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S1 Supplementary methods
S1.1 Chemicals and materials
[bookmark: _Hlk206096255]Acrylamide (AAm, 99% electrophoretic grade), trehalose (Tre, 99%), sodium alginate (SA, 99.5%), 2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt (AMPS, 50 wt% in H2O), ammonium persulfate ((NH4)2S2O8, 99.99%), N,N’-methylenebisacrylamide (MBAA, 99.7%), calcium chloride dihydrate (CaCl2, 99.5%), benzene (C6H6, 99.5%), toluene (C7H8, 99.5%), phenol (C6H5OH, 99.5%), ethanol (C2H5OH, 99.7%), isopropanol (C3H7OH, 99.5%), n-butanol (C4H9OH, ≥99.5%), sodium chloride (NaCl, 99.5%), sulfuric acid (H2SO4, 98 wt%), potassium permanganate (KMnO4, 99.7%), sodium nitrate (NaNO3, 99.7%) hydrogen peroxide (H2O2, 30 wt%) hydrochloric acid (HCl, 37 wt%) were purchased from Shanghai Macklin Biochemical Technology Co., Ltd. Graphite powder (325 mesh) was purchased from Qingdao Huatai Lubrication and Sealing Technology Co. The water used in the experiments was ultra-pure deionized water.
[bookmark: _Hlk206759527]S1.2 Preparation of DPMn-X
[bookmark: _Hlk202714035]Graphene oxide (GO) was synthesized via a modified Hummers method. To prepare the mixed dispersion, a hydrophilic polymer solution (5 wt%) was introduced into the GO suspension (7.0 mg mL−1) at a volume ratio of 1:9, followed by thorough homogenization under ultrasonication. A certain amount of ethanol was added to the mixed solution to reduce the surface tension and regulate the oriented ice crystal growth rate. The resulting dispersion was rapidly pre-frozen horizontally in liquid nitrogen and subsequently freeze-dried (BIOCOOL, FD-1A-50+) to sublimate the ice under low temperature and pressure, yielding three-dimensional (3D) GO/hydrophilic polymer aerogels with interconnected porous architectures. The as-prepared aerogels were compressed under uniaxial pressure (5–15 MPa) to form freestanding two-dimensional (2D) membranes. Subsequently, thermal annealing (200 °C, 2 h) was employed to reduce GO, enhancing the structural stability of the densified photothermal membrane (DPM). 
Different crosslinking strategies were employed for various DPMs. Specifically, for samples containing acrylamide (AAm) and 2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt (AMPS), photo-crosslinking was performed by immersing the membranes in an aqueous solution of ammonium persulfate ((NH4)2S2O8, 0.1 mol L−1, 200 µL) as the initiator and N,N’-methylenebisacrylamide (MBAA, 0.1 mol L−1, 30 µL) as the crosslinker, followed by UV irradiation for 2 h. Sodium alginate (SA)-added DPMs were ionically crosslinked in CaCl2 solution (0.5 mol L−1) for 30 min. Trehalose (Tre)-loaded DPMs required no further treatment, as Tre was uniformly distributed within graphene sheets via strong hydrogen bonding. The resulting samples are denoted as DPMn-X, where n denotes the applied mechanical compression strength (5–15 MPa), and X refers to the incorporated hydrophilic polymer (PAAm, Tre, SA, and PAMPS), respectively. This precise control over n and X enables the fine-tuning of interlayer nanostructures and chemical microenvironments in DPMn-X. 
S1.3 Melting behavior of DPMn-X by DSC assessment
The ice melting characteristics of fully hydrated samples were investigated by differential scanning calorimetry (DSC). After removing surface water, samples were completely sealed in aluminum crucibles, cooled to −80 °C at −5 °C min−1, held for 30 min, and subsequently heated to 40 °C at 5 °C min−1. All measurements were conducted under a constant nitrogen flow (50 mL min−1).
S1.4 Solar-driven interfacial evaporation (SDIE) experiments
[bookmark: _Hlk202704698]The SDIE performance of DPMn-X was characterized using a custom-designed testing system illuminated by a xenon lamp light source (CEL-PE300L-3A) equipped with an AM 1.5 G optical filter to simulate standard solar irradiation (1 kW m−2). Samples (20 mm × 20 mm) were subjected to continuous illumination until surface temperature stabilization. After the sample surface temperature reached a steady state, an electronic balance with a resolution of 0.1 µg was used to measure the difference in system mass loss before and after exposure to continuous sunlight for 1 h, thereby calculating the water evaporation rate.
S1.5 Water purification of complex wastewater
The water purification performance of wastewater containing highly concentrated ions and strongly polar VOCs based on the optimized DPM10-PAMPS was evaluated using a custom-designed sealed device (effective area: 20 mm × 20 mm) under simulated solar illumination (CEL-PF300L-3A xenon lamp, AM 1.5G spectrum). Under solar irradiation, the increased interfacial temperature provides a strong driving force for the selective evaporation of water molecules. The water purification process employed a precisely controlled feed system. To evaluate performance across diverse hypersaline conditions, feed solutions included NaCl brines with salinities of 3.5 wt%, 10 wt%, and 20 wt%, as well as mixed heavy-metal brines (Cr3+, Pb2+, Zn2+, Ni2+, and Cu2+ in an equal mass ratio of 1:1:1:1:1) with salinities of 5 wt%, 10 wt%, 15 wt%, and 20 wt%. For the treatment of water/VOCs solutions, the VOCs, including benzene, toluene, phenol, ethanol, isopropanol, or n-butanol, with different concentrations, were selected. 
The original solutions were continuously delivered to the device at a constant flow rate using a precision peristaltic pump. This configuration maintained a steady-state VOCs concentration throughout the experiments. The system incorporated an air circulation with generated water vapor being condensed in a −20 °C cold trap for subsequent analysis. The quantitative analysis of VOCs was performed using high-performance liquid chromatography (HPLC, Agilent G1322A) and gas chromatography (GC, Agilent 7890B), respectively. Standard curves were established for each VOC by correlating HPLC/GC peak areas with known concentrations, ensuring accurate quantification (R2>0.990 for all analytes). The separation performance of DPM10-PAMPS was evaluated using the separation factor (α), as defined by the following equations1:

