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Experimental characterization of commercial and synthesized aromatic polyamide films for reverse osmosis membranes

The complex structure of the active aromatic polyamide (APA) layer of reverse osmosis membranes needs to be precisely described for understanding and predicting solutes rejection. A commercial reverse osmosis membrane (CPA2-Hydranautics) was chosen as a case-study, and home-made APA films prepared by free-standing interfacial polymerization of trimesoyl chloride (TMC) and m-phenylenediamine (MPD), at different temperatures in order to obtain different film structures. Their morphology, thickness, void fraction, density and chemical composition were characterized with scanning electron microscopy (SEM), atomic force microscopy (AFM), profilometry, ellipsometry, dynamic vapor sorption (DVS) and X-ray Photoelectron Spectroscopy (XPS). All samples have a multi-level topological structure as a dense base upon which generates: a valley-ridge structure for CPA2 and a chimney-like structure for synthesized samples, whose thicknesses increase with temperature. An average void fraction of 35% was deduced for the APA from CPA2, allowing the calculation of a dry density of its dense phase of 1.24 g•cm -3 , rarely investigated for commercial membranes. New chemical descriptors considering chain heads, tails and branches were introduced to improve the interpretation of chemical composition results. More realistic than the cross-linking degree, they suggested for CPA2 active layer a back-surface chemically less cross-linked than the topsurface.

INTRODUCTION

Reverse osmosis (RO) is extensively used for pure water production and industrial wastewater treatment in various fields [START_REF] Shenvi | A Review on RO Membrane Technology: Developments and Challenges[END_REF][START_REF] Frenzel | Water Recycling from Mixed Chromic Acid Waste Effluents by Membrane Technology[END_REF][START_REF] Hoinkis | Wastewater Recycling in Laundries-From Pilot to Large-Scale Plant[END_REF][START_REF] Sagne | A Pilot Scale Study of Reverse Osmosis for the Purification of Condensate Arising from Distillery Stillage Concentration Plant[END_REF] , due to advantages such as continuity, easy scaling-up, minimum consumption of chemicals and absence of toxic by-products [START_REF] Al-Bastaki | Performance of Advanced Methods for Treatment of Wastewater: UV/TiO2, RO and UF[END_REF][START_REF] Sonune | Developments in Wastewater Treatment Methods[END_REF] . Its broad applicability in industrial wastewater treatment includes the removal of trace levels of micro pollutants, such as pharmaceutical compounds [START_REF] Li | Removal of PhACs and Their Impacts on Membrane Fouling in NF/RO Membrane Filtration of Various Matrices[END_REF][START_REF] Licona | Assessing Potential of Nanofiltration and Reverse Osmosis for Removal of Toxic Pharmaceuticals from Water[END_REF] and pesticides [START_REF] Fini | The Effect of Water Matrix, Feed Concentration and Recovery on the Rejection of Pesticides Using NF/RO Membranes in Water Treatment[END_REF][START_REF] Plakas | Removal of Pesticides from Water by NF and RO Membranes -A Review[END_REF] .

However, rejection and transfer's behavior of small neutral organic components (molecular weight (MW) < 180 g/mol) remain difficult to predict. Previous studies showed that organics rejection was affected not only by molecular weight or size but also by specific solutemembrane interactions [START_REF] Ben-David | Partitioning of Organic Solutes between Water and Polyamide Layer of RO and NF Membranes: Correlation to Rejection[END_REF][START_REF] Fargues | Adsorption of Small Organic Solutes from Beet Distillery Condensates on Reverse-Osmosis Membranes: Consequences on the Process Performances[END_REF][START_REF] Ghoufi | Interactions of Organics within Hydrated Selective Layer of Reverse Osmosis Desalination Membrane: A Combined Experimental and Computational Study[END_REF][START_REF] Liu | Quantifying the Influence of Solute-Membrane Interactions on Adsorption and Rejection of Pharmaceuticals by NF/RO Membranes[END_REF][START_REF] Nghiem | Removal of Natural Hormones by Nanofiltration Membranes: Measurement, Modeling, and Mechanisms[END_REF][START_REF] Bellona | Factors Affecting the Rejection of Organic Solutes during NF/RO Treatment -A Literature Review[END_REF] linked to solutes' as well as membranes' chemical properties. For these membranes, the top-layer in cross-linked aromatic polyamide (APA, thickness ~200 nm), interfacially polymerized on a microporous polysulfone (PSf) support, dominates membrane selectivity. A solution-diffusion model commonly represents the transfer through it. [START_REF] Soltanieh | Review of Reverse Osmosis Membranes and Transport Models[END_REF][START_REF] Wijmans | The Solution-Diffusion Model: A Review[END_REF][START_REF] Williams | Separation of Organic Pollutants by Reverse Osmosis and Nanofiltration Membranes: Mathematical Models and Experimental Verification[END_REF] The complex structure of the APA layer needs to be precisely described for understanding and predicting solutes rejection. This requires the determination of several key parameters, notably thickness, density, roughness, voids fraction, cross-linking degree, etc. [START_REF] Ettori | Vieillissement Chimique de Membranes d'osmose Inverse[END_REF][START_REF] Khorshidi | A Novel Approach Toward Fabrication of High Performance Thin Film Composite Polyamide Membranes[END_REF] Scanning electron microscopy (SEM), transmission electron microscopy (TEM), and atomic force microscopy (AFM) applied on APA surface and cross-section shed light on the thickness, morphology and roughness information [START_REF] Freger | Nanoscale Heterogeneity of Polyamide Membranes Formedby Interfacial Polymerization[END_REF][START_REF] Lee | Water Vapor Sorption and Free Volume in the Aromatic Polyamide Layer of Reverse Osmosis Membranes[END_REF][START_REF] Yan | The Porous Structure of the Fully-Aromatic Polyamide Film in Reverse Osmosis Membranes[END_REF][START_REF] Pacheco | 3D Visualization of the Internal Nanostructure of Polyamide Thin Films in RO Membranes[END_REF][START_REF] Hermans | Study of Synthesis Parameters and Active Layer Morphology of Interfacially Polymerized Polyamide-Polysulfone Membranes[END_REF][START_REF] Tang | Probing the Nano-and Micro-Scales of Reverse Osmosis Membranes-A Comprehensive Characterization of Physiochemical Properties of Uncoated and Coated Membranes by XPS, TEM, ATR-FTIR, and Streaming Potential Measurements[END_REF][START_REF] Xu | The Morphology of Fully-Aromatic Polyamide Separation Layer and Its Relationship with Separation Performance of TFC Membranes[END_REF][START_REF] Song | Confined Nanobubbles Shape the Surface Roughness Structures of Thin Film Composite Polyamide Desalination Membranes[END_REF][START_REF] Song | Intrinsic Nanoscale Structure of Thin Film Composite Polyamide Membranes: Connectivity, Defects, and Structure--Property Correlation[END_REF][START_REF] Peng | Dissecting the Role of Substrate on the Morphology and Separation Properties of Thin Film Composite Polyamide Membranes: Seeing Is Believing[END_REF] while spectroscopic ellipsometry and quartz crystal microbalance [START_REF] Lee | Water Vapor Sorption and Free Volume in the Aromatic Polyamide Layer of Reverse Osmosis Membranes[END_REF][START_REF] Karan | Sub-10 Nm Polyamide Nanofilms with Ultrafast Solvent Transport for Molecular Separation[END_REF][START_REF] Lin | Identifying Facile and Accurate Methods to Measure the Thickness of the Active Layers of Thin-Film Composite Membranes -A Comparison of Seven Characterization Techniques[END_REF][START_REF] Lin | Investigating the Void Structure of the Polyamide Active Layers of Thin-Film Composite Membranes[END_REF] allow to access to the void fraction in this layer, crucial to determine accurately the density of the dense APA phase, excluding voids. X-ray photoelectron spectroscopy (XPS), [START_REF] Lee | Water Vapor Sorption and Free Volume in the Aromatic Polyamide Layer of Reverse Osmosis Membranes[END_REF][START_REF] Karan | Sub-10 Nm Polyamide Nanofilms with Ultrafast Solvent Transport for Molecular Separation[END_REF][START_REF] Khorshidi | Thin Film Composite Polyamide Membranes: Parametric Study on the Influence of Synthesis Conditions[END_REF][START_REF] Tang | Effect of Membrane Chemistry and Coating Layer on Physiochemical Properties of Thin Film Composite Polyamide RO and NF Membranes. I. FTIR and XPS Characterization of Polyamide and Coating Layer Chemistry[END_REF][START_REF] Jiang | Water Transport through Ultrathin Polyamide Nanofilms Used for Reverse Osmosis[END_REF] Rutherford back scattering (RBS) [START_REF] Lin | Identifying Facile and Accurate Methods to Measure the Thickness of the Active Layers of Thin-Film Composite Membranes -A Comparison of Seven Characterization Techniques[END_REF][START_REF] Coronell | Depth Heterogeneity of Fully Aromatic Polyamide Active Layers in Reverse Osmosis and Nanofiltration Membranes[END_REF][START_REF] Dennison | Elastic Constants, and Thermal Conductivity of Interfacially Polymerized Polyamide Films for Reverse Osmosis Membranes[END_REF] and Fourier transform infrared spectroscopy (FTIR) [START_REF] Hermans | Study of Synthesis Parameters and Active Layer Morphology of Interfacially Polymerized Polyamide-Polysulfone Membranes[END_REF][START_REF] Tang | Effect of Membrane Chemistry and Coating Layer on Physiochemical Properties of Thin Film Composite Polyamide RO and NF Membranes. I. FTIR and XPS Characterization of Polyamide and Coating Layer Chemistry[END_REF] also help in understanding whether the polymerization conditions affect the layer's chemical structure. Indeed, a depth-dependent heterogeneous structure was found, [START_REF] Freger | Nanoscale Heterogeneity of Polyamide Membranes Formedby Interfacial Polymerization[END_REF][START_REF] Lee | Water Vapor Sorption and Free Volume in the Aromatic Polyamide Layer of Reverse Osmosis Membranes[END_REF][START_REF] Coronell | Depth Heterogeneity of Fully Aromatic Polyamide Active Layers in Reverse Osmosis and Nanofiltration Membranes[END_REF] probably due to m-phenylenediamine (MPD) monomer concentration evolution along its diffusion direction during the supported interfacial polymerization. Moreover, Nguyen et al. [START_REF] Nguyen | Assessing Nanofiltration and Reverse Osmosis for the Detoxification of Lignocellulosic Hydrolysates[END_REF] showed that membranes with different characteristics (thickness, isoelectric point…) [START_REF] Gerard | New Membrane Developments Expanding the Horizon for the Application of Reverse Osmosis Technology[END_REF][START_REF] Chen | Physicochemical Characterization of Tight Nanofiltration Membranes for Dairy Wastewater Treatment[END_REF] could nevertheless lead to similar performances, as ESPA2 and NF90 membranes for glucose, xylose, acetic acid, furfural or HMF rejections. A case-to-case study remains therefore essential if a structure-property relationship investigation is intended for a given RO membrane.

