Solvent Transport Model for Polyamide Nanofilm Membranes Based on Accurate Hansen Solubility Parameters
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Abstract
[bookmark: _Hlk119485604][bookmark: _Hlk119485726]Polyamide (PA) nanofilm membranes for solvent filtration are widely used in various industries. However, reliable models that can describe solvent transport in PA membranes have yet to be developed owing to measurement challenges associated with the highly irregular, ultrathin, and crosslinked PA structure which hampers the accurate estimation of solventmembrane affinity. In this study, we determined the Hansen solubility parameters (HSPs) of crosslinked PA membranes by quantifying the swelling degrees of a molecular layer-by-layer-assembled, model PA nanofilm in various solvents via in-situ atomic force microscopy. The newly determined HSPs of the PA layer, in combination with free volume and Flory–Huggins solution theories, were incorporated into the solution-diffusion model. Our refined solution-diffusion model accurately predicted the permeance of 16 different solvents by faithfully capturing the characteristics of solventmembrane affinity. Our study reveals practical and fundamental insights into solvent transport in PA membranes along with providing robust tools for characterizing nanofilm properties.
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1. Introduction
The demand for separation membranes in many chemical and pharmaceutical industries utilizing various solvents has rapidly grown owing to their high separation efficiency [1]. In particular, the applications of aromatic polyamide (PA) nanofilm membranes developed for water purification have gradually been expanded to organic solvent nanofiltration (OSN) [2,3]. PA membranes are fabricated by forming an ultrathin, crosslinked PA permselective layer through the interfacial polymerization (IP) of difunctional amine (e.g., m-phenylenediamine [MPD]) and trifunctional acyl chloride (e.g., trimesoyl chloride [TMC]) monomers on a porous support.
[bookmark: _Hlk127113571][bookmark: _Hlk127113406]Despite the widespread use of PA membranes, their permeance performance for various organic solvents is unpredictable owing to the absence of reliable solvent transport models [1]. Recently, machine leaning via the automatic analysis of a substantial amount of performance data has been employed to identify the models and parameters for predicting the OSN performance (i.e., single/mixed solvent permeance and solute rejection) of specific membranes (i.e., polydimethylsiloxane and polyimide) [4,5]. Although these approaches have highlighted key factors to govern OSN performance, they are not applicable to PA membranes and lack theoretical backgrounds for the transport model. Several theoretical models to interpret solvent permeation in PA membranes, including pore-flow (PF) [6], solution-diffusion (SD) [7], and semi-empirical models [8,9], have been proposed; however, these rely on limited experimental data, unreasonable assumptions, and flawed model parameters, all of which significantly impair their reliability. For instance, modified PF models have been used to describe the OSN performance of PA membranes [10,11]. However, their assumption that the membranes have cylindrical inner pores with sizes larger than those of the permeating solvent molecules has proven to be unreasonable for densely crosslinked PA membranes [12].
The SD model, which assumes that the solubility and diffusivity of penetrants determine their permeability across a membrane, has been proposed as an appropriate transport model for dense PA membranes [13,14]. However, because the contributions of solubility and diffusivity to solvent transport across PA membranes have not yet been clearly identified [14], the accuracy of the SD model is limited. Specifically, although the diffusivity term of the SD model has been extensively refined [6,7,15,16], its solubility contribution has rarely been examined owing to the lack of knowledge on key PA properties that determine solventmembrane affinity. Several researchers have introduced the surface tension difference between a solvent and membrane () as a solubility factor [17]; however, the reliability of the model remains unsatisfactory. In addition, previous attempts to employ  target only hydrophobic membranes, which limits the general use of  as a solubility parameter [8,17].
The solubility contribution of the SD model can be reliably estimated using the Hansen solubility parameters (HSPs) of a solvent and membrane; these HSPs comprise dispersive (d), polar (p), and hydrogen bonding (H) components [18]. Unfortunately, the HSPs of PA membranes prepared via conventional IP are currently unknown because of critical measurement challenges resulting from their highly heterogeneous, nanoscale, and insoluble structure. Hence, the HSPs of poly(p-phenylene terephthalamide) (PPT), a para-oriented linear PA, have been used as alternative reference data [19,20], despite the notable difference in its chemical structure compared with that of the meta-oriented crosslinked PA of interest. The use of inappropriate HSPs leads to inaccurate estimation of the solubility contribution in the SD model and, in turn, unreliable prediction of solvent transport through PA membranes.
Herein, we fabricated a model PA nanofilm and characterized its affinity to various solvents to determine its true HSPs, which were then considered in the development of the SD model that can reliably describe solvent permeation for PA membranes. A molecular layer-by-layer (mLbL) assembly technique was employed to fabricate a uniform and smooth model PA nanofilm [21,22], thereby enabling the precise measurement of its dimensional change (i.e., swelling degree) in various solvents through in-situ atomic force microscopy (AFM). The true HSPs of PA were determined from its swelling degree data for 16 different solvents with known HSPs (Supplementary Information Table S1) and then incorporated into the solubility term of the SD model to establish a reliable solvent transport model. The proposed model was validated by fitting to the experimental permeance data of 16 different solvents for the laboratory-prepared PA membrane.