where PW and PE denoted the mass fractions of water and alcoholic VOCs in the collected water, FW and FE represented the corresponding mass fractions in the feed solution.
S1.6 Characterization
[bookmark: _Hlk202794134][bookmark: _Hlk202705514]The cross-sectional microstructures of the samples were revealed by scanning electron microscopy (SEM, QUANTA250-FEI, America), while energy dispersive spectroscopy (EDS) was used to estimate the elemental composition of the samples. The functional groups on samples were characterized by Fourier transform infrared (FTIR, V80, Germany) spectra in the range of 600–3600 cm−1. X-ray photoelectron spectroscopy (XPS, ESCALAB 250XI, America) was recorded to analyze the element composition and surface chemical environment of samples. Surface temperature of the samples was monitored using the IR camera (Fluke TiX1000). The water contact angle was observed using a water contact angle analyzer (DSA100, KRÜSS, Germany). A differential scanning calorimeter (DSC, Hengjiu, HSC-4, China) was used to determine the melting and evaporation behavior of the samples to analyze the water states in the samples. Raman spectroscopy (inVia, Renishaw, England) was used to analyze the water states within the samples. The xenon lamp light source (CEL-PE300L-3A) was equipped with an AM 1.5 G optical filter to simulate standard solar irradiation (1 kW m−2). The standard profiles of benzene, toluene, and phenol were characterized by high-performance liquid chromatography (HPLC, Agilent G1322A), while alcoholic VOCs (ethanol, isopropanol, and n-butanol) were quantified using gas chromatography (GC, Agilent 7890B) with flame ionization detection.
[bookmark: _Hlk206072153]
S2 Fabrication process of DPMn-X
[image: ]
Supplementary Fig. S1 a Photographs of the GO/hydrophilic polymer aerogel before and after mechanical compression. The 3D aerogel was transformed into a 2D dense membrane. b The obtained DPMn-X has good mechanical properties after thermal annealing.
A mixture of graphene oxide (GO) and hydrophilic polymers was freeze-dried via horizontal directional freezing to construct a 3D framework, followed by mechanical compression, thermal annealing, and chemical crosslinking to yield DPMn-X. After mechanical compression, the thickness of the 3D aerogel is markedly reduced, yielding a 2D dense membrane. Subsequent thermal annealing turned the densified 2D membrane black and endowed it with excellent mechanical robustness, as evidenced by the absence of visible damage after bending.

