indicates efficient light-matter interaction under high optical
fields. Combined with the low dielectric loss (loss tangent, tan
0), these characteristics support the suitability of CB thin films
for nonlinear photonic applications requiring high efficiency
and minimal energy dissipation.
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Fig. 6B presents the two-photon absorption (TPA) coefficient
as a function of photon energy. At low photon energies (<1 eV),
the negative TPA values indicate a saturable absorption regime
caused by state filling near the Fermi level. With increasing
photon energy, the TPA coefficient becomes positive and rea-
ches a maximum near ~1.5 eV, corresponding to allowed two-
photon transitions from w-electron states to higher-energy
conduction band states. This strong nonlinear absorption in
the visible range enables efficient conversion of optical energy
into heat through nonradiative relaxation pathways. At higher
energies (>2 eV), the gradual reduction in TPA reflects increased
interband absorption and damping effects, signalling a transi-
tion toward linear absorption. Overall, the coexistence of high
x®), strong visible-range TPA, and low optical losses establishes
CB thin films as promising candidates for photothermal
conversion, where nonlinear absorption directly enhances
localized heat generation under intense optical excitation.
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3.3. Characterization of the membranes

The chemical composition and structural integrity of the
membranes were evaluated using FTIR spectroscopy. The FTIR
spectra confirm successful modification of the PTFE matrix
with PVA and CB, Fig. 7. The pristine PTFE spectrum (black)
exhibits characteristic bands at 1140 and 1200 cm ™!, corre-
sponding to symmetric and asymmetric stretching of CF,
groups, typical of the PTFE backbone. After PVA incorporation
(red spectrum), a broad band at 3200-3500 cm ™" appears due to
O-H stretching, confirming successful blending. The peak near
2900 cm ™ is assigned to aliphatic C-H stretching, while bands
at 1420-1320 cm ' correspond to C-H and O-H bending
vibrations. The region between 1080 and 1140 cm™ " is attrib-
uted to C-O stretching of secondary alcohol groups, and bands
at 840-920 cm ' are associated with polymer backbone
vibrations.?”>° In the PVA-CB composite (blue spectrum), slight
shifts and intensity changes in the O-H band indicate hydrogen

(A) FTIR spectra of PTFE, PTFE-PVA, and PTFE-PVA-CB membranes (B) SEM image of pristine PTFE surface. (C) SEM image of modified

PTFE/PVA-CB membrane surface. (D) Cross-sectional SEM image of pristine PTFE. (E) Cross-sectional SEM image of modified membrane,

showing the formation of a uniform photothermal layer.
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bonding and interfacial interactions between PVA and CB. The
characteristic C-F stretching of PTFE remains evident as
a strong doublet at ~1204 and 1150 cm ™', with an additional
band near 636 cm ™" corresponding to CF, bending vibrations.
These results confirm successful integration of all components
without disrupting the PTFE structure.® SEM images (Fig. 7B
and C) show that the pristine PTFE membrane possesses
a typical expanded fibrous network with interconnected fibrils
and nodes, forming a highly porous structure. This morphology
provides high surface area, strong hydrophobicity, and a pore
size consistent with the nominal 0.45 um rating, supporting
high vapor permeability and stable liquid entry pressure in
membrane distillation. After coating, the PTFE/PVA-CB
membrane exhibits a uniform and continuous photothermal
layer. The surface becomes smoother while retaining slight
micro-roughness, indicating that the coating is thin and does
not block pores. This confirms effective deposition and strong
adhesion between the coating and the substrate, which is
essential for maintaining hydrophobicity and preventing pore
wetting.>***