2. Experimental
2.1. Materials
The equipment and materials used in this study are identified here to adequately specify the experimental details. Such identification does not imply a recommendation by the National Institute of Standards and Technology, nor does it imply that the materials are necessarily the best available for the purpose. MPD (>99%), sodium dodecyl sulfate (SDS, >99%), 3-aminopropyldimethylethoxysilane (APDES, >97%), Remazol Brilliant Blue R (RBBR, molecular weight [Mw] = 626.5 g mol1), and various high-purity (>99%) organic solvents, including n-hexane, toluene, 1-propanol (1-PrOH), 2-propanol (2-PrOH), acetone (Act), benzyl alcohol (BA), dimethylethanolamine (DEA), dimethylacetamide (DMAc), dimethylformamide (DMF), dimethyl sulfoxide (DMSO), 2-ethoxyethanol (EEO), ethanol (EtOH), acetonitrile (MeCN), 2-methoxyethanol (MEO), methanol (MeOH), N-methyl-2-pyrrolidone (NMP), and tetrahydrofuran (THF), were purchased from Sigma-Aldrich. TMC (98%) was obtained from Tokyo Chemical Industry. Deionized (DI) water was supplied from a Milli-Q system (Millipore). The polyethylene (PE) support (thickness 20 m) was obtained from SK Innovation.

2.2. Fabrication of mLbL PA nanofilm
A silicon wafer substrate was cleaned by sequential rinsing with toluene, EtOH, and DI water, followed by ultraviolet ozone treatment for 20 min. The cleaned silicon substrate was immersed in a solution of APDES (2% by mass fraction) in toluene at 35 °C for 24 h, followed by a toluene rinse, to promote covalent bonding between the deposited PA nanofilm and substrate. Toluene was dried over 3 Å molecular sieves, and THF was dried by using a solvent purification system (LC Technology Solutions), both to a water content of less than 25 ppm, as measured using a Karl Fisher CS20X coulometric titrator (Mettler Toledo). Monomer solutions were prepared by dissolving TMC or MPD (0.4% by mass fraction) in toluene. The MPD solution was briefly heated during preparation to accelerate monomer dissolution. The TMC solution, neat toluene as the TMC rinse solvent, MPD solution, and neat THF as the MPD rinse solvent were loaded into separate gas-tight syringes. The solutions were deposited through 0.45 μm syringe filters onto the silicon substrate inside an environmental spin coater (Laurell Technologies) purged with dry air to minimize exposure to water [23]. One deposition cycle consisted of the sequential deposition onto the substrate and spinning dry of the TMC solution, TMC rinse solvent, MPD solution, and finally MPD rinse solvent. Approximately 5 mL of each solution was deposited onto the substrate (diameter, 10 cm) during each deposition step. The substrate was held stationary during deposition, and the solution was allowed to dwell on the substrate for approximately 5 s before spinning dry after each deposition step. The target film thickness was reached at 180 deposition cycles.

2.3. Fabrication of the PA membrane
The PA membrane was fabricated via the conventional IP of MPD and TMC on a solvent-resistant PE support in accordance with the protocol optimized in our previous report [24,25]. Briefly, a pristine PE support was treated via O2 plasma at 20 W for 20 s to improve its water wettability and adhesion with the PA selective layer. The plasma-treated PE support was immersed in an aqueous solution of MPD (3% by mass fraction)/SDS (0.05% by mass fraction) for 5 min, and the excess MPD solution was removed using a rubber roller. The support was immediately brought into contact with a solution of TMC (0.15% by mass fraction) in n-hexane for 3 min, cleaned with n-hexane, and subsequently dried at 70 C for 5 min prior to storage in water. The structure, properties, and performance of the fabricated PA membrane were extensively studied in our previous reports [24,25].