S3 Mechanical compression strength regulation for densification
[bookmark: _Hlk206072265][bookmark: _Hlk202722036][bookmark: _Hlk202715428]S3.1 SEM characterization of DPMn-PAMPS
[image: ]
[bookmark: _Hlk202726413][bookmark: _Hlk202722601][bookmark: _Hlk202722570]Supplementary Fig. S2 a−e SEM images of DPMn-PAMPS with the applied mechanical compression strength n=0, 5, 10, and 15 MPa or vacuum filtration, respectively.
Mechanical compression is employed to densify the DPM. Here, DPMn-PAMPS are selected to investigate the effect of varying mechanical compression strength (n=0, 5, 10, and 15 MPa) on the degree of interlayer nanostructural densification. Increasing the mechanical compression strength progressively compacts the interlayer nanostructures of DPMn-PAMPS. However, all DPMn-PAMPS remain less compact than the vacuum-filtrated counterpart (DPMF-PAMPS).

[bookmark: _Hlk206072292]S3.2 Water evaporation performance of DPMn-PAMPS
[image: ]
[bookmark: _Hlk202724638]Supplementary Fig. S3 a Saturated water content of DPMn-PAMPS and DPMF-PAMPS. b DSC thermograms and (c) calculated evaporation enthalpy of water and water in DPMn-PAMPS and DPMF-PAMPS. d Water evaporation rate of DPMn-PAMPS and DPMF-PAMPS under 1 kW m−2.
The degree of interlayer nanostructures densification critically governs water transport, thermal losses, and overall water evaporation performance. DPM10-PAMPS exhibits the highest saturated water content of 0.73 g g−1 and the lowest melting enthalpy of 1224.30 J g−1, which is likely its balance of water transport and thermal losses, thereby achieving the highest water evaporation rate of 2.58 kg m−2 h−1. For DPM5-PAMPS, the loosely packed structure permits excessive water flow and heat dissipation, thus lowering the evaporation rate. In contrast, DPM15-PAMPS and DPMF-PAMPS possess overly compact architectures that restrict water transport, also resulting in reduced water evaporation rate. These findings indicate that a mechanical compressive strength of 10 MPa is optimal.

S3.3 Photographs of DPM10-PAMPS
[image: ]
[bookmark: _Hlk206170017]Supplementary Fig. S4 Photographs of DPM10-PAMPS with a diameter of about 20 cm.


S4 Selection of hydrophilic polymers for DPM10-X
[bookmark: _Hlk206072332]S4.1 SEM characterization of DPM10-X
[image: ]
[bookmark: _Hlk187068758]Supplementary Fig. S5 Cross-section SEM images of (a) DPM10-PAAm, (b) DPM10-Tre, (c) DPM10-SA, and (d) DPM10-PAMPS, respectively. All the DPM10-X samples exhibit significantly densified interlayer nanostructures.




[bookmark: _Hlk206072380][bookmark: _Hlk202726879]S4.2 XPS characterization of DPM10-X
[image: ]
Supplementary Fig. S6 Full spectrum, and corresponding C1s, N1s, O1s high resolution XPS spectra of DPM10-PAAm, respectively.

[image: ]
Supplementary Fig. S7 Full spectrum, and corresponding C1s, O1s high resolution XPS spectra of DPM10-Tre, respectively.
[image: ]
Supplementary Fig. S8 Full spectrum, and corresponding C1s, O1s high resolution XPS spectra of DPM10-SA, respectively.

[image: ]
Supplementary Fig. S9 Full spectrum, and corresponding C1s, N1s, O1s, S2p high resolution XPS spectra of DPM10-PAMPS, respectively.





[bookmark: _Hlk206072535][bookmark: _Hlk203124196]S5 Interaction energies between hydrophilic polymers and water
[image: 图片包含 女王, 游戏机, 房间

AI 生成的内容可能不正确。]
Supplementary Fig. S10 Molecular models and the corresponding binding energy of (a) PAAm-water, (b) Tre-water, (c) SA-water, and (d) PAMPS-water, respectively.
We employ a series of hydrophilic polymers bearing distinct functional groups, including amide (acrylamide, AAm), hydroxyl (trehalose, Tre), carboxyl (sodium alginate, SA), and sulfonate (2-acrylamido-2-methylpropane sulfonic acid sodium salt, AMPS) to precisely regulate the interlayer nanostructures and chemical environments of DPM. Among them, the interlayer hydrophilic functional groups of the DPM10-X play a pivotal role in mediating interactions with water molecules. The interactions between water molecules and DPM10-PAAm or DPM10-Tre are primarily governed by hydrogen bonding, with the abundant –OH groups in DPM10-Tre exhibiting stronger binding affinity toward water. In contrast, DPM10-SA and DPM10-PAMPS engage in both hydrogen bonding and ion-dipole interactions with water molecules, leading to further enhanced water affinity. To demonstrate this, density-functional theory (DFT) was used to calculate the binding energies among PAAm-water, Tre-water, SA-water, and PAMPS-water molecules. DFT calculations were performed using the DMol3 module within Material Studio, and the exchange-correlation energies of the electrons were described by the generalized gradient approximation (GGA) using the Becke-Lee-Yang-Parr (BLYP) correction. The Fermi drag tail was 0.005 Ha (1 Ha=27.211 eV) and the atomic orbital truncation energy was 5.2 Å. The convergence criteria for the calculation of the geometry optimization meter and the energies are set with the following parameters: the energy tolerance was 1.0 × 10−5 Ha/atom, the self-consistent field tolerance was 1.0 × 10−5 Ha/atom, the maximal force tolerance was 0.004 Ha/Å, and the maximal displacement difference was 0.005 Å. 
The binding energy indicates the interaction strength among the components within the system. Given that the binding energy is negative, a lower value suggests a stronger interaction existing in the system. For the calculation of binding energies between hydrophilic polymers and water, we built a model of the interaction of PAAm (two repeated structural units), Tre, SA, and PAMPS (two repeated structural units) with water molecules. The binding energy (EAB) between A and B can be defined by the following equation2: 