Cross-sectional SEM analysis (Fig. 7D and E) shows an
overall membrane thickness of approximately 30-33 um and
a well-defined active layer with a thickness of 574-607 nm. This
thin, uniform layer reflects good control over the coating
process and minimizes additional mass transfer resistance.®
The image confirms a robust, cohesive structure, indicating
good mechanical stability for the composite membrane. The
photothermal layer plays a critical role by enabling solar
absorption through CB while preserving the membrane's
porous structure. Its minimal thickness and uniformity ensure
that vapor transport is not hindered. Functionally, this struc-
ture enhances membrane distillation performance by
promoting localized heating at the membrane-feed interface,
reducing temperature polarization, and increasing vapor flux.
At the same time, the underlying PTFE structure maintains
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hydrophobicity and mechanical stability, addressing common
limitations of conventional membranes such as low thermal
efficiency and wetting. At higher loadings, CB nanoparticles
may aggregate due to strong van der Waals interactions, leading
to non-uniform coatings and reduced performance. In this
study, CB content was optimized to ensure uniform dispersion,
as supported by SEM observations. Further improvements
could be achieved through nanoparticle functionalization,
dispersing agents, or ultrasonication, which would enhance
stability, coating uniformity, and long-term performance.

3.3.1. Mechanism of duallayer membrane assembly:
interlocking and covalent cross-linking. The formation of the
stable bilayer photothermal membrane and its interaction with
the chemically inert PTFE substrate are illustrated in Fig. 8. The
adhesion mechanism combines physical interlocking with
selective chemical cross-linking within the PVA layer, without
forming covalent bonds with the PTFE support. As shown in
Fig. 8A, adhesion of the hydrophilic PVA-CB photothermal layer
to the hydrophobic PTFE substrate ([-CF,-CF,-],) is primarily
governed by mechanical interlocking. The process begins with
ethanol pre-wetting of the PTFE membrane,* which tempo-
rarily lowers its surface energy and enables effective wetting by
the aqueous PVA-CB suspension.

The PVA-CB suspension (PVA matrix in blue with dispersed
CB nanoparticles) is then spray-coated onto the membrane. The
reduced surface energy, combined with spray atomization,
allows partial infiltration of PVA chains into the microporous
PTFE structure. Upon drying, water evaporation induces chain
entanglement, physically trapping the PVA within the fibrous,
nodular pore morphology. This results in strong and durable
anchoring of the photothermal layer without the need for
chemical bonding. Fig. 8B illustrates the acid-catalyzed cross-
linking of the PVA matrix using glutaraldehyde (GA), which
occurs exclusively within the PVA layer and does not alter the
PTFE substrate. Under acidic conditions, GA functions as

A Resultant Bilayer
Structure

Physical interlocking =¥ Permanent physical stability
within micro-pores via mechanical interlocking

(B) GA-PVA Crosslinking Mechanism
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Fig. 8 Schematic illustration of the membrane fabrication process (A), and the dual-mechanism for layer stabilization (B).

© 2026 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2026, 16, 23101-23119 | 23111


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02032a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 05 May 2026. Downloaded on 5/8/2026 6:24:37 AM.

(cc)

RSC Advances

a bifunctional cross-linker via its two aldehyde (-CHO)
groups.®?* Each GA molecule reacts with two hydroxyl (-OH)
groups from adjacent PVA chains, forming stable acetal bridges.
The mechanism involves nucleophilic attack of a PVA -OH
group on a protonated aldehyde, generating a hemiacetal
intermediate, followed by a second nucleophilic attack that
releases water and forms a robust acetal linkage (-O-
CH-(CH,);-CH-0-).>** The repeated formation of these acetal
bridges transforms linear, water-soluble PVA into a dense,
insoluble three-dimensional network. This cross-linked struc-
ture immobilizes the CB nanoparticles and significantly
enhances the mechanical stability and durability of the photo-
thermal layer.**

3.4. Membrane distillation applications

3.4.1. Surface wettability and liquid entry pressure. The
surface wettability of the membranes was assessed by
measuring the static water contact angle () using the sessile
drop method with deionized water (DI-water) as the probe
liquid. Measurements were performed at room temperature
using a contact angle goniometer, with at least five measure-
ments per sample to ensure reproducibility as shown in Fig. 9A.
The pristine PTFE membrane exhibited a contact angle of
105.5° £ 2.5°, confirming its inherent hydrophobicity, which is
essential for preventing liquid penetration into the pores during
MD operation. Incorporation of PVA alone significantly reduced
the contact angle to 58.7° + 2.6°, reflecting the hydrophilic
nature of PVA due to its abundant hydroxyl groups. The addi-
tion of CB to the PVA matrix partially restored hydrophobicity,
with contact angles increasing to 71.7° £ 2.8° for 0.75 wt% CB
and 75.6° £+ 4.6° for 1 wt% CB. This improvement can be
attributed to the hydrophobic nature of CB nanoparticles and
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their uniform dispersion within the PVA matrix, which reduces
the overall surface energy of the composite coating.