In this work, the uncoated and fully-aromatic commercial RO membrane CPA2 (Hydranautics, Nitto Group Company, USA), whose rejection performances and sorption properties were extensively studied in our team [START_REF] Sagne | A Pilot Scale Study of Reverse Osmosis for the Purification of Condensate Arising from Distillery Stillage Concentration Plant[END_REF][START_REF] Fargues | Adsorption of Small Organic Solutes from Beet Distillery Condensates on Reverse-Osmosis Membranes: Consequences on the Process Performances[END_REF][START_REF] Nguyen | Assessing Nanofiltration and Reverse Osmosis for the Detoxification of Lignocellulosic Hydrolysates[END_REF][START_REF] Sagne | Modeling Permeation of Volatile Organic Molecules through Reverse Osmosis Spiral-Wound Membranes[END_REF][START_REF] Sagne | Screening of Reverse Osmosis Membranes for the Treatment and Reuse of Distillery Condensates into Alcoholic Fermentation[END_REF] was chosen as case-study. A better description of APA structure of commercial membranes is invaluable to improve transfer understanding at molecular level. In order to compare its structural properties to those of membranes obtained under constrained conditions, free-standing home-made APA films were synthesized at different temperatures, in order to vary the kinetics and the film structure, as reported by Korshidi et al. [START_REF] Khorshidi | A Novel Approach Toward Fabrication of High Performance Thin Film Composite Polyamide Membranes[END_REF] For all samples, morphology and roughness analyses were conducted via SEM, AFM and profilometry. Thickness was investigated via AFM and profilometry, and spectroscopic ellipsometry was used to search for the void fraction in APA layer of CPA2, leading to an estimation of two important parameters for the membrane properties, i.e. its effective density, as well as that of the dense APA phase. Its chemical composition was also investigated via XPS using new chemical descriptors, which consider chain heads, tails and branches for going beyond the classical description of cross-linking degree and further improve the structural characterization of these complex APA systems.

MATERIALS AND METHODS

. Chemicals

All reagents and chemicals were of analytical grade and were used as received: sodium metabisulfite (Na2S2O5, Sigma-Aldrich), potassium nitrate (KNO3, Sigma-Aldrich,  99 %), ammonium chloride (NHCl4, Sigma-Aldrich  99.5 %), sodium bromide (NaBr, VWR Prolabo, 100 %), sodium iodide (NaI, Sigma-Aldrich,  99 %), potassium hydroxide (KOH, Sigma-Aldrich,  85 %), trimesoyl chloride (TMC, Sigma-Aldrich, 98 %), m-phenylenediamine (MPD, Sigma-Aldrich, 99 %), triethylamine (TEA, Sigma-Aldrich,  99 %), N,N-dimethylformamide (DMF, Sigma-Aldrich,  99.9 %), chloroform (stabilized with ethanol, Carlo Erba,  99 %), nhexane (Carlo Erba, analytic grade for HPLC). Ultrapure water was produced in the laboratory via MilliQ water system (resistivity > 18 M.cm, Millipore).