2.4. Material characterization
The morphologies of the mLbL PA nanofilm and PA membrane were examined using scanning electron microscopy (SEM, S-4800, Hitachi) at an accelerating voltage of 5 kV. The surface topographies and corresponding root-mean-square (rms) roughness of the PA nanofilm and membrane were obtained using AFM (NX10, Park Systems). Each sample was scanned over an area of 5  5 µm2 in tapping mode, and at least five different regions per sample were characterized. The chemical groups of the PA nanofilm and membrane were identified using Fourier-transform infrared (FT-IR) spectroscopy with a variable angle specular reflectance accessory (VeeMAX III, PIKE Technologies). A germanium attenuated total reflection (Ge ATR) crystal was utilized with a face angle of 60° and an incident angle of 80°, yielding an effective angle of approximately 65°. This angle is greater than the critical angle for the GeSi interface (58.7°), thus providing sensitivity enhancement owing to grazing angle internal reflection. The mLbL PA nanofilm was pressed against the Ge ATR crystal using a VeeMAX III built-in pressure clamp. FT-IR spectra were collected at a spectral resolution of 4 cm1 and averaged over 1000 scans using an uncoated silicon wafer as a background. X-ray photoelectron spectroscopy (XPS, X-tool spectrometer, ULVAC-PHI) was also performed with a monochromatic Al Kα X-ray source (h = 1486.7 eV) at a pass energy of 50.0 eV to characterize the chemical composition of the PA nanofilm and membrane.

2.5. Solvent swelling of the mLbL PA nanofilm
The swelling degree of the mLbL PA nanofilm in 16 different solvents was quantified by measuring its thickness change upon solvent exposure using AFM. First, the mLbL PA nanofilm was immersed in neat DMSO for 12 h to completely remove residual monomers and small PA fragments without altering its bulk chemical structure [24,26]. The cleaned PA nanofilm was vacuum-dried at 25 C for 1 week to completely remove the residual DMSO. The dry PA nanofilm was carefully scratched in an X pattern without damaging the underlying silicon substrate using a sharp razor blade [27] to enable the facile identification of the same spot for AFM scanning before and after solvent exposure. AFM was performed over the scratched region (10  10 m2) in such a way that the PA nanofilm occupied almost half of the total scanned area. The dry PA film thickness (Ldry) was determined from the difference in the height histograms of two regions corresponding to the PA film and silicon substrate. Subsequently, the PA nanofilm was mounted in an AFM liquid cell using robust epoxy glue (Torr Seal, Varian Inc.). The selected solvent was injected into the liquid cell and allowed contact with the film for 24 h to ensure complete film swelling. AFM was performed on the previously scanned location to precisely quantify the swollen PA film thickness (Lsolvent). The swelling degree (%) of the mLbL PA nanofilm in the selected solvent was calculated as (Lsolvent  Ldry)/Ldry  100.

2.6. Determination of the HSPs of PA
The Hildebrand solubility parameter (t) of a substance is defined by t = (Hv/Vm)1/2, where Hv and Vm denote its heat of vaporization and molar volume, respectively [18]. Although t is effective in interpreting affinity between nonpolar substances, it is not appropriate for accurately describing complex and specific interactions for polar and hydrogen-bondable substances [28]. To address this limitation, researchers have proposed HSPs comprising three intermolecular interaction components, namely, d, p, and H interactions, as follows:
								(1)
For a certain solvent (1)polymer (2) system, solventpolymer affinity is estimated by the three-dimensional HSP distance (Ra), as follows:
				(2)
Closer HSPs and, thus, a smaller Ra indicate a higher mutual affinity [18]. The unknown HSPs of PA can be determined by solving a multi-response problem using an open-source spreadsheet provided by HSPiP [29] with the given information of good and bad solvents for PA. The general swelling degree criterion of crosslinked polymers (e.g., PA) for a good solvent is 10% [30]. The detailed procedure for determining the HSPs of PA is as follows: (i) Draw a hypothetical sphere in the Hansen space (2d, p, and H as the x, y, and z axes, respectively); (ii) optimize the radius of the sphere by positioning the HSPs of all good solvents inside the sphere while excluding those of all bad solvents; and (iii) determine the HSPs of PA from the origin of the optimized sphere [18,29,30].

2.7. Solvent permeation and solute rejection measurements
The as-prepared PA membrane was soaked in neat DMSO for 12 h to remove residual monomers and PA oligomers trapped in the PA network without damaging the bulk PA structure [24]. Subsequently, the membrane was immersed in a test solvent for 24 h to replace the impregnated DMSO with this solvent. The solvent permeance (A) value of the membrane was measured using a laboratory-made dead-end stirred cell, where the test solvent was permeated through the membrane with an effective area (M) of 9 cm2 at a pressure (P) of 10 bar and 25 C. The volume of the solvent permeate (Vs) was recorded over a predetermined time duration (t) to calculate A as Vs/MtP.
A solution of RBBR in MEO (0.01 g L1) was also permeated through the membrane under the same operating conditions. Solute rejection (R, %), which is given by R = (1 – Cp/Cf) × 100, was calculated by measuring the RBBR concentrations in the feed (Cf) and permeate (Cp) using a UV-Vis spectrophotometer (GENESYS 10S UV-vis, Thermo Scientific) at a wavelength of 598 nm. All performance data were collected when the system reached a plateau regime. At least three different batch samples per solvent were tested to obtain average performance data.

