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Global climate change has exacerbated water scarcity, while traditional water treatment technologies
are often unsustainable due to high energy consumption and negative environmental impacts, posing
an urgent need for a sustainable solution. This study developed a novel wood-based flexible Janus
membrane coupled with a spine structure for efficient oil-water emulsion separation and fog
harvesting. The Janus wood membrane showed high separation efficiency (> 99.6%), high filtration
flux (water-in-oil and oil-in-water emulsions exceeded 810 L/m2-h and 747 L/m2-h, respectively), and
good reusability. Additionally, the introduction of spine and conical pores significantly enhanced fog
collection efficiency (19.23 kg/m?-h), expanding the application potential of Janus membranes.
Moreover, this Janus wood membrane offered excellent mechanical properties, dimensional stability,
mildew resistance, and environmental benefits. This study underscored the potential of Janus
membranes in water management and liquid separation, providing a sustainable solution to water

scarcity.

Global climate change and rapid human development have intensified
water scarcity, particularly in arid and semi-arid regions, posing a major
challenge to sustainable development. The combined effects of drought,
uneven precipitation, population growth, and industrialization demand
efficient and eco-friendly water treatment technologies”. Conventional
methods, such as desalination and water purification, offer partial relief but
are energy-intensive and environmental taxing, exacerbating ecological
stress”. These limitations highlight the urgent need for sustainable and
adaptable freshwater acquisition technologies.

Among emerging solutions, emulsion separation and fog collection are
two promising strategies for addressing water scarcity and pollution miti-
gation. Emulsion separation efficiently extracts water from complex oil-
water mixtures, crucial for industrial and environmental applications, while
fog collection captures atmospheric moisture, providing an innovative water
source for arid regions. Janus membranes, which leverage their asymmetric
wettability to enable high-performance liquid transportation, separation,
and transport®™.

Janus membranes excel in separating micro- to nanoscale emulsion
droplets, including oil-in-water and water-in-oil emulsions with separation

efficiencies exceeding 99%°"". This process is achieved by surface functio-
nalization and precise pore control, which effectively reduces energy con-
sumption compared to traditional methods such as centrifugation and
chemical demulsification. For fog collection, the hydrophobic surface of
Janus membranes captures water vapor, while the hydrophilic surface
promotes droplet drainage, preventing residual liquid interference and
significantly enhancing collection efficiency'*"”. However, the effectiveness
of Janus membranes is often constrained by the limitation of their sub-
strates. Commonly used substrates, such as resins'*", metal meshes'”™",
and synthetic fibers™ ™ suffer from challenges like poor gas permeability,
susceptibility to corrosion, limited pore size, and declining performance
over time. These drawbacks underscore the necessity for renewable and
robust substrates that excel in both emulsion separation and fog collection.

Wood, a renewable and biodegradable natural material with a unique
anisotropic structure, offers an ideal alternative substrate for Janus™™°, Its
longitudinal section features fine and uniform pores with a high surface area,
making it highly effective in separating micro-oil and water droplets from
complex emulsions”**. While its cross-section, with larger pores and
superior permeability”, is better suited for fog collection. Despite these
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advantages, optimizing wood-based Janus membranes for multifunctional
applications remains a challenge. The structural disparity between the
longitudinal and cross-sectional orientations limits their versatility,
requiring innovative approaches to enhance performance. Recent advances,
such as the integration of bioinspired conical spines or microchannels,
demonstrated the potential to improve droplet capture, transport, and
drainage efficiency through wettability gradients and capillary action’",
enhancing the fog collection performance of traditional Janus membranes.
Yet, research on coupling designs remains unexplored for wood-based Janus
membranes, and their full potential warrants further exploration.

In this study, a novel approach was developed to overcome these
limitations by achieving reversible wettability in a longitudinally cut Janus
wood membrane (JW) through the UV degradation of hydrophobic TiO,/
PVDF-HFP nanocoating. This reversible wettability enabled the JW
membrane to dynamically switch between hydrophilic and hydrophobic
states, significantly enhancing its adaptability. The membrane displayed
high flux (>747 L/m’h) for both oil and water phases and separation effi-
ciency (>99.6%) in stable oil-water emulsion separation while maintaining
excellent mechanical properties, mold resistance, and dimensional stability.
To address limitations in fog collection, a pioneering spine-membrane
coupling structure was designed, integrating bioinspired spines with conical
pores, enabling directional water transport and drainage. This innovative
dual-functionality design represented a significant step forward in sus-
tainable water treatment technologies, combining high efficiency with
adaptability to diverse environmental challenges.

Results

Structural properties and wettability transition of JW membrane
Specifically, natural balsa wood (NW) was used as the raw material. NW
membranes were cut, delignified, and impregnated with a TiO,/PVDF-HFP
solution to ensure hydrophobic wettability. After unilateral UV radiation on
JW, the exposed side of the sample underwent photodegradation, and the
wettability changed from hydrophobic (denoted as JW-HO) to hydrophilic
(denoted as JW-HI), where asymmetric wettability was obtained (Fig. 1a
and Fig. S1). Figure 1b illustrates the preparation process of the
spine-membrane coupling structure, where the integration of cactus spines
with the Janus membrane enhanced the water transport efficiency, further
promoting its functionality in practical applications.