. APA layer preparation

APA layer isolation from commercial RO CPA2 membrane

CPA2 RO membrane was purchased from Hydranautics (Nitto Group Company, USA) as spiral wound module in wet state. Its active layer is made of uncoated and fully aromatic polyamide. Membrane samples were initially cut into A4 coupons, rinsed with pure water, then stabilized with 1 % sodium metabisulfite solution and conserved at 4 °C under vacuum. Before using it, the membrane was rinsed by KOH at 0.4 g L -1 and then by ultrapure water until reaching neutral pH. Polyester layer was peeled, leading to the ensemble PSf+APA, from which APA was isolated.

The back-surface, named 'CPA2-bs', was obtained following the methodology developed by Freger (2004) [START_REF] Freger | Swelling and Morphology of the Skin Layer of Polyamide Composite Membranes: An Atomic Force Microscopy Study[END_REF] and extensively used since then. Few changes were made to this original methodology: chloroform was first used instead of DMF (more harmful) to dissolve PSf. Then only few droplets of DMF completed the removal of PSf, allowing to swell and soften the APA layer, preventing its deformation such as folding before recovery. Then the layer stayed flat on the wafer. [START_REF] Freger | Swelling and Morphology of the Skin Layer of Polyamide Composite Membranes: An Atomic Force Microscopy Study[END_REF] Dissolution was considered finished when the layer remained completely transparent after solvent evaporation.

To obtain the APA top-surface, named 'CPA2-ts', the PSf + APA coupon was immersed in DMF solvent with the help of a clip fixing the two opposite sides of the coupon with the APA surface facing up. The PSf was completely dissolved in a progressively renewed DMF bath.

Only little trace of PSf remained in the solvent in the end according to XPS analysis. The obtained APA film was recovered by introducing underneath a silicon wafer of 1×1 cm² and then raised out from the liquid. The APA + wafer ensemble was air-dried and then conserved at 4 °C out of direct light for future analyses.

APA layer synthesis

The free-standing aromatic polyamide film samples were synthesized via interfacial polymerization from TMC and MPD following precedent methodologies [START_REF] Ettori | Vieillissement Chimique de Membranes d'osmose Inverse[END_REF][START_REF] Cui | Ultrathin Polyamide Membranes Fabricated from Free-Standing Interfacial Polymerization: Synthesis, Modifications, and Post-Treatment[END_REF][START_REF] Foglia | Neutron Reflectivity and Performance of Polyamide Nanofilms for Water Desalination[END_REF][START_REF] Jin | Effects of Polymerization Conditions on Hydrophilic Groups in Aromatic Polyamide Thin Films[END_REF] . The monomer concentrations and the organic solvent (n-hexane) used were typical for the TMC/MPD systems [START_REF] Ettori | Vieillissement Chimique de Membranes d'osmose Inverse[END_REF][START_REF] Jin | Effects of Polymerization Conditions on Hydrophilic Groups in Aromatic Polyamide Thin Films[END_REF][START_REF] Dutta | Microstructural Study of Aromatic Polyamide Membrane Material[END_REF] . The volume of the aqueous phase was the same as that reported by Cui et al. [START_REF] Cui | Ultrathin Polyamide Membranes Fabricated from Free-Standing Interfacial Polymerization: Synthesis, Modifications, and Post-Treatment[END_REF] and the volume of the organic phase was adapted to the Petri dish size to ensure good covering of the aqueous phase by the TMC organic solution. 20 mL of MPD aqueous solution (3 % w/v) containing 1 % w/v TEA was poured into a Petri dish (diameter: 8.5 cm). Then 10 mL of TMC (1 % w/v) n-hexane organic solution was added delicately upon the aqueous surface with the help of a glass plate (size: 2 cm × 5.5 cm) to avoid eddies. The Petri dish was then covered with a glass plate to limit solvent evaporation during interfacial polymerization. 15 minutes contact time was necessary to obtain enough APA quantity. Such reaction time is consistent with other authors. [START_REF] Ettori | Vieillissement Chimique de Membranes d'osmose Inverse[END_REF][START_REF] Karan | Sub-10 Nm Polyamide Nanofilms with Ultrafast Solvent Transport for Molecular Separation[END_REF][START_REF] Foglia | Neutron Reflectivity and Performance of Polyamide Nanofilms for Water Desalination[END_REF][START_REF] Jin | Effects of Polymerization Conditions on Hydrophilic Groups in Aromatic Polyamide Thin Films[END_REF] A continuous film was obtained at the interface and the polymerization reaction was stopped: the upper organic solution and lower aqueous phase were removed, while 2 mm depth of aqueous phase was maintained to avoid the film adhesion to the Petri dish bottom. Then, the top-surface was rinsed three times with 20 mL n-hexane and the back-surface three times with 20 mL ultrapure water, on always keeping a thin layer of water at the end of each washing step to let the synthesized film float on its surface. The interfacial polymerizations were carried out at three temperatures (-20 (cryostat), 0 (ice bath) and 29 °C (ambient temperature)). Initial aqueous and organic solutions were maintained as close as possible to the target temperature. For the synthesis at -20 °C, the aqueous solution temperature was maintained at around 0 °C to avoid freezing of the aqueous phase. The synthesized samples were labelled in the form of 'Syn'+'synthesis temperature' as Syn -20 °C, Syn 0 °C and Syn 29 °C.

For SEM, AFM, profilometry and XPS characterizations, the CPA2 and synthesized film samples were all prepared on a silicon wafer around 1×1 cm², and the analyses were realized far from the edges where the film may be folded or damaged, impacting thickness and chemical composition.

Structural characterizations

Morphology and thickness analysis: field emission scanning electron microscopy (FE-SEM), atomic force microscopy (AFM) and profilometry

FE-SEM and AFM analyses were performed on APA top-and back-surface of all dry samples.

-FE-SEM (Zeiss SUPRA55-VP) was used with 2 secondary electron detectors, an inlens and an Everhart-Thornley SE detector. Samples were mounted onto the steel mesh without usual sputter-coating and then put under vacuum for the analysis. The analysis was performed under 1.5 kV to reduce the charging effect, at magnification of 4000. SmartSEM® software was used for data acquisition.

-AFM analyses were performed with a nanoIR2 system (Bruker nano, USA) to obtain the height profile (or peak-to-valley distance) of the samples placed on a silicon wafer, to study thickness, morphology and roughness. For thickness measurement (δAFM), frame leveling was realized via the MountainsMap's 'Series of profile' analysis, which adjusted the cross-section height profile of blank wafer on horizontal level, line by line. Each point height in X, Y plane was defined as 𝑍 𝑖𝑗 = 𝑍(𝑋 𝑖 , 𝑌 𝑗 ). With Nx and Ny the number of points in X, Y dimensions of a target area, the average height of the area is calculated as:

µ = 1 N x •N y ∑ ∑ Z ij N x i=1 N y j=1 (1)
The heights of blank wafer (µwafer) and film region (µfilm) on avoiding the edge (the film region within at least 2 µm distance is not analyzed) were calculated independently and the difference between them defined as the average film thickness measured by AFM (δAFM=µfilm-µwafer).

Besides, the morphology (peak-to-valley distance distribution or height histogram) was analyzed on a detection region of film around 10×10 µm² area. The statistic roughness was quantified from 10 repetitions of 5×5 µm² selections and calculated as:

S q = √ 1 N x •N y ∑ ∑ (Z ij -µ) 2 N x i=1 N y j=1 (2) 
Sq uncertainty was evaluated by the confidence interval at 95% confidence on the 10 repetitions.