where ETotal, EA and EB are the total energy of the system and the energy of each component in the model, respectively.
65

[bookmark: _Hlk206072501]S6 Water states investigation of DPM10-X
[image: ]
Supplementary Fig. S11 a Schematic illustration of three types of water states in the DPM10-X. Raman spectra with fitting curves of (b) DPM10-PAAm, (c) DPM10-Tre, (d) DPM10-SA, and (e) DPM10-PAMPS, respectively.

Owing to the dynamic interactions between DPM10-X and water molecules, there are three types of water states, comprising free water (FW), intermediate water (IW), and bound water (BW). BW and IW are preferentially localized near the polymer chains, while FW dominates the bulk phase, reflecting the hierarchical hydration dynamics. The FW (light red) exhibits thermodynamic stabilization via four hydrogen bonds with adjacent water molecules, while BW (light blue) is immobilized by polymer chains, forming more than two hydrogen bonds with the polymer matrix. Consequently, IW (light green) in the interfacial region lacks direct polymer stabilization and instead relies on hydrogen bonding with adjacent FW molecules, resulting in an activated IW state3. 
Raman spectroscopy further confirms this distinct hydration hierarchy within DPM10-X, revealing the molecular signatures of each water state. Raman spectra of the DPM10-X are fitted by four peaks through the Gaussian function, which are located at 3233, 3401, 3514, and 3630 cm−1. The Raman peaks at 3233 and 3401 cm−1 are assigned to the in-phase and out-of-phase O−H stretching modes, respectively, indicating that FW is stabilized by a tetrahedral hydrogen-bonding network. In contrast, the peaks at 3514 and 3630 cm−1 correspond to the symmetric and asymmetric O−H stretches under weakened hydrogen-bonding environments, characteristic of IW in the interfacial region. Notably, BW exhibits strongly restricted O−H vibrations due to confinement by hydrophilic polymer chains, resulting in Raman signals overlapping with polymer-associated O−H groups. Deconvolution analysis reveals that DPM10-PAMPS possesses a significantly higher IW/FW ratio (0.164) compared to other samples, demonstrating that enhanced polymer-water interactions promote IW formation. This interfacial hydration layer facilitates water activation, critical for accelerating water evaporation.

[bookmark: _Hlk206072599]S7 Custom-designed sealed device to purify water/VOCs solutions
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Supplementary Fig. S12 Schematic illustration of the custom-designed sealed device to purify water/VOCs solutions.
To explore the water-selective permeation performance of the prepared DPM10-PAMPS, water/VOCs separation experiments were performed in a homemade membrane module with an effective evaporation area of 20 mm×20 mm. A uniform xenon lamp light source system (CEL-PF300L-3A) was used to simulate light illumination and provide the driving force for the selective evaporation of water molecules. To maintain a constant concentration of VOCs in the device, a mixture of water and benzene (or toluene, phenol, ethanol, isopropanol, n-butanol) at different concentrations was continuously injected into the membrane module at the same flow rate via a peristaltic pump (circulating VOCs solutions are indicated by blue solid arrows). Furthermore, an air circulation system was attached to simulate the design of a large solar water purification system, and the obtained water vapor was transported to a cold trap (−20 °C) to condense and obtain the permeate (the obtained vapor is indicated by the red dotted arrow).
[bookmark: _Hlk206072565]S8 Interaction energies between PAMPS and VOCs
[image: ]
Supplementary Fig. S13 Molecular models and the corresponding binding energy of (a) PAMPS-benzene, (b) PAMPS-toluene, (c) PAMPS-phenol, (d) PAMPS-n-butanol, (e) PAMPS-isopropanol, and (f) PAMPS-ethanol, respectively.
Numerous highly toxic volatile organic compounds (VOCs) are ubiquitously present in the water cycle. However, their complex physicochemical properties render the separation of VOCs from water extremely challenging. While nonpolar or weakly polar aromatic VOCs exhibit low solubility in water, their inherent volatility and tendency to form azeotropes with water lead to persistent trace-level contamination, posing significant risks to both human health and the environment. On the other hand, strongly polar VOCs such as alcohol, bearing hydrophilic −OH groups, possess polarity and boiling points comparable to those of water molecules, making their removal via conventional separation methods virtually impossible. Furthermore, we selected two representative classes of VOCs for evaluation, including common aromatic VOCs (benzene, toluene, phenol) and strongly polar alcoholic VOCs (ethanol, isopropanol, and n-butanol). Comparative analysis of interaction energies between PAMPS (previously identified as exhibiting the strongest water affinity) and selected VOCs reveals a distinct trend in intermolecular binding strength: benzene < toluene < phenol < n-butanol < isopropanol < ethanol < water.