The morphology and elemental distribution of the samples were
characterized using environmental scanning electron microscopy (ESEM)
equipped with energy-dispersive X-ray spectroscopy (EDS). As shown in
Figs. 1c; and S2, NW consisted of numerous ray cells, vessel pores, and
nanopores that connect adjacent tracheids and vessels, forming a three-
dimensional layered interconnected porous network. The cell walls of NW
were dense with clearly visible cell corners, primarily due to the cross-linking
of hemicellulose and lignin over the cellulose framework™ . The vertically
aligned wood fibers appeared smooth and compact in the longitudinal
section. After delignification, delignified balsa wood membrane (DW)
showed loosened tracheids and cracked cell corners in the cross-section due
to the removal of lignin and hemicellulose (Fig. lc,). The longitudinal
section of DW revealed striated pores with diameters less than 10 um
in the cell walls. After hydrophobic modification, the dense nano-
particles were uniformly distributed on the cell wall of the hydro-
phobic wood membrane (Fig. 1c;), and the presence of fluorine (F)
and titanium (Ti) elements was confirmed by energy-dispersive
spectroscopy (EDS) in the transverse section of JW-HO, indicating
the 1H, 1H, 2H, 2H-perfluorodecyltriethoxysilane (FAS)-TiO, coat-
ing on JW-HO. With the UV exposure treatment, the notable
decrease in the concentration of F element from the EDS spectrum
demonstrated the UV light-induced FAS degradation that altered the
membrane’s composition (Fig. 1cy).

Figure 1d shows the adsorption/desorption isotherms of the samples,
highlighting the formation of numerous nanopores in both DW and JW
after delignification, with maximum pore size distributions in the range of
2-20nm (Fig. le), consistent with previous studies™ . The BET results

confirmed that JW retained high porosity, which was essential for filtering
oil-water emulsions due to its 3D hierarchically interconnected porous
structure. Strain induced by sample expansion varied from large to small,
changing color from red to purple (Fig. 1f). After unidirectional immersion,
DW showed significant strain variation in thickness, while JW displayed a
gradient of strain from JW-HO to JW-H]I, indicating a shift from hydro-
phobic to hydrophilic after UV irradiation.

Chemical composition analysis

The chemical compositions of different samples were also analyzed using
FTIR, XRD, and XPS, as shown in Fig. 2. FTIR results indicated that,
compared to the NW, DW did not exhibit the aromatic skeletal vibration
peak of lignin at 1510 cm™, confirming effective lignin removal. Addition-
ally, the absorption peak intensities at 1245 cm™ (C-O stretching of hemi-
cellulose) and 1735 cm™ (C=0 stretching of ester groups in hemicellulose)
decreased, reflecting partial removal of it. In the JW-HO sample, vibration
peaks corresponding to Si-O (siloxane bond stretching) and C-H (alkyl
group stretching) bonds were observed at 802 cm™ and 2980 cm™, respec-
tively, indicating the introduction of TiO,/PVDF-HFP. The absorption
peaks at 1245 cm™ and 1016 cm™ belonged to C-F stretching vibrations
from CF; and CF, groups, indicating the presence of FAS molecules on the
TiO, surface, which was attributed to the hydrophobic nature of JW-HO.
Following UV irradiation, the C-F characteristic peaks disappeared, which
is attributed to the photodegradation of the FAS molecules under the
photocatalytic activity of TiO,. The UV light (395 nm, provided by a
UVGO3535-9Z lamp) induces electron-hole pair generation in TiO,, which
leads to the production of reactive oxygen species (ROS) such as hydroxyl
radicals (-OH) and superoxide anions (O,-). These ROS can cleave the C-F
bonds in the FAS molecules, resulting in the disappearance of the C-F
characteristic peaks in the FTIR spectra™*’. The cleaved FAS molecules are
converted into hydroxyl groups (O-H), which are responsible for the
hydrophilic transition observed in the sample after UV irradiation.

The crystal structure of the samples was analyzed using XRD (Fig. 2b).
NW, DW, and JW samples exhibited three major diffraction peaks of cel-
lulose I at 16.5° (110), 22° (200), and 34.5° (004), indicating that there was no
disruption of the delignification process on cellulose’s crystalline structure.
Additionally, the relative crystallinity of DW significantly increased due to
the removal of matrix components, which altered the orientation of cellulose
microfibrils and enhanced crystallinity. XRD analysis further revealed the
characteristic diffraction peaks of anatase TiO, in both JW-HO and JW-HI
at 25.3° (101), 37.6° (004), 47.8° (200), 53.7° (105), 54.8° (211), and 62.6°
(204). Moreover, the results showed that UV irradiation did not notably
affect the crystal structure of TiO,.