3.4.2. Wetting resistance and liquid entry pressure (LEP)
estimation. The Liquid Entry Pressure (LEP) is a critical
parameter for evaluating the anti-wetting capability of
membranes in Membrane Distillation (MD) applications. It
defines the minimum hydrostatic pressure required for the feed
solution to penetrate the membrane pores. For the pristine
PTFE membrane (6 = 105.5°), the estimated liquid entry pres-
sure (LEP) is ~0.8 bar, consistent with reported values for
similar commercial PTFE membranes (typically 1-4 bar,
depending on pore size and test conditions). Although the
coated membranes exhibit lower contact angles due to the
hydrophilic PVA layer on the feed-facing side, the coating
strategy—controlled low-concentration spray deposition, mild
ethanol pre-wetting to enhance adhesion without deep pene-
tration, and glutaraldehyde crosslinking—ensures that the
PVA-CB layer remains a thin surface film. As a result, it does not
significantly infiltrate or alter the hydrophobic internal pore
structure of the PTFE substrate.*®*” This creates a Janus
configuration: a hydrophilic feed surface that enhances water
transport and photothermal performance, while the internal
pores and permeate side remain hydrophobic. Consequently,
the membrane preserves its LEP and resists liquid break-
through. The sustained salt rejection (>99%) during MD oper-
ation further confirms the absence of pore wetting. The
measured LEP (~0.76 bar) falls within the expected range for
PTFE membranes with similar pore sizes and remains well
above typical MD operating pressures, ensuring stable, wetting-
resistant performance.

Fig. 9B illustrates the liquid entry pressure (LEP) values of
the pristine PTFE membrane and the modified PVA/CB

40

35 4

LEP (psi)

(A) Water contact angle measurements of PTFE, PTFE/PVA, PTFE/PVA-CB (0.75%), and PTFE/PVA-CB (1%) membranes, (B) liquid entry

pressure (LEP) values of the pristine PTFE membrane and the modified PVA/CB composite membranes.
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composite membranes. The pristine PTFE membrane exhibited
the lowest LEP value (~10.1 psi), which can be attributed to its
relatively larger effective pore size and the absence of a surface-
modifying layer. Upon incorporation of polyvinyl alcohol (PVA)
and carbon black (CB), a significant increase in LEP was
observed. Notably, the PTFE/PVA (1.5%)/CB (1%) membrane
achieved the highest LEP value (~29.2 psi), corresponding to an
enhancement of approximately 190% compared to the pristine
membrane.*® This improvement can be explained based on the
Young-Laplace equation,

_ —2yBcosf

LEP (18)

rmax

where LEP is inversely proportional to the maximum pore
radius and directly influenced by surface properties. The
enhancement is primarily attributed to two synergistic effects;
reduction in effective pore size due to partial pore coverage and
filling by the PVA/CB coating layer, leading to a decrease in rmax,
and improved structural integrity and surface uniformity
provided by the PVA matrix reinforced with CB nanoparticles,
which enhances resistance to liquid penetration. A slight fluc-
tuation in LEP at lower PVA concentration (1%) with increasing
CB content may be associated with nanoparticle agglomeration,
causing local heterogeneity in pore distribution. In contrast, at
higher PVA concentration (1.5%), the membrane exhibits
improved stability and more uniform coverage, resulting in
superior wetting resistance. Overall, the PTFE/PVA (1.5%)/CB
(1%) membrane demonstrates excellent resistance to pore
wetting, making it a promising candidate for long-term
membrane distillation applications without compromising
permeate quality.’>3%°