Cross-section profiles of all top-surfaces were also extracted from AFM analyses of a 10×30 µm² or 30×30 µm² surface of a half film-covered region on the silicon wafer. The height was recorded along at least 16 different lines. An evaluation of the base thickness (δbase) upon which roughness or irregularities develop was estimated as the lowest level of the valleys detected by the AFM tip, and averaged for the different lines analyzed per sample. For CPA2, its back-surface was also analyzed.

-Profilometry (DektakXT, Bruker, Germany) was applied to investigate the APA film thickness of CPA2-ts, CPA2-bs and synthesized samples' top-surface. Influence of the relative humidity (RH) on the film thickness (δPro) was investigated. Each sample was placed in 95 %, 79 %, 59 %, 40 % and 9 % RHs at 20 °C using over-saturated salt solutions of potassium nitrate, ammonium chloride, sodium bromide, sodium iodide or potassium hydroxide, respectively. [START_REF] Greenspan | Humidity Fixed Points of Binary Saturated Aqueous Solutions[END_REF] An incubation time of 7 days ensured the water sorption equilibrium. Just before analysis, the sample was taken out from the conditioned environment onto the profilometry device in a chamber at ambient humidity (absence of RH control during analysis time). For each sample, between 4 to 10 lines were analyzed with a total analysis duration less than 10 min. However, between the first and the last analyzed line, no evident thickness evolution was observed, thanks to the short analysis time. Sq analysis of profilometry was only performed at 9 % RH.

The analyses were realized with a force of 1 mg and a tip diameter of 4 µm. Data acquisition and treatment were performed via software Bruker Vision 64. In this study, data were saved with a spatial resolution of 0.11 µm, except for the sample conditioned at 95% relative humidity (RH), where the resolution was 1.11 µm. The vertical height profile of a straight line around 2 mm long, crossing half wafer and half sample region, was analyzed, on which 100 µm or 200 µm regular and flat regions of sample and silicon wafer profile were selected. As for AFM, δPro was calculated as the difference between the average sample and wafer heights of the selected region. Thickness and roughness (Sq) uncertainties were evaluated by a 95%

confidence interval for at least 4 lines.

Void fraction estimation by spectroscopic ellipsometry analysis

Spectroscopic ellipsometry (Accurion EP3) was used to determine the refractive index (nfilm) of the APA layer and deduce its void fraction. Analysis was carried out on dry samples (2 % (w/w) water content) obtained after conditioning at 9 % RH for 7 days. The sample was taken out from the conditioned environment onto the ellipsometry device before each analysis. Each analysis was launched immediately at ambient humidity and lasted for less than 10 min. Since the water sorption or desorption kinetics was rather slow and corresponded to a low weight gain or loss (3 %, w/w) in 10 min, it was considered that the presence of low water content did not interfere in the exploitation of the ellipsometry results. Duplicate samples on silicon wafers were prepared and at least 5 locations were analyzed on each. Data acquisition was performed via software EP3View V235 and data modelling was via EP4Model 1.01.

Ellipsometry measures changes in light beam polarization upon specular reflection of the sample, as the ratio of the reflectivity of polarized light in plane (rp) and out of plane (rs). The light focusing optics allow adjusting the polarization and offer an optimum condition for the analysis. A multi-layer optical model is used to obtain the refractive index of the material by fitting reflectivity ratio (rp/rs) with respect to angle of incidence (AOI, °) and wavelength of analysis (λ, nm). Silicon wafer was modeled as a 2 nm silicon dioxide layer (that had been measured independently) and an infinite silicon bottom layer. Each optical layer was described by its thickness (δ), absorption index (k) and refractive index (n). Two AOI values were used (60° and 70°) and the laser beam wavelength was 658 nm. Optical properties for middle and bottom layers were taken as n = 1.456, k = 0 and as n = 3.829, k = 0.014 respectively. For APA layer, its thickness was preset as the previously obtained δAFM or δPro, and only nfilm was fitted assuming kAPA = 0. The model fitting was accepted when root-mean-square error (RMSE)

was smaller than 100.

According to effective-medium approximation (EMA) models, the void fraction (fvoid) of APA film was deduced based on the obtained effective refractive index (nfilm), the pure dense APA polymer refractive index (npolymer = n APA) and that of void (nvoid = nair = 1), by applying the following models:

Parallel Model:

n film = (1 -f void )n polymer +f void n void (3) 
Series Model:

1 n film = 1-f void n polymer + f void n void (4)
Bruggeman Model:

1 -f void = 𝐧 𝐟𝐢𝐥𝐦 𝟐 𝐧 𝐩𝐨𝐥𝐲𝐦𝐞𝐫 𝟐 - 𝐧 𝐯𝐨𝐢𝐝 𝟐 𝐧 𝐩𝐨𝐥𝐲𝐦𝐞𝐫 𝟐 ( 𝐧 𝐟𝐢𝐥𝐦 𝟐 𝐧 𝐩𝐨𝐥𝐲𝐦𝐞𝐫 𝟐 ) 𝟏/𝟑 (𝟏- 𝐧 𝐯𝐨𝐢𝐝 𝟐 𝐧 𝐩𝐨𝐥𝐲𝐦er 𝟐 ) (5) 
The choice for pure dense APA polymer refractive index (npolymer) is discussed in the Results section. Uncertainty on fvoid was estimated by the average variation between average value and maximum or minimum ones, issued from the error on nfilm analysis.

Density estimation

Samples' mass and their water uptake were measured by dynamic vapor sorption device (DVS, Intrinsic instrument). In order to obtain a sufficient mass, enough polymer films had to be gathered softly into a pellet, which corresponds to several hundreds of cm² due to the extreme thinness of the film.

For APA from CPA2, several dissected films with accurate known surface were progressively gathered in a glass vial, then generously rinsed by ultrapure water via filtration on a nylon filter and recovered gently together as a pellet with the help of a plastic tweezer. For the homemade APA films, each of them was prepared in a Petri dish (diameter: 8.5 cm) as described in 2.2.2. The floating entire surface was recovered from the rinsing water and gathered together softly as a pellet.

The samples were first conditioned in dry state then transferred into a dynamic vapor sorption device (DVS, Intrinsic instrument) to measure precise masses at controlled RH % (systematic fluctuation of ± 0.5 %). 0 % and 95 % RH were used to search for the dry and hydrated densities. For each RH stage, equilibrium time was set as 24 h for CPA2 samples and 48 h for synthesized ones. The dry mass of the samples was between 2.4 and 9 mg.

Considering the heterogeneity of the APA films, three density concepts were investigated to get a more complete understanding of the film structure and dense APA polymer property.

Mass of the material (m, g) and film surface (S, cm 2 ) of thickness δ (cm) lead to:

the areal density:

d areal = m S (g•cm -2 ) (6) 
-the effective volumetric density of the film, which includes voids:

d film = d areal δ (g•cm -3 ) (7) 
-the volumetric density of the dense APA region (excluding voids), or referring to the void-free dense phase:

d APA = d film (1-f void ) (g•cm -3 ) (8)
For CPA2, the total surface (S) corresponding to the obtained film mass (m) was measured precisely by the ruler before the dissection. For the synthesized films, since they were considered fully recovered after the synthesis the considered surface S was taken as the total known surface of the Petri dish.