[bookmark: _Hlk206141583][bookmark: _Hlk206139922]S9 MD simulations using DPM10-PAMPS for water/ethanol separation
[image: ]
[bookmark: _Hlk206139851][bookmark: _Hlk206097336][bookmark: _Hlk206098105]Supplementary Fig. S14 MD simulation models of (a) 2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt monomer, (b) pristine graphene, and (c) DPM10-PAMPS, respectively.
[bookmark: _Hlk206162660]Based on the 2D structure of the hydrophilic polymer 2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt, the molecular structure of PAMPS is constructed and optimized using Discovery Studio 2024. Subsequently, CHARMM-GUI is used to model graphene barriers and graphene intermediate layers. Considering the actual structure of DPM10-PAMPS, graphene is arranged in a half-layer structure with alternating upper and lower layers, and PAMPS is filled between the graphene layers, where PAMPS, graphene, and Na+ are in orange, green, and purple, respectively. 
The molecular dynamics simulations are performed using Gromacs 2021, an open-source MD simulation software primarily employed for biomolecular systems (e.g., proteins, lipids, nucleic acids) and various materials science applications. The Amber force field is adopted for this simulation. The simulation system is constructed in Gromacs with a simulation box containing: a bottom layer of 1000 water molecules and 1000 ethanol molecules mixture, followed by the pre-constructed DPM10-PAMPS hybrid membrane, and finally a vacuum layer on the top side where a graphene barrier is placed to prevent liquid penetration across periodic boundaries. Prior to production runs, energy minimization is conducted to eliminate unreasonable atomic contacts in initial configurations, followed by 100 ps NVT equilibration (canonical ensemble maintaining constant Number of particles, Volume, and Temperature) to reach the target temperature. The production simulation employs a leap-frog algorithm for Newton’s equations integration with a 2 fs timestep over 25,000,000 steps (total 50 ns), during which pulling forces are applied to the graphene barrier to drive water/ethanol permeation through the hybrid membrane. Furthermore, the simulation employs the V-rescale thermostat to maintain the system temperature at 298.15 K. Long-range electrostatic interactions are treated using the Particle Mesh Ewald (PME) method with a cutoff scheme, while dispersion corrections are applied to account for long-range van der Waals interactions under the same cutoff framework.


[image: ]
[bookmark: _Hlk206140234][bookmark: _Hlk206144832]Supplementary Fig. S15 MD simulation snapshots of DPM10-PAMPS models at different time from 0 to 50 ns. Graphene, PAMPS, water, ethanol, and Na+ are in green, orange, cyan, magenta, and purple, respectively.
[bookmark: _Hlk206166140][bookmark: _Hlk206140060][bookmark: _Hlk206145492][bookmark: _Hlk206142842][bookmark: _Hlk206166585]A snapshot is an analysis tool used in MD simulations. It represents the exact state of the simulated system at a specific point in time, which is a benefit to examine and analyze the dynamic behavior of the system in detail, including but not limited to the interactions between atoms, the trajectories of molecules, and the evolution of the overall structure. By standardizing the details of the MD simulation, we can obtain the conformations of the system at different time points (0−50 ns). Within a total simulation time of 50 ns, DPM10-PAMPS shows a preferential transport capacity for water compared to ethanol. Notably, no ethanol molecules were observed in the snapshot at the 50 ns time point, demonstrating the excellent performance of DPM10-PAMPS in separating water and ethanol. The results show that DPM10-PAMPS displays preferential water transport while effectively excluding ethanol. No ethanol molecules are observed in the snapshot, demonstrating the excellent elimination performance of ethanol from water using DPM10-PAMPS. Our previous DFT calculations indicate that the intermolecular interactions between water and VOCs generally follow the order of benzene < toluene < phenol < n-butanol < isopropanol < ethanol < water. Therefore, other VOCs with weaker interactions with water than ethanol can also be separated from water using DPM10-PAMPS.