3.4.3. Surface temperature and polarization of the
membranes. In this study, a tungsten lamp with an intensity of
30 W m™2 was used as the light source. Fig. 10A shows the
temporal evolution of membrane surface temperature under
illumination and after the light is switched off at lamp-
membrane distances of 10, 15, and 20 cm. According to the
inverse square law, light intensity decreases rapidly with
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increasing distance. Upon illumination, the surface tempera-
ture rises rapidly at all distances, indicating efficient photo-
thermal conversion and fast heat accumulation. At 10 cm, the
membrane reaches the highest steady-state temperature (~58 °©
C), consistent with the higher light intensity at shorter
distances. The temperature then stabilizes, suggesting thermal
equilibrium between heat generation and dissipation. After the
light is turned off, the temperature drops sharply, followed by
gradual cooling toward ambient conditions. At 15 cm, a similar
trend is observed, with a slightly lower maximum temperature
(~57 °C) and a slower approach to steady state due to reduced
light intensity. The cooling behavior remains comparable,
although the stored thermal energy is lower. At 20 cm, both the
heating rate and maximum temperature (~50-51 °C) decrease
significantly, confirming the strong dependence of photo-
thermal performance on distance. Cooling is again rapid,
reflecting limited heat retention. Generally, Fig. 10A demon-
strates that reducing the distance between the light source and
the membrane enhances photothermal heating, resulting in
higher temperatures and faster heating rates. This effect is
important for optimizing light-driven membrane systems,
where light-membrane geometry directly influences thermal
performance and efficiency.

Temperature polarization (TP) is a major limitation in
conventional MD, causing the membrane surface temperature
on the feed side (T}y,) to be significantly lower than the bulk feed
temperature (Tg,), reducing the vapor pressure driving force.
The Temperature Polarization Coefficient (TPC) quantifies this
effect as.**

T — Tom
TPC = = P

—_— 19
Too — Ty (19)

where Ty, and Ty, are the permeate-side membrane surface
and bulk temperatures, respectively.

In this study, membrane surface temperatures were
measured under simulated solar irradiation (Fig. 10A) to eval-
uate interfacial thermal conditions. The pristine PTFE
membrane exhibited pronounced temperature polarization (TP)
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Fig. 10 Effect of the light source distance on membrane surface temperature (A), evaporation rate under simulated solar irradiation (B).
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due to limited convective heat transfer. In contrast, the PVA-CB
coated membrane showed rapid surface heating, reaching
~58 °C at a 10 cm lamp distance, and maintained a stable
temperature significantly higher than the bulk feed under
localized photothermal conditions.*®

Assuming typical bulk temperatures (Tg, = 70 °C, Tpp, = 20 °©
C) and estimating the membrane surface temperature (Ty,, =
58 °C, with Ty, = Tpp, due to effective cooling), the temperature
polarization coefficient (TPC) for the modified membrane is
approximately 0.76-0.95, depending on interfacial condi-
tions.*** This represents a clear improvement over conven-
tional membrane distillation systems, where TPC values
typically range from 0.5 to 0.7 in the absence of localized
heating.**

The enhanced performance is attributed to the photo-
thermal effect of the CB coating, which localizes heat at the
feed-membrane interface, reduces thermal boundary layer
resistance, and can even reverse TP under strong illumination
(TPC > 1 if Tgy, > Typ). This is consistent with the observed flux
enhancement (45-60%) and stable operation, as reduced TP
increases the effective vapor pressure gradient and mass
transfer efficiency. Comparable studies using carbon-based
photothermal materials report TPC values of 0.8-1.2 under
irradiation supporting the effectiveness of localized heating in
mitigating temperature polarization.****

3.4.4. Rate of evaporation measurement under simulated
solar irradiation. Fig. 10B presents the evolution of evaporation
rate over time for pure water and the tested membranes: pris-
tine PTFE, PTFE/PVA, and PTFE/PVA-CB. For all cases, the
evaporation rate increases nearly linearly with time, indicating
a stable and continuous process under illumination. Pure water
shows the lowest evaporation rate, as expected due to the
absence of photothermal enhancement. The pristine PTFE
membrane exhibits a significantly higher rate, demonstrating