Uncertainties were estimated by the variation between the average and the maximum or minimum values.

X-ray photoelectron spectroscopy

The chemical compositions of CPA2 original top-surface, CPA2-bs and CPA2-ts samples were obtained by a ThermoFisher Scientific K-Alpha XPS spectrometer equipped with a monochromatic aluminum source (Al Kα, h = 1486.68 eV) under ultrahigh vacuum condition (10 -7 Pa). Samples were previously rinsed thoroughly with ultrapure water and air-dried. The emission angle was set to 0° with an analysis depth up to 10 nm, the X-ray gun was operated at 10 kV and charge neutralization system was used. The survey spectra acquisition was realized with a sweeping range over 0 -1350 eV, a pass energy of 100 eV and an energy step of 1 eV.

For each sample, at least 2 frames of 1 cm² area were studied, and on each frame at least 3 irradiated zones of about 1 mm² were analyzed, leading to between 6 and 14 studied zones.

The elemental percentages were obtained from the photoelectron peak area using the Avantage and CasaXPS softwares after a Shirley type background subtraction and following normalizations of the peak areas with the Scofield sensitivity factors. The initial raw data were treated on eliminating the chemical compositions from the impurities. Notably, for samples of CPA2, when a small amount of sulfur from PSf was detected, the associated oxygen and carbon contents were eliminated on the basis of PSf's (C27O4SH22)n chemical formula. All data were compared and averaged to ensure the sample representativeness.

RESULTS AND DISCUSSION

Morphology

CPA2 original top-surface observed via SEM appears rather "regular"; however, some images highlight the presence of large nodes zones (Figure 1). The selection of a representative region is crucial for further analyses, hence only "regular" regions were selected and compared.

Whatever the sample, SEM and AFM methods lead to similar images, while AFM provides a higher resolution (Figure 2). CPA2 top-surface exhibits a typical valley-ridge aspect, already reported for other commercial RO membranes [START_REF] Kwak | Use of Atomic Force Microscopy and Solid-State NMR Spectroscopy to Characterize Structure-Property-Performance Correlation in High-Flux Reverse Osmosis (RO) Membranes[END_REF] among which ESPA2 and ESPA3 are from the same supplier. [START_REF] Yan | The Porous Structure of the Fully-Aromatic Polyamide Film in Reverse Osmosis Membranes[END_REF][START_REF] Pacheco | 3D Visualization of the Internal Nanostructure of Polyamide Thin Films in RO Membranes[END_REF][START_REF] Tang | Probing the Nano-and Micro-Scales of Reverse Osmosis Membranes-A Comprehensive Characterization of Physiochemical Properties of Uncoated and Coated Membranes by XPS, TEM, ATR-FTIR, and Streaming Potential Measurements[END_REF][START_REF] Pacheco | Characterization of Isolated Polyamide Thin Films of RO and NF Membranes Using Novel TEM Techniques[END_REF] Furthermore, Figure 2 shows that dissection did not damage the APA structure as dissected CPA2-ts is quite similar to the original one. CPA2-bs has a smoother appearance, already noticed for other commercial membranes and explained by the PSf support layer that would prevent the APA's free growth on that side, as well as by the fact that TMC in the organic upper phase is insoluble in the bottom aqueous phase. [START_REF] Yan | The Porous Structure of the Fully-Aromatic Polyamide Film in Reverse Osmosis Membranes[END_REF][START_REF] Pacheco | 3D Visualization of the Internal Nanostructure of Polyamide Thin Films in RO Membranes[END_REF][START_REF] Li | Exploring the Dependence of Bulk Properties on Surface Chemistries and Microstructures of Commercially Composite RO Membranes by Novel Characterization Approaches[END_REF] or 'chimneys' in this study (Figure 3). Even the back-surface, although smoother, appears pitted rather than rough. This smooth back-surface morphology would again illustrate the polymerization limitation towards the bottom aqueous phase.

While the temperature increase does not influence the back-surface aspect, it affects the chimneys size on the top-surface. AFM reveals a "two-levels" or "two-times" polymerization phenomenon at 0 °C, with a base covered by middle-size chimneys (ranging between that for -20 °C and for 29 °C), covered in few places by "top"-chimneys of larger size. Similar "multilevel" structures have already been observed, for free-standing films at the highest reactant concentrations (MPD concentration from 3% to 4% [START_REF] Jiang | Water Transport through Ultrathin Polyamide Nanofilms Used for Reverse Osmosis[END_REF][START_REF] Cui | Ultrathin Polyamide Membranes Fabricated from Free-Standing Interfacial Polymerization: Synthesis, Modifications, and Post-Treatment[END_REF] , comparable to 3% here) as well as for supported APA films. [START_REF] Karan | Sub-10 Nm Polyamide Nanofilms with Ultrafast Solvent Transport for Molecular Separation[END_REF] These authors also reported what they called a general "crumpling phenomenon", enhanced with increasing reactant concentrations, especially TMC. [START_REF] Cui | Ultrathin Polyamide Membranes Fabricated from Free-Standing Interfacial Polymerization: Synthesis, Modifications, and Post-Treatment[END_REF] In the present work, the chimneys' size increases with the temperature (except the top-chimneys solely observed at 0°C). This observation is consistent with Korshidi's 21 comment on the influence of synthesis temperature, which would increase the reaction speed and the size of surface features. Furthermore, the polymerization reaction would modify the local temperature, and the resulting thermal gradient consequently lead to Rayleigh-Bénard convection and the creation of local structures, [START_REF] Karan | Sub-10 Nm Polyamide Nanofilms with Ultrafast Solvent Transport for Molecular Separation[END_REF] like the chimneys observed in this work. A complementary explanation could be the rapid dissolution of MPD into the organic phase at the beginning of the free-standing film synthesis, especially due to the high MPD concentration used in the present study. A dense base would then be polymerized at the interface containing enough monomers, while along the diffusion direction (toward the upper organic phase), the MPD concentration would decline progressively, [START_REF] Freger | Nanoscale Heterogeneity of Polyamide Membranes Formedby Interfacial Polymerization[END_REF][START_REF] Nowbahar | Measuring Interfacial Polymerization Kinetics Using Microfluidic Interferometry[END_REF] leading to a coverage by small chimneys. The appearance of large "top"-chimneys and formation of a relative thicker base at 0 °C remained unexplained, and could be due to the difficulty to control the free-standing polyamide synthesis. 

Thickness, roughness and structures size

The analysis of the profilometry profiles and AFM images of each sample led to an estimation of thickness (δ) and roughness (Sq). Thanks to its thinner tip (30 nm compared to 4 µm for the profilometry one), AFM is supposed to fit more precisely the smallest irregularities and thus to describe more accurately the sample roughness. AFM profiles provided:

an estimation of the base thickness (δbase), on which the irregularities develop;

the typical size of those irregularities, i.e. the width of a peak (for CPA2 samples), or the diameter and the wall thickness of a chimney (for synthesized samples).