XPS was employed to examine the surface chemical composition of the
samples. As shown in Fig. 2c, NW and DW only contained C and O ele-
ments. In contrast, JW-HO and JW-HI samples exhibited additional peaks
belonging to F (fluorine), Ti (titanium), and Si (silicon) elements, revealing
the introduction of TiO,/PVDF-HFP. Notably, the F peak intensity in JW-
HI was significantly lower than that in JW-HO (Fig. 2d), and the Cls fitting
peaks (-CF, and -CF;) in JW-HI nearly disappeared (Fig. 2e, f), both indi-
cating the decomposition of FAS molecules under the UV irradiation.

Figure 2g illustrates the degradation mechanism of the TiO,-FAS
system under UV radiation. FAS typically has the structure R-Si-(O-R’)3,
where R denotes a fluorocarbon chain (e.g, CF3(CF,)n-) and O-R’ is a
siloxane group. FAS molecules are anchored to the TiO, surface via siloxane
bonds (Si-O-Ti). Upon UV exposure, TiO, absorbs photons (hv), gen-
erating electron-hole pairs that react with environmental oxygen and water
to produce reactive oxygen species:

0, + e — O,-. (Superoxide anion) (1)

H,0 +h"™ — -OH (hydroxyl radical) ()

These hydroxyl radicals ((OH) and superoxide anions (O, -) degrade
the FAS organic chains, particularly attacking the carbon-fluorine (C-F)
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Fig. 1 | Fabrication, microstructure and wetting-responsive behavior of asym-
metric wettability Janus wood membranes. a and b Procedure for the preparation
of asymmetric wettability Janus wood membrane and spine-membrane coupling
structure. ¢; and ¢, Micro-morphology of NW and DW. ¢; and ¢4 Micro-

morphology and the surface composition distribution of JW-HO and JW-HI. d and
e N, adsorption/desorption isotherms and pore volume distribution of NW, DW,
and JW. f Strain changes in the thickness direction after unilateral wetting of DW
and JW.

and carbon-hydrogen (C-H) bonds. This oxidation process gradually
decomposes FAS, releasing small molecules like hydrogen fluoride (HF),
carbon dioxide (CO,), and other fragments. Consequently, the TiO, surface
loses its hydrophobic FAS coating and exposes more hydrophilic Ti-OH

groups.

The wettability characteristics and environmental stability of the
JW membrane

The Janus wood membrane (JW) exhibits superior wettability character-
istics and environmental stability in Figs. 3 and S3-S6. JW membrane
demonstrated superior flexibility after the removal of rigid lignin and
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Fig. 2 | Chemical composition analysis of NW, DW, JW-HO, and JW-HI. a Infrared spectral analysis. b XRD analysis. c-f XPS analysis. ¢ XPS full spectrum of the sample.
d F element of JW-HO and JW-HI. e C1s spectrum of JW-HO. f Cls spectrum of JW-HI. g The mechanism of the transition from hydrophobic TiO, to hydrophilic TiO,.

hemicellulose, while the toughness remained that it could support a weight
0f 100 g in both longitudinal and radial orientations (Fig. S3). Moreover, JW
exhibited exceptional antifungal performance and dimensional stability. In
antifungal tests, the infection rates of JW-HI and JW-HO were significantly
reduced compared to NW and DW, falling below 15% and 1%, respectively,
even after 30 days, which is owing to the coating of nanocomposites that
protected the underlying wood substrates (Figs. S4 and S5). Figure S6
highlighted the outstanding dimensional stability of JW over NW, and DW
under wet and dry conditions. Overall, after the removal of lignin and
hemicellulose and the introduction of TiO,/PVDF-HFP polymer system,
JW displayed excellent mechanical performance and environmental stabi-
lity, ensuring greater structural integrity and long-term usability in practical
applications.

The wettability of both sides of the Janus wood membrane was ana-
lyzed in air, oil, and water (Fig. 3). DW exhibited the transition of the
wettability from hydrophilic to superhydrophilic due to the removal of
hydrophobic lignin and increased porosity (Fig. S7). Following the treat-
ment with the nanocomposite coating and unilateral UV radiation, sig-
nificant differences in wettability were observed between the two sides of the
JW membrane. As shown in Fig. 3a and Video 1, water droplets rapidly

absorbed into the JW-HI surface, indicating hydrophilicity. Conversely,
when placed in oil, water droplets remained on the surface of JW-HI and left
absorption traces upon removal. In contrast, JW-HO demonstrated
superhydrophobicity in air, with a water contact angle reaching 151° (Fig. 3a
and Fig. S8). In oil environments, the JW-HO surface effectively repelled
water droplets, preventing their penetration into the membrane (Fig. 3b and
Video 2). While JW-HI exhibited oleophilicity in air, it displayed super-
oleophobicity underwater (Fig. 3¢ and Video 2). Conversely, JW-HO also
maintained oleophilicity in air without significant changes underwater
(Fig. 3d and Video 2). The superhydrophobicity of JW-HO is owing to the
nanostructure of TiO, which increases the roughness of the surface as well as
the abundant F that has a low surface energy. These findings underscore the
unique property of Janus wood membranes in wettability. The differences in
wettability induced by UV radiation offer new possibilities for the design
and application of these membranes.