PTFE
PVA 1%-CB 1%
PVA 1.5%-CB 1%
PVA 1%-CB 0.75%
PVA 1%-CB 1%

¢4 pon

Water Flux (L/m?.h)

2

10 12 14 16 1.8 20 22 24 26 28
cic,

Fig. 11
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the role of its structure in promoting interfacial evaporation
through effective heat localization at the water-air interface,
reaching approximately 1.3-1.4 L m~> h™" by the end of the
experiment. The PTFE/PVA membrane shows a reduced evapo-
ration rate compared to pristine PTFE, although it remains
higher than pure water. This behavior is attributed to the
hydrophilicity of PVA, which enhances water transport but also
increases heat dissipation into the bulk, lowering interfacial
heating efficiency. In contrast, the PTFE/PVA-CB membrane
exhibits a clear improvement over PTFE/PVA, particularly at
longer times, as reflected by the steeper slope of its evaporation
curve. This enhancement arises from the incorporation of CB,
which acts as an efficient photothermal absorber, improving
light absorption and heat localization. The combined effects of

PVA and CB enhance vapor transport and thermal
management.
3.4.5. Evaluation of MD performance. Fig. 11A illustrates

the combined effect of PVA incorporation and CB addition on
the water flux as a function of the concentration ratio (C/C,,
where C, is the initial salt concentration). The pristine
membrane exhibited the lowest flux across the entire range,
whereas all modified membranes showed a significant
enhancement in water permeation. In the case of PVA modifi-
cation, the improvement became more pronounced with
increasing PVA content, where the membrane containing
1.5 wt% PVA maintained a higher and more stable flux even at
elevated C/C, values. This enhancement is attributed to the
increased hydrophilicity and the formation of interconnected
hydrophilic transport pathways induced by the hydroxyl groups
of PVA, which facilitate water diffusion across the membrane
matrix. On the other hand, the influence of CB loading on water
flux under similar operating conditions. The incorporation of
CB (0.5-1 wt%) into the PVA-coated membranes further
improved water flux compared with the pristine sample, with

(B) —=—PTFE

=9 —eo— PTFE/PVA-CB/GA
O 10
<
£ e
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2
[T
@ 61
&
=

44
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(A) Comparative analysis of long-term water flux stability as a function of concentration factor (C/Cop) for pristine and modified

membranes. (B) Long-term stability of water flux as a function of time for pristine PTFE and PTFE/PVA-CB membranes under MD operation.
Operation conditions: feed was 1 L of synthetic brine, the feed and distillate sides flow rates were 0.8 and 0.4 L min~%, respectively, with feed and

permeate temperatures of 70 °C, and 20 °C, respectively.
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the 1.0 wt% CB membrane achieving the highest performance.
This improvement is mainly ascribed to the superior broadband
light absorption and photothermal conversion capability of CB,
which generates localized heating at the membrane interface,
thereby reducing temperature polarization and enhancing the
vapor pressure driving force. In conclusion, the incorporation of
both PVA and CB significantly enhances water transport prop-
erties through a synergistic mechanism that combines
improved hydrophilicity and efficient photothermal heat
generation. The optimized structure, particularly at 1.5 wt%
PVA and 1 wt% CB, provides a thin, porous, and thermally active
layer that promotes efficient vapor transport, making the
modified membranes highly promising candidates for
advanced photothermal membrane distillation applications.