Similar to active layers of other uncoated RO membranes [START_REF] Lee | Water Vapor Sorption and Free Volume in the Aromatic Polyamide Layer of Reverse Osmosis Membranes[END_REF][START_REF] Freger | Swelling and Morphology of the Skin Layer of Polyamide Composite Membranes: An Atomic Force Microscopy Study[END_REF][START_REF] Dražević | Permeability and Selectivity of Reverse Osmosis Membranes: Correlation to Swelling Revisited[END_REF] no significant swelling was found with RH for CPA2 analyzed by profilometry (Figure 4), neither for synthesized samples.

This was attributed to the rigidity of these highly cross-linked fully aromatic polyamide. For CPA2, back-surface analysis by profilometry leads to a somewhat smaller thickness (δProbs = 109 nm) than for top-surface (δPro-ts = 121 nm) (Table 1), probably due to a certain compression of the peaks against the wafer surface. However, the difference between both results is within the uncertainty range. The Sq analysis showing no significant roughness variation for both surfaces either, hence it was decided to average APA thickness for CPA2 by profilometry as δPro = 115 nm (± 4 nm) and its roughness as Sq-pro = 9 nm (± 1 nm). 

Table 1. Summary of AFM and profilometry characterization of APA films

a width of the ridges for CPA2-ts; chimney-like structure's diameter for synthesized APA samples.

b For Syn 0 °C sample, two "levels" of chimneys were obtained With AFM, the gap widens between top and back-surface thicknesses (δAFM-ts = 136 nm against δAFM-bs = 97 nm), probably for the same reason as above. Clearly, CPA2-ts profile obtained with AFM is much more irregular than that with profilometry (Figure 5). AFM describes more accurately the smallest details of the area explored (Figure 6) and appears then more adapted to CPA2-ts roughness measurement especially, with a higher Sq-ts = 63 nm (± 2 nm), very close to the XLE's active layer roughness (= 64 nm) obtained by the same technique. [START_REF] Lin | Identifying Facile and Accurate Methods to Measure the Thickness of the Active Layers of Thin-Film Composite Membranes -A Comparison of Seven Characterization Techniques[END_REF] Moreover, and unlike profilometry, its better sensitivity allows distinguishing back from top- surface roughness, with Sq-bs = 25 nm (± 1 nm). From Figure 6, a δbase of about 40 nm is obtained, consistent with the literature data for ESPA membranes from the same supplier. [START_REF] Yan | The Porous Structure of the Fully-Aromatic Polyamide Film in Reverse Osmosis Membranes[END_REF][START_REF] Pacheco | Characterization of Isolated Polyamide Thin Films of RO and NF Membranes Using Novel TEM Techniques[END_REF] For synthesized samples, thickness tends to increase with synthesis temperature, from about 250 nm (at -20 °C) up to 450 nm (at 29 °C) (Table 1 and Figure 7). Their profiles are very uneven, and the thickness obtained with AFM is smaller than that with profilometry. AFM detailed profile linked to the corresponding image (example for Syn 0 °C -Figure 8) allows to distinguish a "base" thickness, which also seems to increase with temperature. Above this base lies a first level of chimney-like structures whose outer diameter increases with synthesis temperature from 0.5 to 3 µm (Table 1). These elements present thin walls (0.25 µm) and relatively small heights (dozens of nm). For Syn 0 °C sample, a second polymerization level has occurred on top of the first one, as can be deduced from Figure 8 c where a complete cycle wall of a small chimney can be observed under part of one large chimney's wall. These larger chimneys have diameter around 6 µm, as well as thicker and higher walls (thickness around 1 µm and height up to 700 nm). 

Water uptake, void fraction and density calculation

Water uptake, voids fraction (fvoid), areal density (dareal), film effective volumetric density (dfilm)

and density for dense APA region (dAPA) are summarized in Table 2.

Synthesized APA films exhibit important water uptakes, up to 65 %. Such high values may be related to their high roughness, resulting in a much higher specific area than that of CPA2. It can be noticed that the smaller the chimneys diameters (at -20 °C), the higher the specific area and water uptake are. Water uptake of APA from CPA2 is around 20 %, which is consistent with data reported by Lee et al. [START_REF] Lee | Water Vapor Sorption and Free Volume in the Aromatic Polyamide Layer of Reverse Osmosis Membranes[END_REF] for SW30 or by Jiang al. [START_REF] Jiang | Water Transport through Ultrathin Polyamide Nanofilms Used for Reverse Osmosis[END_REF] for synthesized APA films samples (12% -22 %). The much shorter polymerization time used in the study of Jiang et al. [START_REF] Jiang | Water Transport through Ultrathin Polyamide Nanofilms Used for Reverse Osmosis[END_REF] (1 min versus 15 min for the present work) may explain the formation of a denser polymer, resulting in a much lower water uptake compared to that of the APA films we synthesized.

Areal density calculated for the synthesized samples appears 4 to 10 times higher than CPA2 one. The former should then be 4 to 10 times thicker compared to CPA2 to obtain a similar effective density dfilm. This is obviously not the case (Table 1). For CPA2 APA layer and since no significant swelling took place, thickness values from Table 1 were considered and led to dfilm = 0.7 g•cm -3 when dry and 1 g•cm -3 when hydrated. Values obtained for the synthesized samples are much higher and even sometimes unrealistic (up to 3.6 g•cm -3 ).

Due to their pronounced surface roughness, ellipsometry was found not suitable for analyzing the synthesized samples. Their void fraction and consecutively density of the dense APA phase therefore could not be determined. Similar difficulty had already been reported by Zhang et al. [START_REF] Zhang | Absorption of Water in the Active Layer of Reverse Osmosis Membranes[END_REF] for FT30 membranes due to their roughness. For CPA2 sample, using for example δPro = 115 nm, nfilm was measured at 1.40 ± 0.01, which is consistent with the few nfilm values published for commercial RO membranes: 1.48 for XLE and 1.43 for ESPA3's active layers. [START_REF] Lin | Investigating the Void Structure of the Polyamide Active Layers of Thin-Film Composite Membranes[END_REF] The refractive index of the sample's continuous phase (npolymer, here nAPA) as well as that of included air (nair) are required (Eq 3 to 5) to calculate fvoid. However, very few values of nAPA have been reported previously hence three values were tested here: (i) a theoretical estimation at 1.7 based on a group-contribution method [START_REF] Van Krevelen | Properties of Polymers: Their Correlation with Chemical Structure; Their Numerical Estimation and Prediction from Additive Group Contributions[END_REF] used in different studies [START_REF] Ben-David | Partitioning of Organic Solutes between Water and Polyamide Layer of RO and NF Membranes: Correlation to Rejection[END_REF][START_REF] Ben-David | Thermodynamic Factors in Partitioning and Rejection of Organic Compounds by Polyamide Composite Membranes[END_REF] and two estimations via Cauchy model constants on assumed dense nano-films : (ii) 1.6 calculated from Karan et al. [START_REF] Karan | Sub-10 Nm Polyamide Nanofilms with Ultrafast Solvent Transport for Molecular Separation[END_REF] and (iii) 1.74 from Dennison et al.'s calculation. [START_REF] Dennison | Elastic Constants, and Thermal Conductivity of Interfacially Polymerized Polyamide Films for Reverse Osmosis Membranes[END_REF] The resulting CPA2 void fraction appears strongly dependent at the same time on this parameter and on the EMA model, with values varying between 23 % and 59 % (Figure 9). Considering Dennison et al.'s [START_REF] Dennison | Elastic Constants, and Thermal Conductivity of Interfacially Polymerized Polyamide Films for Reverse Osmosis Membranes[END_REF] most recent value (nAPA = 1.74) and the Series EMA model, a void fraction lying between 33 % (for δPro = 115 nm) and 38% (for δAFM = 136 nm) was found for APA film in CPA2, in agreement with the work of Lin et al., [START_REF] Lin | Investigating the Void Structure of the Polyamide Active Layers of Thin-Film Composite Membranes[END_REF] where it was estimated between 21 % and 39 % for XLE and ESPA3 RO membranes.