Additionally, this unique surface feature exhibited outstanding stability
and resilience under harsh conditions. The water contact angle maintained
greater than 150° after 120 h in corrosive solutions with varying pH levels
and NaCl concentrations (Figs. S9-S11). Despite 2500 mm of abrasion, the
JW-HO membrane retained its high-water contact angle, while the JW-HI
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Fig. 3 | Wettability of the JW membrane. a The JW-HI exhibits hydrophilicity in air and oleophobicity in oil. b The JW-HO demonstrates hydrophobicity in air and
oleophobicity in oil. ¢ The JW-HI displays oleophilicity in air and oleophobicity in water. d The JW-HO shows oleophilicity in both air and oil.

membrane demonstrated excellent oleophobicity in underwater environ-
ments with oil contact angles exceeding 149°. This durability enhanced the
adaptability of JW on the oil-water separation across diverse environments.

Oil-water emulsion separation using JW membrane
By taking advantage of the JW membrane’s asymmetric wettability and
micro-nanostructured pore structure, the efficient separation of water-in-oil
and oil-in-water emulsions via simple inversion was achieved. In the
experiments, the membrane was placed between a graduated glass funnel
and a flask, filtering emulsions under constant negative pressure to ensure
stability. With the JW-HI side facing up, its underwater oleophobic prop-
erties blocked oil while allowing clear water to pass (Video 3). Figure 4a
shows optical images before and after filtering toluene/water, hexane/water,
hexadecane/water, and petroleum ether/water emulsions. The separation
efficiency exceeded 99.6% with a water permeation flux of 810-1020 L/m*h
(Fig. 4b). After ten cycles, efficiency remained above 99.4% with low residue
(<120 mg/L) (Fig. 4c). Although flux decreased over time due to oil droplets
(Fig. 4d), it was restored by washing with water and ethanol, confirming the
JW-HI side’s reusability.

The water-in-oil emulsion separation process is illustrated in Fig. 4e.
The transmembrane pressure difference (AP) is crucial for oil-water
separation and can be calculated using the Young-Laplace Eq. (3)*":

_ 2ycosf

AP = 3)

r

where y is the surface tension, 0 is the contact angle, and  is the pore radius.
In water-in-oil emulsions, the oil phase forms discontinuous spherical
droplets covered by water. When the water contact angle is less than 90°
(AP <0), the membrane exerts a downward force, enhancing separation.
For the underwater oleophobic/superhydrophilic JW-HI membrane,
increasing AP accelerates separation. Conversely, when the oil contact
angle exceeds 90° (AP > 0), the membrane repels oil, trapping it on the
surface.

With the hydrophobic JW-HO layer facing up, the JW-HO layer’s
oleophilicity allowed oil to pass while water droplets coalesced into larger
droplets unable to penetrate the pores. JW-HO’s superhydrophobicity
enabled oil flow while water droplets were retained, facilitating the effective
separation of oil-in-water emulsions (Video 3). Optical images revealed a
milky appearance before separation, transforming to clear filtrate with no

detected oil droplets (Fig. 4f). The separation efficiency exceeds 99.5%, with
flux rates between 747 and 913 L m* h™* (Fig. 4g). Sample also demonstrated
reusability for oil-in-water emulsion with water/n-hexane emulsions
showing high efficiency (>99.4%) and low residue (<110 ppm) after ten
cycles (Fig. 4h). Droplet distributions before and after separation, char-
acterized by DLS, showed sizes of 0-1200 nm pre-separation and 5-15 nm
post-separation (Figs. S12 and S13). As Table S indicates, the JW mem-
brane outperforms other Janus membranes in oil-water separation on
separation efficiency and flux. The pore structure of the Janus wood
membrane exhibited a hierarchical architecture, which played a crucial role
in size-selective separation. The natural wood structure consisted of inter-
connected microchannels, with pit pores ranging from 2 to 4 um, facilitating
rapid fluid transport. However, the nanoscale pores formed within the cell
walls during delignification, as confirmed by SEM and BET analyses, con-
tributed to the membrane’s ability to effectively separate emulsions. The
BET results indicated the presence of nanopores in the range of 2-20 nm,
which provided additional filtration capability by restricting the passage of
submicron oil or water droplets. This multi-scale pore structure enabled a
combination of size exclusion and capillary-driven separation, ensuring
efficient oil-water emulsion filtration despite the presence of larger pit pores.