[image: ]
[bookmark: _Hlk206142025][bookmark: _Hlk206141521][bookmark: _Hlk206161548]Supplementary Fig. S16 MSD curves of water and ethanol molecules over time in the MD simulations for water/ethanol treatment based on DPM10-PAMPS.
[bookmark: _Hlk206142788][bookmark: _Hlk206166975]Mean Square Displacement (MSD) analysis is an important tool used to study the diffusion behavior of molecules or atoms. MSD analysis evaluates the diffusion of particles over time during a simulation by calculating the average square displacement of the particles. The MSD curve over time (usually linear) reflects the change in the average position of the selected molecules or atom groups during the simulation. Supplementary Fig. S16 simulates the MSD curve of water and ethanol over time in DPM10-PAMPS to investigate the influence on selective diffusion behavior. The horizontal axis represents time, and the vertical axis represents the MSD value. The diffusion coefficients of water and ethanol are (5.057±2.005)×10−6 cm2 s−1 and (6.670±0.900)×10−7 cm2 s−1, which sufficiently proves that DPM10-PAMPS has a preferential water transport while effectively excluding ethanol.

[image: ]
[bookmark: _Hlk206749533]Supplementary Fig. S17 Density profiles of water and ethanol at different positions in the MD simulations for water/ethanol separation using DPM10-PAMPS.
[bookmark: _Hlk206749847]Density is primarily used to analyze the density distribution of different components in a molecular system. A density plot shows how the density of water and ethanol changes at different positions. The horizontal axis represents position, and the vertical axis represents the density at the corresponding position. Comparison of the density changes of water and ethanol at different positions at the final moment. The density profiles of water and ethanol at different positions demonstrate that only water molecules selectively transport across the DPM10-PAMPS, whereas ethanol molecules are effectively retained, demonstrating the excellent performance of DPM10-PAMPS in purifying water/ethanol mixtures. 
[bookmark: _Hlk202810798][bookmark: _Hlk203140820]S10 Performance of DPM10-PAMPS in removing aromatic compounds from water
[image: ]
[bookmark: _Hlk202896689][bookmark: _Hlk203076059][bookmark: _Hlk206145881]Supplementary Fig. S18 Standard curves of (a) benzene, (b) toluene, and (c) phenol, respectively.

Table S1. Summary of concentrations before and after treatment of water/aromatic VOCs using DPM10-PAMPS
	VOCs
	Initial concentration (ppm)
	WHO
(ppm)
	US-EPA 
(ppm)

	
	100
	300
	500
	1000
	
	DWEL1
	MCL2

	Benzene
	0.004
	-
	0.001
	0.003
	0.01
	0.1
	0.005

	Toluene
	0.001
	0.029
	0.058
	-
	0.7
	3
	1

	Phenol
	0.01
	-
	0.05
	0.04
	-
	11
	-


1DWEL, Drinking Water Equivalent Level
2MCL, Maximum Contaminant Level

[image: ]
[bookmark: _Hlk206145831][bookmark: _Hlk203141674]Supplementary Fig. S19 The performance of DPM10-PAMPS on complex aromatic VOCs removal. 
[bookmark: _Hlk203141022][bookmark: _Hlk207870596]The challenges in separating benzene, toluene, phenol, and water arise from their distinct physicochemical properties. Benzene readily forms an azeotrope with water and is highly toxic, requiring azeotropic distillation or liquid-liquid extraction. Toluene has a close boiling point to benzene and tends to form emulsions, necessitating high-efficiency fractional distillation or transport. Phenol exhibits high water solubility due to its strong polarity and hydrogen bonding, making pH-adjusted extraction or steam distillation essential. Meanwhile, water can form azeotropes or hydrogen bonds with all three components, requiring dehydration via molecular sieves or salting-out. In summary, benzene and toluene separation relies on volatility differences, phenol demands overcoming polar interactions, and water removal involves disrupting azeotropes or hydrogen-bonding networks. Furthermore, we systematically evaluated the removal performance of DPM10-PAMPS for complex aromatic VOCs by establishing concentration gradients of benzene, toluene, and phenol (in which the benzene/toluene/phenol mixture solution concentration is 100/100/100 ppm, 500/300/500 ppm, and 1000/500/1000 ppm, respectively). Remarkably, DPM10-PAMPS demonstrated excellent elimination efficiency across all tested concentrations, achieving consistent removal of residual benzene (0.001–0.004 ppm), toluene (0.017–0.027 ppm), and phenol (0.01–0.05 ppm) in these multicomponent solutions.