However, a clear trade-off exists between light absorption
efficiency and mass transfer resistance. Higher CB loading
improves solar-to-heat conversion (due to increased absorber
density and reduced reflectance), leading to greater flux
enhancement under illumination. Conversely, excessive CB or
thicker coatings can increase mass transfer resistance by
partially reducing porosity or increasing tortuosity in the
coating layer, thereby limiting vapor transport in the absence of
strong photothermal driving force. In our experiments, the thin
nature of the spray-deposited coating (controlled by low solu-
tion concentration, sonication for uniform dispersion, and
crosslinking with glutaraldehyde) minimized this resistance,
preserving high vapor permeability while enabling effective
photothermal localization. Similar trade-offs have been re-
ported in related photothermal MD systems using CB or carbon-
based absorbers on PTFE substrates.>*>* For instance, optimal
CB concentrations around 0.75-1 wt% in PVA matrices,
combined with pore formers (e.g., LINO;), balanced absorption
and porosity and yielded flux enhancements of 45-70% under
solar simulation without significant permeability loss. In our
case, the 1 wt% CB composition represents an effective
optimum, providing substantial photothermal flux gain (up to
45-60% relative to pristine PTFE) while maintaining >99% salt
rejection and operational stability, as excessive concentrations
could introduce unnecessary resistance or agglomeration
issues. These findings underscore the importance of systematic
optimization in photothermal coating design, where thin,
porous layers maximize the benefits of localized heating while
minimizing additional transport barriers.

To evaluate the separation efficiency of the PVA-CB modified
membrane, the salt rejection (R%) was monitored throughout
the MD process. The modified membrane demonstrated
a remarkably high salt rejection exceeding 99.9%. This indi-
cates that the thin PVA-CB photothermal layer did not
compromise the membrane's hydrophobicity or induce pore
wetting; rather, it effectively enhanced the vapor flux while
maintaining excellent salt separation integrity.

To evaluate the long-term operational stability of the
membranes, the water flux was monitored as a function of time
over an extended period, as shown in Fig. 11B. The pristine
PTFE membrane exhibited a significant and continuous decline
in flux, which can be attributed to temperature polarization and
possible fouling or scaling effects during operation. In contrast,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the PVA-CB/PTFE membrane demonstrated a much more
stable flux with only a gradual decrease over time. This
enhanced stability can be attributed to the synergistic effects of
improved hydrophilicity from PVA and localized photothermal
heating from CB, which together mitigate temperature polari-
zation and reduce the accumulation of foulants on the
membrane surface. These results confirm that the modified
membrane exhibits superior long-term stability and resistance
to performance degradation compared to the pristine
membrane. The reduced flux decline suggests suppressed
fouling/scaling tendencies, which can be attributed to improved
interfacial heat localization and reduced bulk heat dissipation.
The performance of the photothermal membrane is strongly
influenced by the spray-coating parameters, particularly the
thickness and uniformity of the deposited layer. A uniform and
well-controlled coating ensures homogeneous light absorption
and efficient photothermal heat generation across the
membrane surface. However, excessive coating thickness may
increase mass transfer resistance by partially blocking
membrane pores or increasing vapor diffusion path length,
leading to reduced flux. Conversely, insufficient coating thick-
ness may result in poor light absorption and weak photo-
thermal conversion. In this study, the spray-coating conditions
were carefully adjusted to achieve a uniform and optimized
coating layer, as confirmed by SEM observations. The resulting
membrane exhibits a balanced performance, combining effi-
cient photothermal heating with minimal mass transfer resis-
tance, leading to enhanced flux and stable operation. This
trade-off between optical absorption and mass transfer resis-
tance highlights the importance of coating optimization in
photothermal MD systems.

3.4.6. Photothermal feed-to-vapor efficiency. To provide
a quantitative assessment of the energy efficiency of the pho-
tothermal process, the solar-to-vapor (or photothermal feed-to-
vapor) efficiency (n) was calculated using the standard formula
for interfacial photothermal systems:

n= @x 100%

(20)
where J is the vapor flux (L m™> h™"), kg, is the latent heat of
vaporization of water (=2400 k] kg~ " at operating temperatures
of 40-70 °C), and I is the incident solar irradiance (W m™2).
Under simulated solar irradiation (assuming 1 sun equiva-
lent, I = 1000 W m™>, based on typical conditions for the re-
ported flux enhancement), the PVA-CB modified membrane
achieved a vapor flux of up to 1.3 L m~> h™', corresponding to
a photothermal efficiency of approximately 87%. This value
reflects the efficient conversion of incident solar energy into
localized heat at the membrane surface, driving vapor genera-
tion with minimal thermal losses to the bulk feed due to the
photothermal localization effect of the CB coating. This effi-
ciency is competitive with or superior to recent photothermal
MD systems using carbon-based absorbers (e.g., 70-85% in CB/
PVA or graphene composites under 1 sun), highlighting the
advantage of the thin, spray-deposited turbostratic CB layer in
broadband absorption and heat localization. The high 7
supports the claim of energy-efficient performance, as it
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Fig. 12 Time-dependent water vapor flux under simulated solar irra-
diation for the PVA (1.5 wt%)/CB (1 wt%) coated membrane at 50, 100,
200 W m~2,

significantly reduces the specific thermal energy consumption
compared to conventional MD (where external heating domi-
nates). Further optimization of irradiance levels (as shown in
Fig. 12 at (50-200 W m™?) and long-term stability could push
efficiencies toward 90%, aligning with state-of-the-art interfa-
cial photothermal distillation.*®*” Fig. 12 presents the temporal
photothermal response of pristine and modified membranes
under simulated solar irradiation. The PVA-CB coated PTFE
membrane exhibits a rapid temperature rise followed by
a stable plateau at a significantly higher level than the pristine
PTFE membrane, confirming its superior photothermal
conversion capability. In contrast, the pristine PTFE shows only
a moderate temperature increase, while the uncoated control
sample displays negligible thermal indicating
minimal light-to-heat conversion.

The markedly enhanced heating of the PVA-CB membrane is
directly attributed to the strong broadband optical absorption
of CB and the improved interfacial wettability induced by PVA,
which together promote efficient heat localization at the
membrane surface. This enhanced photothermal effect corre-
lates well with the optical characterization results, including the
reduced reflectance and narrowed optical band gap, and
explains the observed increase in vapor flux and reduced
temperature polarization during membrane distillation opera-
tion. The stable temperature profile over time further indicates

response,

Table 2 Photothermal efficiency comparison
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the good photothermal stability and durability of the composite
coating under prolonged irradiation.

Table 2 presents a comparative analysis of photothermal
efficiency for various membrane systems employed in solar-
driven or photothermal membrane distillation (PMD). The
PVA-CB/PTFE membrane developed in this study demonstrates
a vapor flux of 1.3 L m > h™" under 1 sun irradiation, achieving
a photothermal efficiency (7) of approximately 87%. This
performance is competitive with other CB-based systems (70-
85%) and graphene/PVA-based membranes (~70%), while
maintaining a relatively low fabrication cost.** Notably, the PVDF/
g-C3N, nanosheet-embedded membrane exhibits a significantly
higher vapor flux of 27.63 L m 2 h™" under 1 sun irradiation with
a photothermal efficiency of 70%. However, this high flux is
typically obtained in conventional direct contact membrane
distillation (DCMD) configurations assisted by localized heating
rather than pure passive solar-driven systems. In contrast, the
PPy@PVA-PVDF/F-SiO,-PVDF Janus membrane and the MXene-
PVA-TiO,@PVDF photothermal-catalytic membrane show lower
fluxes (4.17 L m > h ' and 1.23 L m > h ™", respectively) but offer
additional advantages in fouling resistance and oil-contaminated
feed treatment.** The table highlights the superiority of the PVA-
CB/PTFE membrane developed in this study, achieving high
efficiency (=87%) compared to other low-cost systems (such as
CB-based PMD and Graphene/PVA PMD), while maintaining
competitive vapor flow under 1 sun without the need for irradi-
ation intensification. It also surpasses high-cost systems in terms
of economic viability, although some (such as photothermal MD)
achieve higher efficiency (95%) or higher flux under intense
irradiation conditions (PP@PVA).