Long-term durability, mechanical stability, and environmental
resistance of the Janus wood membrane

The long-term stability and reusability of the Janus wood membrane (JW)
were assessed by subjecting it to continuous separation of oil-in-water and
water-in-oil emulsions over 50 cycles (Fig. 5a;, a,). Throughout these cycles,
the JW membrane consistently maintained high separation efficiency and
stable flux with minimal performance degradation. Specifically, for oil-in-
water emulsions (hexane/water), flux ranged from 801 to 728 L/m*h, while
the separation efficiency remained above 96.1%, reaching 99.8%. For water/
hexane emulsions, the flux varied between 995 and 962 L/m>h, with the
efficiency consistently exceeding 96.4%, peaking at 99.9%. These results
confirmed the durability and fouling resistance of the JW membrane, as its
hierarchical porous structure and surface wettability facilitated efficient oil
droplet repulsion and stable liquid transport, preventing severe con-
tamination. Figure S14 shows the impact of varying NaCl concentrations
(0.5M, 1 M, and 2 M) on the separation efficiency and flux of oil-water
emulsions using the JW membrane. At 0.5M and 1M, the membrane
demonstrated high separation efficiencies over 98.2% and fluxes exceeding
680 L/m*h (Figure S14a and b). While performance slightly declined at 2 M
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Fig. 4 | Application and mechanism of JW membrane in the separation of oil-
water emulsions. a Optical micrographs of four types of water-in-oil emulsions
before and after filtration. b Separation efficiency and corresponding permeation
flux of JW membrane for four oil-in-water emulsions. ¢ Separation efficiency and oil
content in the permeate after 10 cycles of oil-in-water emulsion separation.

d Filtration flux variation over time during water-in-oil emulsion separation.

e Schematic illustration of the separation mechanism for oil-in-water emulsions.

f Optical micrographs of four oil-in-water emulsions before and after filtration.

g Separation efficiency and corresponding permeation flux of JW membrane for four
water-in-oil emulsions. h Separation efficiency and water content in the permeate
after 10 cycles of water-in-oil emulsion separation. i Filtration flux variation over
time during oil-in-water emulsion separation. j Schematic illustration of the
separation mechanism for oil-in-water emulsions.

NaCl, it still maintained substantial efficiencies (94.4% for oil-in-water and
93.1% for water-in-oil) and fluxes (710 L/m*h and 572 L/m*h, respectively)
after 50 cycles (Fig. S14c, d). These results highlighted the JW membrane’s
excellent salt resistance and suitability for high-salinity applications like

seawater desalination. Mechanical stability was evaluated by measuring
tensile strength of the JW in both longitudinal and radial directions after
exposure to different temperatures (5 °C, 30 °C, 70 °C, and 90 °C) and pH
conditions (3, 7, and 11) (Fig. 5b; 5, ¢ »). JW exhibited significantly higher
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Fig. 5 | Durability, mechanical stability and separation performance of Janus
wood membranes under cyclic and environmental conditions. Separation effi-
ciency and flux of JW during 50 cycles of oil-water emulsion separation: a; Water-in-
oil emulsion (water/hexane) and a, Oil-in-water emulsion (hexane/water). b,
Longitudinal and b, radial tensile strength of JW and NW after 12 h at different
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temperatures. ¢; Longitudinal and ¢, radial tensile strength of JW and NW after 12 h
at different pH levels. d Schematic of the artificial weathering test. e Radial tensile
strength of membranes before and after weathering. f Longitudinal tensile strength
of membranes before and after weathering.

tensile strength compared to NW, maintaining 44.2-45.7 MPa long-
itudinally and 4.2-4.5 MPa radially across all temperatures, while NW
showed lower values and a notable decline at elevated temperatures. Simi-
larly, JW retained high tensile strength across different pH conditions
(43.3-47.2 MPa longitudinally, 4.3-4.6 MPa radially), whereas NW exhib-
ited substantial degradation, particularly under acidic and alkaline condi-
tions. These findings highlighted the enhanced thermal and chemical
stability of JW, attributed to the TiO,/PVDF-HFP nanocoating, which
reinforced the wood matrix against environmental stressors. To further
examine the stability of the UV-induced wettability transition, a 7-day
accelerated UV weathering test was conducted (Fig. 5d). As shown in
Fig. 5e, f, JW exhibited minimal mechanical degradation, with a slight
reduction in tensile strength (from 4.4 MPa to 4.1 MPa radially, and from
423MPa to 39.4 MPa longitudinally). In contrast, NW experienced
severe mechanical deterioration (from 1.4 MPa to 0.4 MPa radially, and
from 10.3 MPa to 9.1 MPa longitudinally), indicating significant UV-
induced damage. The preserved structural integrity of JW suggested that the
TiO,/PVDEF-HFP coating effectively protected the polymer matrix from UV
degradation, ensuring long-term stability. These results confirmed that the
UV-induced wettability transition did not compromise JW’s mechanical
robustness, reinforcing its potential for practical, long-term applications in
harsh environments.