2.8. SD model development
[bookmark: _Hlk127186989]For the transport of a single solvent through a dense polymer membrane with a thickness of L at a fixed temperature (T), A can be expressed by the general SD model consisting of diffusion (Ds) and partition (Ks) coefficients as follows:
									(3)
Free volume theory, which states that Ds is related to the average free volume (vf) of the membrane polymer, has been widely used to estimate Ds in solventpolymer systems [31,32]. Although more elaborate models require the specific structural information of the membrane polymer, the primary form of free volume theory can be described as follows [32]:
								(4)
where as and bs are adjustable constants. For an infinite dilute polymer solution, vf approaches infinity, and thus, Ds becomes equal to as, yielding the following equation:
							(5)
where Ds is equivalent to the self-diffusion coefficient of the solvent molecule, and ε is a factor related to the free volume of the polymer. Although the state-of-the-art nuclear magnetic resonance technique enables the direct measurement of Ds for specific solventsolute systems, only limited data are available owing to the limited number of deuterated solvents [33]. Fortunately, Ds can be reasonably estimated using the Stokes–Einstein equation [34]:
									(6)
where kB is the Boltzmann constant and  and r are the dynamic viscosity and Stokes radius of the solvent, respectively. When the r value of a solvent molecule is unavailable, the radius (rw) of the sphere equivalent to its van der Waals volume () can be used instead [35]. In this case, eq 6 can be rewritten as follows:
								(7)
To correct the assumption of the Stokes–Einstein equation that a solvent molecule behaves like a hard sphere, the Gierer–Wirtz modification has been proposed as follows [36]:
									(8)
where ρx is the universal effective density (0.619 g cm3), and NA is the Avogadro number. Our calculations revealed marginal differences (less than 3%) between the Ds values determined using eqs 7 and 8 for the 16 solvents selected in our study. Hence, eq 7 was used to develop our model owing to its simplicity.
The presence of polymer chains and solventpolymer interactions renders Ds smaller than Ds (i.e., ε <1) [37]. The accurate measurement of bs and vf values is not possible. Nevertheless, vf and, thus, ε were approximately treated as constants because the average increase in thickness of the mLbL PA nanofilm upon its swelling in 16 solvents was much smaller (≈3 nm) than its dry thickness (≈38 nm). Hence, at the given temperature, Ds can be expressed by combining eqs 5 and 7 as follows:
								(9)
where αD is a fitting constant.
Ks is defined by Ks = cm/cs, where cm and cs are the solvent concentrations in the polymer membrane and bulk phase, respectively. Ks can also be described by the ratio of the activity coefficient of the solvent in the bulk (s) to that in the membrane (m), as given by Ks = s/m [32]. Because the activity coefficient of a pure solvent is 1, Ks can be expressed as:
										(10)
For a solvent (1)polymer (2) system, m can be estimated using Flory–Huggins (FH) solution theory as follows [38]:
							(11)
[bookmark: _Hlk127186689]where ϕ and x are the volume and mole fractions, respectively, and χ12 is the FH interaction parameter. Because of the large molecular weight of the crosslinked PA polymer, x1 is considered to be close to 1 (x1 1) regardless of the solvent type for the solventPA membrane system. In addition, the ϕ1 of water in commercial PA reverse osmosis membranes has been reported to have an average value of approximately 0.17 [39]. Assuming that ϕ1 is proportional to the swelling degree of the PA polymer, the variation in ϕ1 depending on the solvent type examined in this study is expected to be insignificant, ranging from 0.16 to 0.21, owing to the relatively low swelling degree of PA. Hence, ϕ1 was approximately assumed to be a constant, with an average value of ϕ1 = 0.18. Insertion of x1 = 1 and ϕ1 = 0.18 into eq 11 yields the following equation:
						(12)
where αK is a fitting constant for Ks.
[bookmark: _Hlk127186804]Hansen describes χ12 in terms of Ra and  as follows [18]:
									(13)
Combining eqs 10, 12, and 13 results in the following equation:
								(14)
Substituting eqs 9 and 14 into eq 3 refines the expression of A as follows:
					(15)
L was approximately assumed to be a constant because its variation (i.e., 1.5 times or less) as a function of the solvent type was significantly lower than that of A (i.e., 60 times or more). Finally, eq 15 is simplified to the following equation:
								(16)
where f1 and f2 are fitting constants. eq 16 shows that A primarily depends on the three key properties of a solvent, namely, , , and Ra.