3.5. Economic and environmental considerations

The economic viability of the proposed membrane is rooted in
its reliance on low-cost, earth-abundant materials. By utilizing
CB as an efficient photothermal absorber and PVA as a hydro-
philic matrix, the material costs are significantly minimized
compared to high-end alternatives like graphene or MXenes.
Furthermore, the fabrication employs a scalable spray-coating
technique, which avoids complex, energy-intensive synthesis
routes. This approach achieves a high solar-to-vapor conversion
efficiency of approximately 87% under 1 sun while maintaining
robust anti-scaling properties, making it a cost-effective solu-
tion for large-scale, off-grid desalination. From a sustainability
perspective, the solar-driven nature of this MD process drasti-
cally reduces dependency on fossil fuels, leading to a substan-
tial decrease in greenhouse gas emissions. The localized

Vapor flux Efficiency
Membrane/system Irradiance (W m™?) Lm>h 1 (%) Cost Reference
PVA-CB/PTFE 1000 (1 sun) 1.3 ~87 Low This study
CB-based PMD 1000 (1 sun) ~1.0-1.5 70-85 Low 2 and 45
Graphene/PVA PMD 1000 (1 sun) ~1.2 ~70 High 48
Photothermal MD 1000 (1 sun) 2.17 95 High 3
PPy@PVA-PVDF/F-SiO,-PVDF under 3 sun intensity 4.17 77.33 Low 49
MXene-PVA-TiO,@PVDF (photothermal-catalytic membrane) 1 sun irradiation 1.23 — Low 50
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photothermal heating at the membrane-water interface
enhances energy utilization by mitigating temperature polari-
zation and reducing bulk heat losses. Life-cycle assessment
(LCA) data suggests that this configuration can reduce envi-
ronmental burdens, including human health impacts and
resource depletion by up to 80% compared to conventional
thermal MD systems. Additionally, the PVA-CB coating
improves membrane durability, extending its operational life-
span and reducing material waste. The synergy between cost-
efficiency and environmental performance positions this tech-
nology as a sustainable solution for regions facing acute water
scarcity. By minimizing both CAPEX and OPEX, the system is
uniquely suited for decentralized applications in remote areas
with limited access to traditional energy grids.

4. Conclusion

This study introduces a new perspective by integrating optical
physics with membrane distillation performance, providing
a fundamental framework for the rational design of photo-
thermal membranes. The aim was to enhance membrane
performance through the combined effects of improved surface
wettability and photothermal heating. Structural characteriza-
tion showed that the CB particles possess a turbostratic
graphitic structure with a crystallite size of 36.3 nm and
a microstrain of 3.44 x 10~* Optical analysis revealed a direct
band gap of 3.58 eV, indicating strong light absorption and
promising photothermal properties. Incorporating CB and PVA
into the PTFE membrane significantly improved MD perfor-
mance compared with pristine membranes. The addition of
PVA increased membrane hydrophilicity and facilitated water
transport, while CB enhanced thermal conductivity and pho-
tothermal conversion, promoting more efficient vapor genera-
tion. Among the tested compositions, the membranes
containing 1.5 wt% PVA and 1 wt% CB exhibited the highest
and most stable water flux across all feed concentrations. The
improved performance is attributed to the synergistic interac-
tion between enhanced surface wettability and localized pho-
tothermal heating, which together promote efficient heat and
mass transfer during MD operation. These findings demon-
strate that PVA-CB composite coatings offer a simple, scalable,
and cost-effective strategy for developing durable, high-
performance membranes for photothermal desalination and
advanced water treatment. The developed PVA-CB/PTFE
membrane demonstrated a significant enhancement in
membrane distillation performance, achieving a maximum
vapor flux of approximately 1.3 L m~> h™", representing an
improvement of about 45-60% compared to the pristine PTFE
membrane. This enhancement is attributed to the synergistic
effects of improved hydrophilicity and efficient photothermal
conversion, which reduce temperature polarization and
enhance vapor transport. In addition, the membrane main-
tained excellent salt rejection (>99%) and stable operation over
extended periods, confirming its resistance to pore wetting and
performance degradation. These results highlight the effec-
tiveness of the proposed design in simultaneously improving
flux, efficiency, and operational stability.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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