A cost analysis was conducted to assess the economic feasibility of JW
membranes compared to commercially available membranes (Table S2).
The JW membrane’s manufacturing process was characterized by sig-
nificantly lower energy consumption than that of conventional synthetic
membranes, which often involved complex and energy-intensive proces-
sing. While the integration of TiO, coatingand UV treatment required some
energy, the overall energy footprint of producing JW membranes remained
lower, contributing to a more sustainable manufacturing approach. More-
over, utilizing renewable balsa wood in the JW membrane production
process resulted in a decreased carbon footprint, contrasting sharply with
the higher greenhouse gas emissions associated with non-renewable
resource-derived synthetic membranes. The use of renewable materials
not only mitigated environmental impacts but also supported a circular
economy paradigm. In comparison, conventional membranes, such as those
made from PVDF and PTFE, involve petroleum-based materials that have a
substantial environmental burden across their lifecycle, from extraction to
disposal. This included significant greenhouse gas emissions and environ-
mental degradation associated with resource extraction and processing.
Thus, the JW membrane stands out as a sustainable alternative in the
landscape of membrane technology. Comparative data from Tables
S3 and $4 further highlight JW’s advantages over commercial membranes in
separation flux, efficiency, and mechanical durability over 10 cycles of oil-
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Fig. 6 | Design and performance evaluation of spine-membrane coupled struc-  Membrane-Spine Structure with conical holes). b Collected fog mass using different
tures for efficient fog collection and water transport. a Water transport perfor- spine-membrane coupled structures. ¢ Weight and frequency of water droplets
mance of four different spine-membrane coupled structures (FJ-S: Flat Janus detaching from the spine-membrane coupled structures. d Photographs of
membrane-spine structure; FJ-S-C: Flat Janus membrane-spine structure with spine-membrane coupled fog collectors. e Fog collection efficiency of different fog

conical holes; BJ-S: Bumpy Janus membrane-spine structure; BJ-S-C: Bumpy Janus  collectors. f Water evaporation rates of fog collectors at different temperatures.

water emulsion separation. JW consistently maintained high flux and Tests on spine-membrane structures (Fig. 6a, b; Video 4) demon-
separation efficiency, outperforming polymeric membranes, which exhib-  strated the impact of these modifications. In the flat FJ-S structure, high
ited greater performance degradation over repeated use. Additionally, JW  contact angles limited water collection to 6.4 g in 60 min. Incorporating
retained higher tensile strength after 10 cycles, while commercial mem-  conical pores (FJ-S-C) increased efficiency, as capillary action facilitated
branes experienced more significant mechanical weakening. These findings  unobstructed water transport. However, drainage was hindered when pores
confirmed JW’s long-term stability and economic viability, reinforcing its ~ were saturated. To further optimize performance, a bumpy structure (BJ-S-

potential for scalable, cost-effective oil-water separation applications. C) was developed, utilizing gravity to enhance water transport. Spines

guided water into conical pores, which aggregated and drained efficiently.
Moisture transport and fog collection efficiency of Compared to FJ-S and FJ-S-C, BJ-S-C achieved 13.9 and 22.8 times greater
spine-membrane coupled structures efficiency, collecting 12.55 g of fog water. The BJ-S-C structure demon-

Fog collection provides a critical solution to water scarcity in arid regions,  strated excellent reusability and stability, maintaining consistent perfor-
yet enhancing its efficiency remains a major challenge”™*. In deserts and  mance over 10 cycles (Fig. 6¢). Figure 6d shows the fabricated BJ-S-C fog
coastal areas, fog presents an untapped water source under humid collector, which achieved an efficiency of 19.23 kg/m?, surpassing FJ-S, FJ-S-
conditions™"*°, Many organisms, such as cribellate spiders, cacti,and Namib ~ C, and BJ-S by 113.1, 3.7, and 213.6 times, respectively (Fig. 6e). The cactus
Desert beetles, have evolved specialized structures that inspire biomimetic ~ spine structure was integrated with the JW to enhance fog collection effi-
water-harvesting designs. These structures, including spindle knots, conical  ciency. The cactus spines, with their unique conical shape, guide the water
spines, and hydrophilic-hydrophobic patterns, enhance water collection by ~ vapor towards the membrane, where the hydrophilic surface facilitates
promoting droplet transport and overcoming contact angle hysteresis. condensation of the vapor into liquid droplets. The condensed water is then
While JW membranes demonstrated flexibility in fog collection, their three-  directed by gravity to the collection reservoir. Additionally, the JW collector
dimensional porous structure limited water transport by causing saturation,  exhibited significantly lower water evaporation rates under controlled
reducing efficiency. To address this, a novel spine-membrane-coupled conditions (30 °C, 50 °C, 70 °C; Fig. 6f). Tables S5 and S6 highlight the BJ-S-
structure was developed, integrating cactus spines and conical pores (Figs. ~ C collector’s superior performance compared to alternative materials. Even
§15-S17). This design enhanced water conduction and drainage, sig- after 10 cycles, the JCW trap maintained a fog collection efficiency above
nificantly improving collection efficiency (Figs. 1b and S18). 98.9% (Fig. S19), confirming its stability and reproducibility.
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Discussions