[bookmark: _Hlk206161946]S11 Exploring of DPM10-PAMPS in removing strongly polar VOCs from water
[image: ]
[bookmark: _Hlk202810419]Supplementary Fig. S20 Standard curves of (a) ethanol, (b) isopropanol, and (c) n-butanol, respectively. 

[image: ]
[bookmark: _Hlk206147336]Supplementary Fig. S21 a−c Effect of mass fraction of strongly polar alcoholic VOCs on the separation performance using DPM10-PAMPS.
[image: ]
[bookmark: _Hlk202875920][bookmark: _Hlk206147414][bookmark: _Hlk206146261]Supplementary Fig. S22 Performance of DPM10-PAMPS in removing complex, strongly polar alcoholic VOCs from water. 
[bookmark: _Hlk203143312][bookmark: _Hlk202810977]The separation challenges for ethanol, isopropanol, n-butanol, and water stem from their distinct physicochemical properties. Ethanol forms a minimum-boiling azeotrope with water, requiring advanced distillation or molecular sieves. Isopropanol similarly creates an azeotrope while exhibiting greater hydrophobicity than ethanol. n-butanol shows limited water solubility but forms heterogeneous azeotropes, enabling phase separation. However, in complex wastewater systems containing ethanol, isopropanol, and n-butanol, the competitive intermolecular interactions and multi-component azeotropic behavior pose a significant challenge for the selective separation of water. Furthermore, in the complex solutions with 30 wt%, 60 wt%, and 90 wt%, where ethanol, isopropanol, and n-butanol are present in an equal mass ratio of 1:1:1. Notably, the resultant water contents reached exceptional purity levels of 99.75%, 99.66%, and 99.52%, respectively, demonstrating the outstanding separation performance of DPM10-PAMPS membranes.

S12 Performance of DPM10-PAMPS in removing aromatic VOCs from water compared with previous reports
Table S2 Performance comparison of phenol removal from water with previously reported work.
	Samples
	Light
density
	Water
evaporation rate
(kg m–2 h–1)
	VOCs
type
	Initial
concentration
(ppm)
	Removal
rate
	Ref

	Activated carbon
	-
	-
	Phenol
	10–100
	~95%
	4

	Immobilized enzymes
	-
	-
	Phenol
	20–100
	~92%
	5

	Polytetrafluoroethylene membrane
	-
	-
	Phenol
	45
	88.89%
	6

	Polydimethylsiloxane/polyether block amide
	-
	0.1
	Phenol
	112
	86.6%
	7

	CuFeMnO4 on ceramic substrate
	1 sun
	1.45
	Phenol
	20
	~98.2%
	8

	Nano-TiO2/zeolite/silica gel
	-
	-
	Phenol
	50
	90%
	9

	P25 TiO2
	-
	-
	Phenol
	30
	95%
	10

	Pr-doped TiO2 nanoparticles
	-
	-
	Phenol
	12.5
	99%
	11

	Carbon membranes
	-
	-
	Phenol
	50
	98.51%
	12

	Iron oxide-coated ceramic membranes
	-
	-
	Phenol
	50
	77%
	13

	p-type NiO semiconductor
	-
	-
	Phenol
	100
	90%
	14

	TiO2/activated carbon
	-
	-
	Phenol
	100
	68.03%
	15

	Polymer inclusion membrane
	-
	-
	Phenol
	25
	85.56%
	16

	N-isopropylacrylamide/tributyl phosphate/ poly (vinyl alcohol)
	-
	-
	Phenol
	90
	85%
	17

	Macroporous polystyrene crosslinked with divinylbenzene
	-
	-
	Phenol
	50
	90%
	18