3. Results and discussion
3.1. Fabrication of the model PA nanofilm
During the mLbL process, the alternate deposition and single-phase molecular reaction of MPD and TMC monomers are repeated, forming a uniform, smooth, and densely crosslinked PA nanofilm with controlled thickness (Fig. 1a) [21]; such characteristics cannot be achieved with conventional IP (Supplementary Information Fig. S1). A total of 180 mLbL cycles produced an ultrasmooth (rms roughness ≈1.6 nm) and nanoscale thin (≈38 nm) PA film (Fig. 1b and 1c). The crosslinked aromatic PA chemistry of the mLbL nanofilm was confirmed by its FT-IR spectrum, which showed peaks at 1668 (CO stretching), 1610 (H-bonded CO stretching), 1542 (NH in-plane bending), and 1490 (aromatic CC stretching) cm1 (Fig. 1d) [40]. The mLbL PA nanofilm also exhibited an oxygen/nitrogen composition ratio close to 1.0 (1.13), as determined by XPS, indicating its high crosslinking density (Supplementary Information Table S2).
[image: ]
Fig. 1. Fabrication and structure of a model PA nanofilm. (a) Schematic of the fabrication process of the mLbL PA nanofilm. (b) AFM surface image and root-mean-square (rms) roughness, (c) SEM cross-sectional image, and (d) FT-IR spectrum of the fabricated mLbL PA nanofilm.

3.2. Determination of the true HSPs of PA
The affinity of the mLbL PA nanofilm to a certain solvent was quantified by precisely measuring its thickness change (i.e., swelling degree) upon exposure to the solvent through AFM. Prior to AFM, the mLbL nanofilm deposited on a silicon substrate was carefully scratched with an X pattern (Fig. 2a) to enable the facile identification of the same spot for AFM scanning before and after solvent exposure. AFM was scanned over a specific sample location of 10  10 m2, approximately half of which was occupied by the PA nanofilm. The PA film thickness was quantified from the difference in the height histograms of two regions corresponding to the PA film and silicon substrate. The dry film thickness was determined to be ≈38 nm (Fig. 2a), which is consistent with SEM analysis (Fig. 1c), demonstrating the reliability of the AFM measurements. Subsequently, the PA nanofilm was immersed in a solvent for 24 h, after which AFM was performed in-situ over the previously scanned region of the film to measure its swollen thickness and corresponding swelling degree (Fig. 2b). Following the same protocol, the swelling degrees of the PA nanofilm immersed in 16 different solvents with wide-ranging HSPs (Supplementary Information Table S1) were measured to accurately determine its HSPs.
[image: ]
Fig. 2. Swelling degree measurement of a model PA nanofilm. Thickness measurement of the mLbL PA nanofilm (a) before and (b) after immersion in a solvent (e.g., dimethyl sulfoxide [DMSO]) using AFM (left: schematic of the AFM measurement, middle: AFM topographical image, right: height histogram obtained from the AFM topographical image).

Based on the swelling degree criterion of crosslinked polymers for a good solvent (10%) [30], the tested solvents were classified into bad (5%), intermediate (510%), and good solvents for PA (Fig. 3). The swelling degree trend of the PA nanofilm was consistent with the order of its solvent affinity estimated from the solubility of PA oligomers (i.e., EtOH < 2-PrOH < BA < NMP < DMF < DMSO) [24,41]. The unknown HSPs of PA were determined by solving a multi-response problem, which optimized the origin and radius of its hypothetical sphere in the Hansen space with 2d, p, and H as x, y, and z axes, respectively. The hypothetical sphere was drawn to include the HSPs of good solvents while excluding those of bad solvents, thereby allowing us to determine the HSPs of PA from its origin [29]. Owing to the large variation in the swelling degree observed for intermediate solvents (Fig. 3), the true HSPs of PA were obtained by averaging the HSP values calculated by classifying the solvents leading to swelling degree of 10% and >5% as good solvents (Table 1).
[image: ]
Fig. 3. Determination of the true HSPs of PA. Swollen thickness and corresponding swelling degree of the mLbL PA nanofilm in 16 different test solvents (i.e., water, acetone [Act], methanol [MeOH], acetonitrile [MeCN], 1-propanol [1-PrOH], 2-propanol [2-PrOH], ethanol [EtOH], tetrahydrofuran [THF], benzyl alcohol [BA], N-methyl-2-pyrrolidone [NMP], dimethylformamide [DMF], dimethylacetamide [DMAc], dimethylethanolamine [DEA], dimethyl sulfoxide [DMSO], 2-ethoxyethanol [EEO], and 2-methoxyethanol [MEO]). Bad, intermediate, and good solvents were classified as those solvents leading to swelling degrees of 5%, 5%10%, and 10%, respectively. The lower and upper edges of the box plot represent the data range of 2575%, and whiskers represent the data range of 595%. Differences in the swollen thickness data with respect to the solvent type are statistically significant (n >15, p-value = 0.01), as confirmed by one-way ANOVA test.