This study successfully developed a Janus wood membrane with asymmetric
wettability and efficient liquid separation capabilities through a nano-
composite coating and ultraviolet radiation. The membrane exhibited
exceptional performance in oil-water emulsion separation, achieving
separation efficiencies exceeding 99.5%. Filtration flux for water-in-oil and
oil-in-water emulsions surpassed 810 and 747 L/m*h, respectively. The
needle-membrane coupling structure significantly enhanced fog collection
efficiency to 19.23 kg/m*h, demonstrating strong feasibility for practical
applications. Compared to conventional synthetic membranes, the wood-
based Janus membrane also showed excellent mechanical properties, anti-
fungal performance, and environmental sustainability. This highlighted its
potential for water resource management and pollution control. However, it
is important to acknowledge several limitations, including the need for a
more in-depth analysis of the production scalability and the economic
viability of integrating this membrane into industrial processes, both of
which are pivotal for real-world application. Overall, this research provides
an efficient, cost-effective, and renewable solution for liquid separation and
fog collection, addressing water scarcity and pollution challenges. To fully
realize the potential of this membrane, future studies should aim to optimize
its properties, evaluate long-term performance under various environ-
mental conditions, and explore its scaling-up possibilities for wider
adoption.

Methods

Material

The natural balsa wood was sourced from Fuyu Materials Co., China. Before
use, the wood blocks were cut parallel to the grain to create longitudinal wood
membranes, each measuring 20 mmx20mm x 1mm and 20 mm x
50 mm x 1 mm. Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-
HFP), dimethylformamide (DMF), anatase titanium dioxide (TiO,) nano-
particles (30-60nm), and 1H,1H,2H,2H-perfluorodecyltriethoxysilane
(FAS) were purchased from Macklin Biochemical Co., Ltd. Sodium chlorite
(NaClO,, ~80%) and hydrogen peroxide (H,O,, 30%) were obtained from
Aladdin Biochemical Technology Co., Ltd., Shanghai. Acetic acid
(CH;COOH, ~99%), ethanol, n-hexane, toluene, n-hexadecane, petroleum
ether, lubricating oil, soybean oil, dichloromethane, and chloroform were
supplied by Nanjing Chemical Reagent Co., Ltd. All chemicals were used as
received without further purification.

Fabrication of delignified wood membranes

The longitudinal balsa wood membranes were first pretreated in a 1%
NaOH solution at 80 °C for 1 h. After pretreatment, the membranes were
immersed in a 1 wt% NaClO, solution adjusted to pH 4.6 with CH;COOH
and maintained at 80 °C for 2 h to remove lignin. Following lignin removal,
the membranes were washed with anhydrous ethanol to eliminate residual
chemicals and then freeze-dried. The delignified balsa wood membranes
were subsequently washed several times with deionized water and stored in
anhydrous ethanol for future use.

Fabrication of Janus wood membranes
Dissolve 0.5 g of PVDF-HFP in 25 mL of DMF under magnetic stirring to
obtain Solution A. In a separate mixture, dissolve 1 g of FAS and 6 g of TiO,
in 25 mL of anhydrous ethanol to prepare Solution B. Slowly add Solution B
to Solution A, forming Solution C. Immerse the delignified wood membrane
in Solution C for 12 h, then remove and thoroughly rinse with anhydrous
ethanol. Vacuum dry the membrane at 50°C for 1h to produce the
superhydrophobic wood membrane.

To create an asymmetric wettability Janus wood membrane, expose
one side of the superhydrophobic membrane to UV light (UVGO3535-9Z,
20 W, 395 nm, at a distance of 40 cm) for 6 h (Fig. S1).

Anti-mildew performance test
First, seal samples with dimensions 50 x 20 x I mm® in bags and subject
them to high-pressure sterilization at 120 °C for 6 h. After sterilization,

transfer the samples to sterile Petri dishes in a clean room and inoculate
them with Aspergillus niger spores. Place the Petri dishes in an incubator set
at 65 °C and 25% humidity for one month. Monitor and record the growth
of Aspergillus niger every two days.

Oil-water emulsion separation

Four different water-in-oil and oil-in-water emulsions were prepared using
n-hexane, petroleum ether, n-hexadecane, and toluene as the oil phase. For
the water-in-oil emulsions, Tween 20 was used as the emulsifier. Oil and
water were mixed at a 1:100 volume ratio with 2.5 mg/mL of Tween 20,
followed by ultrasonic treatment at room temperature for 6 h to form stable
emulsions. Similarly, Span 80 was used as the emulsifier for the oil-in-water
emulsions, with the same 1:100 water-to-oil ratio and 2.5 mg/mL Span 80,
and ultrasonic treatment for 6 h.

The JW membrane was mounted in a filtration device, and membrane
flipping allowed separation of the two types of emulsions. When the
hydrophilic side faced upwards, water-in-oil emulsions were separated. The
separation efficiency (R) was calculated using Eq. (4)*:

RO%) = (1 —%> X100 @)

0

where Cy and C; represent the oil concentration in the original emulsion and
the filtrate, respectively. When the hydrophobic side faced upwards, oil-in-
water emulsions were separated, with Cy and C; representing water
concentrations in the emulsion and filtrate.