Considering an average void fraction of 35% (determined by averaging AFM and profilometry values), a first experimental estimation of dAPA for commercial membranes is obtained, about 1.24 g•cm -3 when dry and 1.48 g•cm -3 when hydrated. The dry value is consistent with experimental determination made on dense support-free synthesized nano-films by Dennison et al [START_REF] Dennison | Elastic Constants, and Thermal Conductivity of Interfacially Polymerized Polyamide Films for Reverse Osmosis Membranes[END_REF] and Karan et al. [START_REF] Karan | Sub-10 Nm Polyamide Nanofilms with Ultrafast Solvent Transport for Molecular Separation[END_REF] with the largest densities of 1.26 g•cm -3 and 1.44 g•cm -3 respectively.

Besides, it is in agreement with APA density calculation from molecular modeling studies, [START_REF] Kolev | Porosity and Water Dynamics in the Polyamide Layer of Reverse Osmosis Membranes: A Molecular Dynamics Study[END_REF][START_REF] Shen | Rejection Mechanisms for Contaminants in Polyamide Reverse Osmosis Membranes[END_REF] of around 1.2 g•cm -3 for dry samples. dfilm values higher than 1.2 g•cm -3 while they include voids, as observed for all the synthesized samples here, seem therefore questionable. Values up to 1.53 g•cm -3 were also found for other APA samples from uncoated and fully aromatic commercial membranes. [START_REF] Lin | Identifying Facile and Accurate Methods to Measure the Thickness of the Active Layers of Thin-Film Composite Membranes -A Comparison of Seven Characterization Techniques[END_REF] For free-standing synthesized APA dense nano-films, dfilm values can be deduced from the properties reported in the supporting information of Jiang et al., [START_REF] Jiang | Water Transport through Ultrathin Polyamide Nanofilms Used for Reverse Osmosis[END_REF] and generally range from 1.2 to 1.6 g•cm -3 .

Nonetheless, values as high as 2.1 g•cm -3 for the rougher films also arise. In all of these cases, excessive densities may be attributed to an under-estimation of the APA film thickness, due to its extremely uneven surface.

The above comparative analysis highlights that even sophisticated characterization methods have limitations in this context, due to the APA sample's high heterogeneity [START_REF] Freger | Nanoscale Heterogeneity of Polyamide Membranes Formedby Interfacial Polymerization[END_REF] and very low thickness. [START_REF] Lin | Identifying Facile and Accurate Methods to Measure the Thickness of the Active Layers of Thin-Film Composite Membranes -A Comparison of Seven Characterization Techniques[END_REF] They may only shed light to a partial or blurred sample structure. n-polymer = 1.7 [57] n-polymer = 1.74 [39] 3.4. Discussion on chemical structure of CPA2 membrane

Elemental XPS analyses were used to gain information about the chemical structure of the APA sample from CPA2. Further analyses for synthesized samples still need to be conducted before publication.

From composition data to chemical structure

In this work, we propose an original approach based on new descriptors for improving the characterization of the APA chemical structure by going beyond the classical cross-linking degree descriptor. The polymer matrix is typically represented as a combination of two chemical units, the cross-linked units 𝑋, and the linear units 𝑌 (Figure 10). that have reacted, 𝑓 ac , is given by the number of amide bonds divided by the maximal number of amide bonds that could have been formed for a number 𝑎 of TMC units:

𝑓 ac = 3𝑎-𝑐 3𝑎 = (2 - 3O C -3N ) (10) 
The fraction of amine groups that have reacted, 𝑓 am , is given by the number of amide bonds divided by the maximal number of amide bonds that could have been formed for a number 𝑏 of MPD units:

𝑓 am = 2𝑏-𝑑 2𝑏 = ( 2C -3O 3N -2) (11) 
Finally, the TMC/MPD units' ratio, 𝑟 t:m , is simply given by this expression

𝑟 t:m = 𝑎 𝑏 = ( 2C -6N 9N ) (12) 

XPS analysis data and chemical structure of APA layers

The average C/O/N composition obtained from XPS analysis of CPA2 roughly equals 72/16/12 (Table 3). Within the 95% confidence interval, no definite compositional difference is seen between original and dissected CPA2-ts, showing that the dissection did not modify the membrane chemical structure. On the contrary, a clear difference is observed between topand back-surfaces: the top-surface is richer in carbon and oxygen elements and poorer in nitrogen element. This difference had already been mentioned in the literature [START_REF] Coronell | Depth Heterogeneity of Fully Aromatic Polyamide Active Layers in Reverse Osmosis and Nanofiltration Membranes[END_REF] and attributed to a decreasing MPD concentration from the bottom up. It impacts the O/N ratio, leading to a much higher cross-linking degree for its back-surface ( 𝜒 𝑏𝑠 ≈ 0.97) than for its top-surface (𝜒 𝑡𝑠 ≈ 0.45). A different conclusion emerges from the evolution of 𝑓 ac , 𝑓 am and 𝑟 t:m , with much lower fractions of connected acyl and amine groups on the back-surface, then less "crosslinked": from back-to top-surface, the TMC/MPD monomeric units' ratio (𝑟 t:m ) increases as a result of the decrease of MPD concentration along the thickness of the membrane, [START_REF] Coronell | Depth Heterogeneity of Fully Aromatic Polyamide Active Layers in Reverse Osmosis and Nanofiltration Membranes[END_REF] while TMC and MPD become better connected, with less unreacted amine and acyl groups on the top-surface. As emphasized by Morgan and Kwolek (1959), [START_REF] Morgan | Interfacial Polycondensation. II. Fundamentals of Polymer Formation at Liquid Interfaces[END_REF] during interfacial polymerization acid chloride groups hydrolysis may occur at the interface where the contact with water molecules is possible. This process becomes competitive and consequently alters the cross-linking density. [START_REF] Khorshidi | A Novel Approach Toward Fabrication of High Performance Thin Film Composite Polyamide Membranes[END_REF] Thus, the lesser connectivity and larger amount of carboxyl groups observed at the back-surface could be due to this process. This highlights that the cross-linking degree 𝜒, which assumes that no chain ends or defect exist in the polymer structure must be considered with care and is probably not suitable for the representation of APA in CPA2 membrane. 

CONCLUSION

The separation and very low thickness of the active layer of commercial RO membranes make its characterization difficult. The CPA2 membrane from Hydranautics was chosen here as a case-study, as it had been studied in our team for its rejection of several organic solutes. The structure of its aromatic polyamide layer (APA) can be considered representative for many other uncoated and fully aromatic reverse osmosis commercial membranes.