[bookmark: _Hlk127177906][bookmark: _Hlk111454142]Compared with previous reference (linear PPT) values [19], our newly determined HSPs exhibited comparable d and p but significantly larger H. The PA network crosslinked with diamine and triacyl chloride has a higher density of amide (crosslinked moiety) and unreacted amine and carboxyl (hydrolyzed acyl chloride) groups [42] than linear PPT, leading to its higher H [18,43,44]. Furthermore, unlike the highly crystalline structure of PPT, whose linear polymer chains are tightly packed via intermolecular hydrogen bonding, the amorphous structure of crosslinked PA facilitates its hydrogen bonding with solvent molecules, further enhancing its H [18]. Although mLbL- and conventional IP-assembled PAs may have slightly different crosslinking densities [45], their bulk chemical structure is nearly identical (Fig. 1d and Supplementary Information Fig. S1). Moreover, HSPs reflect the bulk chemical properties of target substances and are not able to sensitively account for their subtle structural variation [18]. Hence, the newly determined HSPs derived for the model PA nanofilm can reasonably be used to represent the properties of conventional IP-assembled PA membranes.
Table 1. HSPs of PA determined in this study and a previous PPT reference [19]. The HSPs of PA were obtained by defining solvents leading to swelling degrees of 10% and >5% as good solvents and averaging the HSP values determined from both cases.
	Chemical structure
	Swelling degree
	HSPs (MPa1/2)

	
	
	d
	p
	H
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	PA
(Crosslinked,
meta-oriented)
	Measured
	10%
	17.0
	12.1
	12.2

	
	
	
	>5%
	17.7
	11.0
	13.2

	
	
	
	Average
	17.4  0.4
	11.6  0.6
	12.7  0.5
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	PPT
(Linear,
para-oriented)
	Reference
	18.0
	11.9
	7.9



3.3. Parameters to determine solvent transport across the PA membrane
With the true HSPs of PA in hand, we attempted to identify critical parameters that govern solvent transport through crosslinked aromatic PA membranes. For this purpose, we fabricated a PA membrane via the conventional IP reaction of MPD and TMC on a solvent-resistant PE support (Supplementary Information Fig. S1) [3], which enabled us to characterize its A for 16 different organic solvents. The PA membrane exhibited wide variations in A depending on the solvent type, ranging from 0.84  0.47 LMH bar1 for DEA to 52.51  1.75 LMH bar1 for Act (Supplementary Information Table S3). The organic solute (RBBR) rejection of the PA membrane even in a good solvent (MEO) was remarkably high (~99%). This result suggests that the observed large variation in A did not originate from defective PA deformation upon solvent exposure.
Solvent permeability is determined by the solventmembrane affinity in combination with the physicochemical properties of a solvent [6,8,46,47]. The experimental A data did not exhibit any strong correlation with swelling degree which is determined mainly by the solventmembrane (PA) affinity (Fig. 4a). Solventmembrane affinity can be reliably quantified by using the Ra value between the solvent (1) and membrane (2); Ra is calculated using the formula, Ra = (4(δd,2  δd,1)2 + (δp,2  δp,1)2 + (δH,2  δH,1)2)1/2. However, the A values were still not clearly correlated with the Ra values calculated using the true HSPs of PA (Fig. 4b).
[image: ]
[bookmark: _Hlk119418050][bookmark: _Hlk119418128]Fig. 4. Correlation between the permeance (A) and physicochemical properties of 16 different solvents. (a) A versus swelling degree. (b) A versus Ra. (c) A versus viscosity (). The dashed line represents the Hagen–Poiseuille model curve (A = KHP/) with KHP = 2.26  0.25 mN m1. Data that suitably fit the model are denoted by black circles, whereas data that significantly deviate from the model are denoted by red triangles. (d) A versus van der Waals volume (). Fitting data and solvent properties can be found in Supplementary Information Table S3.