Throughout the filtration, the vacuum pressure was maintained at
approximately 0.095 MPa. Water content in the filtered oil was measured
using a Karl Fischer moisture titrator (Mettler Toledo DL31, Switzerland),
and oil content in the filtered water was analyzed with a total organic carbon
analyzer (Multi N/C 2100, Analytik Jena, Germany).

Artificial weathering test

To evaluate the stability of the UV-induced wettability transition and
potential degradation of the polymer matrix, a 7-day accelerated UV
weathering test was conducted. The JW was placed with the JW-HI side
facing up under continuous UV irradiation using a UV lamp (Q-Lab Co.,
Westlake, OH, USA) at a distance of 40 cm. The test was performed in a
controlled chamber at 25°C and 50% relative humidity, simulating pro-
longed environmental exposure. The weathering process followed a cyclic
program, consisting of 5.75 h of condensation, followed by 0.25 h of water
spray, and then another 5.75 h of condensation, with an additional 0.25-h of
water spray before entering a final 6-h condensation phase. After 7 days of
exposure, the tensile strength of the JW was measured in both longitudinal
and radial directions using a universal tensile testing machine (100 MTS
system, Zwick, Germany) to assess mechanical integrity before and after
weathering. This test provides insights into the long-term durability of the
membrane under cyclic UV, humidity, and water exposure conditions,
ensuring its reliability for practical applications.

Spine-membrane coupling structure for fog collection
First, Janus wood membranes (50 x 20 x 1 mm?®) were molded into a
concave-convex structure using a hot pressing method. The Janus mem-
branes were preheated at 130 °C for 1 h, then pressed using a conical needle
mold to create a 3 x 3 array of conical holes. The hole diameters on the JW-
HO and JW-HI sides were 1 mm and 0.3 mm, respectively. Next, a
cylindrical roller mold was used to press the membranes, forming the
concave-convex Janus structure.

Cactus spines (Echinopsis tubeiflora) were selected and sorted by length
(2.5 mm) and base diameter (1 mm). The spines were sanded, ultrasonically
cleaned with deionized water, and stored in anhydrous ethanol. The spines
were inserted through the 0.3 mm holes on the JW-HI side until fully
coupled, creating a spine-membrane coupling structure.

To assess fog collection performance, a custom fog collection apparatus
was designed. The structure was mounted on top of an acrylic box
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(40 x 20 x 20 mm®) with a humidifier (Model: ]SQ107, Guangdong Zhigao
Air Conditioner Co., China) placed 5 cm away. Ata constant temperature of
25 °Cand 90% relative humidity, the humidifier generated a fog flow parallel
to the membrane at a speed of 10 cm/s. Each fog collection cycle lasted 1 h
and was repeated 10 times under stable conditions (25 °C, 90% RH). Fog
collection efficiency was evaluated by comparing results from each cycle to
initial values. Additionally, the same volume of water was added to the
collector, and the setup was placed in environments with temperatures of
30°C, 50°C, and 70°C for 1h each. The water evaporation rates were
determined by measuring mass changes.

Characterization

The morphology and elemental distribution of the samples were examined
using an environmental scanning electron microscope (ESEM) equipped with
energy-dispersive X-ray spectroscopy (ESEM-EDS, XL30ESEM-FEG, USA),
operating at 20 KV with a 10 mm working distance. Surface area and pore size
were measured with a specific surface area and pore size analyzer (ASAP2460,
Mike’s Instruments, USA). Fourier-transform infrared spectroscopy (FTIR)
was conducted using a Nexus 670 instrument (USA) at a resolution of 2 cm™
over the range of 4000-400 cm™', with 32 scans to detect compositional
changes. The chemical state of the sample surfaces was analyzed by X-ray
diffraction (XRD, UltimalIV, Rigaku, Japan) across a 5-90° scanning range,
and elemental composition was determined via X-ray photoelectron spec-
troscopy (XPS, AXIS Ultra DLD, USA). The imbibition behavior of the
samples was observed by placing them on a water-saturated sponge for 30 min.
Side images were recorded every 10 min using a digital camera (EOS600D,
Sony). The swelling strain was analyzed using digital image correlation (DIC)
technology (Correlated Solutions, United States) to evaluate the imbibition
depth of the samples. Wettability was assessed using a contact angle tester
(FCA2000A, Shanghai Aifid Precision Instruments Co., Ltd.), while contact
angle changes between water and oil were evaluated by loading a 225 g weight
onto Janus wood membranes and dragging them across 100-mesh gauze.
Mechanical properties were tested with a universal material testing machine
(100 MTS system, Zwick, Germany). Emulsion droplet size was measured
using dynamic light scattering (DLS, Malvern Zen 3600), and optical micro-
scope images were captured with a high-depth 3D scanning system (Keyence,
VHX-7000, Japan). Water and oil contents in oil-water emulsions were
quantified with a Karl Fischer titrator (870 KF Titrino Plus) and a total organic
carbon (TOC) analyzer (TOC-L, Shimadzu, Japan), respectively.

Data availability

The authors declare that all data supporting the findings of this study are
available within the paper and Supplementary Information files. Source data
are provided with this paper.
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