	SWEG
	1 sun
	1.4
	Phenol
	100
	99.2%
	19

	g-C3N4@PANI/PS
	1 sun
	1.3
	Phenol
	20
	95%
	20

	covalent triazine framework (CTF-OX)
	1 sun
	1.19
	Phenol
	50
	98%
	21

	PANI-PA photothermal membrane
	1 sun
	1.0
	Phenol
	200
	97%
	22

	MPS-PPy membrane
	1 sun
	1.12
	Phenol
	5
	90%
	23

	P25-coated Flammulina
	1 sun
	~1
	Phenol
	5
	78%
	24

	Zr-Fc MOF/SWCNT/gelatin, ZSG
	1 sun
	1.53
	Phenol
	10
	95%
	25

	m-TiO2–x NFM
	1 sun
	1.05
	Phenol
	10
	95%
	26

	Cu/W18O49@Graphene/PDMS
	1 sun
	1.41
	Phenol
	10
	99%
	27

	DPM10-PAMPS
	1 sun
	2.58
	Phenol
	1000
	99.99%
	This work



S13 Performance of DPM10-PAMPS in eliminating strongly polar alcoholic VOCs from water compared with previous work
[bookmark: _Hlk206147489]Table S3 Performance comparison of ethanol removal from water with previously reported work.
	[bookmark: _Hlk202811345]Sample type
	Temperature
(°C)
	Ethanol content
in feed water (wt%)
	Permeation flux
(kg m–2 h–1)
	Separation factor
	Ref

	DPM10-PAMPS
	25
	90
	2.58
	2638
	This work

	SA-PSBMA@GO/PAN
	77
	90
	2.14
	1370
	1

	GO-TFNC
	70
	80
	2.2
	308
	28

	SA-PTA
	30
	90
	1.11
	1866
	29

	SA-PVP-PWA
	70
	96
	1.5
	1000
	30

	SA-rGO/PAN
	77
	90
	1.70
	1566
	31

	SA-PAA@Fe3O4/PAN
	77
	90
	1.63
	1044
	32

	SA/PEI-PDA/PAN
	77
	90
	1.20
	1807
	33

	GO/mPAN
	70
	90
	1.80
	1791
	34

	SA-ZIF-L
	76
	90
	1.21
	1840
	35

	PEI/TA/HPAN
	76
	90
	1.34
	1012
	36

	CS/MOF-801
	50
	90
	1.93
	2156
	37

	TMC/AETH
	25
	90
	1.59
	1116
	38

	TMC/TAEA
	25
	90
	1.15
	1491
	39

	TMC/DETA
	25
	90
	0.86
	1116
	40

	GO
	24
	85
	0.25
	227
	41
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Supplementary Fig. S23 Separation factor comparison of DPM10-PAMPS with previously reported work for ethanol removal from water.
Table S4 Performance comparison of isopropanol removal from water with previously reported work.
	Samples
	Temperature
(°C)
	Isopropanol content
in feed water (wt%)
	Permeation flux
(kg m–2 h–1)
	Separation factor
	Ref

	DPM10-PAMPS
	25
	90
	2.58
	2186
	This work

	PA/mPAN
	30
	70
	1.30
	736
	42

	CSHM-5
	70
	70
	1.73
	694
	43

	P84-CKP
	60
	85
	1.11
	988
	44

	PVA/Na-Alg
	45
	90
	0.41
	1727
	45

	PDMS
	50
	5
	1.23
	12.2
	46
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Supplementary Fig. S24 Separation factor comparison of DPM10-PAMPS with previously reported work for isopropanol removal from water.

[bookmark: _Hlk203076538]Table S5 Performance comparison of n-butanol removal from water with previously reported work. 
	Samples
	Temperature
(°C)
	n-butanol content
in feed water (wt%)
	Permeation flux
(kg m–2 h–1)
	Separation factor
	Ref

	DPM10-PAMPS
	50
	90
	2.58
	2299
	This work

	GO-TFNC
	70
	80
	2.20
	308
	28

	UV-crosslinking PDMS
	50
	5
	1.60
	22.7
	46

	PVA-CS/ceramic
	70
	90
	1.12
	1000
	47

	P84/ceramic
	95
	95
	1.40
	931
	48

	QP4VP/CMCNa
	60
	90
	2.24
	1116
	49

	Methylated silica
	60
	94
	1.50
	1000
	50

	PAA/polyethyleneimine
	50
	95
	0.77
	481
	51

	PVA/ceramic hollow fiber
	80
	95
	1.00
	450
	52

	Tubular silica
	70
	95
	2.30
	680
	53

	SYMPLEX
	25
	90
	1.70
	300
	49

	PECM-X
	60
	90
	2.21
	1116
	54

	P84
	95
	95
	1.50
	1880
	55

	Ceramic
	70
	95
	2.3
	1340
	56
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[bookmark: _Hlk213594671]Supplementary Fig. S25 Separation factor comparison of DPM10-PAMPS with previously reported work for n-butanol removal from water.
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