The  of a solvent may represent another permeance-determining parameter because it is a measure of resistance to fluid movement [48]. The Hagen–Poiseuille (HP) equation developed for porous membranes, A = KHP/, where KHP is a fitting constant [49], predicts that  solely determines A, with higher  values leading to lower A [8,50]. Although the HP model has been widely employed to interpret A for various membranes [1], it is not valid for dense PA membranes featuring pore sizes smaller than that of the permeating solvent [8]. In fact, our data fitting of A to the HP model yielded unsatisfactory results, particularly for four solvents (i.e., EEO, MEO, DMSO, and DMAc) (Fig. 4c). The molecular size of a solvent can also affect its permeation by imposing steric hindrance. The  of a permeating molecule has been proposed to be a better size descriptor than other size parameters [47]. Unfortunately, similar to correlations between A and typical solvent size parameters (Supplementary Information Fig. S2), a plot of A versus  was highly scattered; solvents (DMSO, 1-PrOH, and 2-PrOH) with similar  (7073Å3) values exhibited vastly different A values (2.022.2 LMH bar1) (Fig. 4d). Our correlation results strongly suggest that A cannot be described by a single parameter only.

3.4. Multi-parameter solvent transport models and validation
In fact, several multi-parameter models have been proposed to interpret mass transport through membranes with high accuracy. Most of these models adopt the modified forms of the HP model (i.e., A  1/) with additional parameters. For example, Machado et al. proposed a two-parameter model by introducing  as a solventmembrane affinity factor to the HP model, as given by 1/A = / + , where  and  are fitting constants.  can be calculated from the reported  values of the PA membrane (42.0 mN m1) [51] and solvent [17]. Our fitting of the A data to the Machado model exhibited a significant deviation, particularly for six solvents (i.e., 1-PrOH, 2-PrOH, Act, BA, DEA, and NMP) (Fig. 5a). The inability of the Machado model to capture the permeation behavior of the PA membrane may be attributed to the fact that it was originally established for a specific silicone membrane using a limited number of test solvents (i.e., a mixture of primary alcohols and Act) [17]. Furthermore,  may not be a reliable indicator of solventmembrane affinity because it cannot appropriately reflect actual solvent–membrane interactions [46].
[bookmark: _Hlk119418197]A more advanced three-parameter (i.e., , solvent size, and solvent–membrane affinity) model was initially proposed by Bhanushali et al. [10]. Geens et al. used this model to develop a semi-empirical model that combined the three parameters into a single expression, A = Vm/ + , where Vm is the molar volume of a solvent [8]. Our fitting analysis revealed that many of our experimental A data significantly departed from the Geens model (Fig. 5b). Similar to the Machado model, the Geens model adopts an unreliable solventmembrane affinity parameter (). Furthermore, the Geens model predicts a higher A for a solvent with a larger Vm and infinite A for a solvent with  identical to that of the membrane (i.e.,  = 0), both of which are physically impractical [46]. In fact, the Geens model has been validated with vastly different commercial membranes (molecular-weight-cut-off = 1801000 g mol1,  = 11.368.1 mN m1) and only three test solvents (i.e., water, MeOH, and EtOH) [8].
[bookmark: _Hlk111702156]Karan et al. recently proposed a semi-empirical three-parameter model given by A = p/4rm2, where rm is the molar diameter of a solvent calculated from its Vm [9]. Despite the simplicity and reasonable accuracy of this model, our experimental A data exhibited significant deviations for seven solvents (i.e., EEO, MEO, MeCN, DMAc, DMSO, MeOH, and water) (Fig. 5c). Unlike the Machado and Geens models, the Karan model considers solventmembrane affinity by using only the polar component (p) of the HSPs of a solvent; a solvent with higher polarity is predicted to result in a higher A. However, considering their similar  and rm, the more polar NMP (p = 12.3 MPa1/2) exhibited a lower A than EEO (p = 9.2 MPa1/2) for our PA membrane, which is contradictory to the model prediction. This finding indicates that employing only the p component instead of all three HSP components (i.e., p, d, and H) cannot comprehensively reflect intermolecular interactions [24,41,50]. Furthermore, the Karan model predicts A = 0 for all nonpolar solvents, which is inconsistent with a previous report that showed that nonpolar n-hexane displayed non-zero A, even higher than that of water, for a commercial PA membrane [52].
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Fig. 5. Fitting of the experimental permeance (A) data to previous multi-parameter models. (a) Machado model with  = 4.73  0.10 s m1 and  = 3.15  7.94 N m1 s1. (b) Geens model with  = 4.09  4.10 N2 mol m5 and  = 0.33  0.32 m s1. (c) Karan model with  = 27.00  1.19 Pg m3 s1. The model fitting curves are described with dashed lines. Data that suitably fit the model are denoted by black circles, whereas data that significantly deviate from the model are denoted by red triangles. Fitting data can be found in Supplementary Information Table S4.