As already observed, the top-surface of CPA2 active layer exhibited a typical valley-ridge aspect developed on a base of 40 nm thick, while its back-surface was "flat". Its height was estimated at 115 nm with profilometry and 136 nm with AFM. Thanks to its thinner tip that could investigate more precisely the narrowest and deepest cavities, AFM was found more suitable to evaluate its top-surface roughness (63 ± 2 nm). The void fraction in this polymer was found between 33 % and 38 % through combination of thickness and ellipsometry analyses, which allowed to deduce for the first time to our knowledge, a realistic volumetric density of the sole APA dense polymer of a commercial membrane, about 1.48 g.cm -3 when hydrated and 1.24 g.cm -3 when dry. The latter value is in good agreement with the few existing data on synthesized APA, as well as with molecular simulation predictions.

XPS analysis of CPA2 active layer showed a clear compositional difference between top-and back-surface. An original analysis based on new chemical structure descriptors (𝑓 ac , 𝑓 am and 𝑟 t:m ) accounting for chain heads, tails and branches resulting from non-ideal polymerization provided a better insight into its chemical structure, compared to the classical cross-linking degree. A striking result is that different types of descriptors led to opposite conclusions: while cross-linking degree 𝜒 suggested that CPA2 APA back-surface was more cross-linked than the top, the new chemical structure descriptors showed the contrary, with a lower connectivity rate at the back-surface than that on the top. The cross-linking degree 𝜒 was then considered unsuitable to describe this polymer and should be limited to systems with negligible amounts of chain branching, heads and tails.

In order to compare different controlled structures, APA films synthesized using free-standing interfacial polymerization at different temperatures were studied. The morphology of their top surface was significantly different from that of the commercial CPA2: AFM allowed to distinguish a "base" above which developed hollow cylindrical walls or "chimneys", whose size tended to increase with synthesis temperature, as did the average sample thickness, from about 250 nm at -20 °C up to 450 nm at 29 °C. These samples were so uneven that ellipsometry technique was unsuitable. Consequently, their void fraction and density could not be calculated.

Our study emphasizes that although density is a very standard property, it remains very difficult to obtain with high accuracy for such complex multilevel structures. An accurate description of their chemical structure such as the cross-linking state appears to be also a challenge in itself, which needs the purest samples and the most precise methods. 
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Table 2 . Density estimation of APA active layer of CPA2 and synthesized APA film with thickness analyzed with profilometry and AFM
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					Water		
	Membrane	fvoid (%) a Pro / AFM	RH (%) b	dareal (µg•cm -2 )	uptake (%, w/w	dfilm (g•cm -3 ) Pro / AFM	dAPA (g•cm -3 ) Pro / AFM
					dry basis)		
			0	10.0 ± 0.5		0.87 ± 0.08 / 0.74 ± 0.04	1.30 ± 0.14/ 1.18 ± 0.14
	CPA2	33 ± 1 / 38 ± 4	88	11.9 ± 0.6	19	1.04 ± 0.09 / 0.88 ± 0.05	1.55 ± 0.16 /1.40 ± 0.17
	Syn -20 °C	NA	0 91	42.1 ± 2.1 69.5 ± 3.5	65	1.41 ± 0.21 / 2.19 ± 0.13 2.32 ± 0.35 / 3.62 ± 0.22	NA NA
	Syn 0 °C	NA	0 92	67.1 ± 3.4 90.9 ± 4.6	36	1.95 ± 0.24 / 1.69 ± 0.13 2.64 ± 0.33 / 2.30 ± 0.18	NA NA
	Syn 29 °C	NA	0 92	81.3 ± 4.1 112.0 ± 5.6	38	1.67 ± 0.18 / 2.21 ± 0.20 2.30 ± 0.24 / 3.04 ± 0.28	NA NA

a Estimated from ellipsometry analysis and Series EMA model (with npolymer = 1.74).

b No swelling took place between 0 % and 92 % RH.

Table 3 . Chemical composition and chemical descriptors of CPA2 active layers

 3 The possibility of having different chemical structures and compositions across the APA layer thickness has already been suggested by Freger and Srebnik, and Freger (2003)[START_REF] Freger | Nanoscale Heterogeneity of Polyamide Membranes Formedby Interfacial Polymerization[END_REF][START_REF] Freger | Mathematical Model of Charge and Density Distributions in Interfacial Polymerization of Thin Films[END_REF] and studied in details recently by Coronell et al.[START_REF] Coronell | Depth Heterogeneity of Fully Aromatic Polyamide Active Layers in Reverse Osmosis and Nanofiltration Membranes[END_REF] But there again, opposite conclusions on the cross-linking evolution over thickness arise whether 𝜒 or the new descriptors are considered.

	CPA2 layer	C %	O %	N %	O/N	𝜒	𝑓 ac	𝑓 am	𝑟 t:m
	Original	72.1	17.0	10.9	1.56	0.34	0.70	0.84	0.80
	top-surface	(± 0.8)	(± 0.9)	(± 0.5)	(± 0.16)	(± 0.14)	(± 0.15)	(± 0.26)	(± 0.08)
	CPA2-ts	73.1	15.4	11.5	1.34	0.57	0.80	0.90	0.75
		(± 0.5)	(± 0.4)	(± 0.4)	(± 0.08)	(± 0.08)	(± 0.08)	(± 0.16)	(± 0.06)
	CPA2-bs	70.3	15.0	14.7	1.02	0.97	0.28	0.16	0.40
		(± 0.4)	(± 0.4)	(± 0.4)	(± 0.05)	(± 0.08)	(± 0.15)	(± 0.10)	(± 0.03)

Indeed, O/N ratios, cross-linking degree 𝜒 and structural descriptors 𝑓 ac , 𝑓 am and 𝑟 t:m values can be deduced from their chemical compositions analyses, run for several RO membranes with XPS experiments for top-surface and Rutherford backscattering spectrometry (RBS) for volume-bulk (Table

4

). Larger O/N ratio being measured by XPS than by RBS, the cross-linking degree 𝜒 appears lower on top-surfaces than in the bulk, as for our CPA2 samples. Meanwhile, structural descriptors 𝑓 ac , 𝑓 am and 𝑟 t:m lead to an opposite conclusion, as they indicate a stronger connectivity between MPD and TMC groups on top-surfaces than for the bulk.

Table 4 Chemical structure descriptors calculation for APA active layers from Coronell et al. (2011) 38
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	Active layer	O/N	𝜒	𝑓 ac	𝑓 am	𝑟 t:m
	ESPA3 top-surface	1.25 0.66 0.98 1.20 0.82
	ESPA3 volume	1.10 0.86 0.71 0.60 0.57
	ESPAB top-surface	1.46 0.44 0.87 1.13 0.86
	ESPAB volume	1.0	1.00 0.86 0.75 0.58
	SWC5 top-surface	1.10 0.86 1.28 1.94 1.01
	SWC5 volume	1.02 0.98 0.86 0.77 0.60
	NF90 top-surface	1.25 0.66 1.10 1.53 0.93
	NF90 volume	1.10 0.85 0.89 0.88 0.66