Taking into account the true HSPs of PA, we elaborated the SD model, which consists of diffusivity (i.e., Ds) and solubility (i.e., Ks) contributions, for dense membranes. Free volume theory was combined with the Stokes–Einstein equation to describe Ds, as given by Ds = αD(3)1/3, where αD is a constant [47]. Ks was expressed using activity coefficients coupled with FH solution theory, as given by Ks = 2.45exp(Ra2αK/4RT), where αK is a constant. The incorporation of Ds and Ks into the SD model led to the three-parameter (, , and Ra) relationship, A-1/3 = f1exp(Ra2f2), where f1 and f2 are fitting constants. This refined SD model predicts that A increases when any of the three parameters decreases, which is physically feasible. Furthermore, the proposed model does not allow A to diverge into an unrealistic value (i.e., zero or infinity) because  and  are always non-zero.
[bookmark: _Hlk127178367]Importantly, our model suitably fits the experimental A data for 13 out of 16 solvents (Fig. 6a and Supplementary Information Fig. S3), thereby demonstrating its superiority to previous models. Our SD model achieved high accuracy presumably because it properly considers the solubility term using the true HSPs of PA determined in this study, as evidenced by the fact that our model shows poor correlations when the HSPs of the reference PPT are used (Fig. 6b). Furthermore, unlike other semi-empirical models, our model was established on the basis of robust SD transport theory. Hence, our fitting constants (f1 and f2 derived from Ds and Ks, respectively) convey physical meanings regarding the structure of the polymer membrane; specifically, f1 and f2 are related to the free volume and polymer volume fractions, respectively, in the solventpolymer system. The variation in the structure (i.e., crosslinking density and heterogeneity) of the PA membrane depending on the fabrication process can be reflected by different fitting constants. Data fitting by excluding the three atypical solvents led to f1 and f2 values of 1.52  0.19 mN m and 2.23  0.16 N1 m1, respectively, with R2 = 0.901 (curve 1 of Fig. 6a); these results further confirmed the high reliability of our model.
[bookmark: _Hlk127194354][bookmark: _Hlk127194863]The three solvents significantly deviating from the fitting curve (i.e., DMAc, DMF, and DEA) have a specific chemistry containing amine or amide groups. It has been reported that HSPs are unable to accurately depict the solubility of solvents containing acyclic amine and/or carbonyl groups, which induce strong hydrogen bond donor–acceptor interactions [18]. This fact may explain the errors observed when the PA solubility of these three solvents is estimated via Ra. Considering this inherent limitation of HSPs (i.e., Ra), we performed our model fitting only for the three outlying solvents. This separate fitting resulted in similar f1 (1.49  0.36 mN m) but significantly higher f2 (10.84  3.41 N1 m1) values compared with the original fitting constants (curve 2 of Fig. 6a), which suggests that the Ra values for these solvents are severely underestimated. It is difficult to identify the fundamental and quantitative reason for the underestimated Ra of the three atypical solvents owing to the theoretical limitation of HSPs. Nevertheless, the use of corrected Ra* = 2.2Ra for these solvents enabled the A data of all 16 solvents to align in a single curve with the original fitting constants (R2 = 0.972) (Fig. 6c), highlighting the high reliability of our proposed model.
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Fig. 6. Fitting of the experimental permeance (A) data to our multi-parameter models. (a) Our SD model based on the true HSPs of PA with f1 = 1.52  0.19 mN m and f2 = 2.23  0.16 N1 m1 (denoted by the dashed curve 1) and f1 = 1.49  0.36 mN m and f2 = 10.84  3.41 N1 m1 (denoted by the dashed curve 2). (b) Our SD model based on the HSPs of the reference PPT [19] with f1 = 1.52  0.19 mN m and f2 = 2.23  0.16 N1 m1. (c) Our SD model based on the true HSPs of PA with f1 = 1.52  0.19 mN m and f2 = 2.23  0.16 N1 m1 by employing a corrected Ra* = 2.2Ra for three atypical solvents (i.e., DMAc, DMF, and DEA). The model fitting curves are described with dashed lines. Data that suitably fit the model are denoted by black circles, whereas data that significantly deviate from the model are denoted by red triangles. Fitting data can be found in Supplementary Information Table S5.

4. Conclusions
[bookmark: _Hlk127106732][bookmark: _Hlk126924753][bookmark: _Hlk126925525]In summary, we determined the true HSPs of a PA membrane by precisely characterizing the solvent swelling degrees of an mLbL-assembled model PA nanofilm through in-situ AFM. The hydrogen bonding component of the newly determined HSPs of PA (crosslinked, meta-oriented) was significantly higher than that of the previous PPT reference (linear, para-oriented) owing to notable differences in their structure. Combined with free volume and FH solution theories, the determined true HSPs of PA were incorporated into the SD model. Our refined SD model enabled the accurate description of the permeation of 16 different solvents across PA membranes by appropriately accounting for solventmembrane affinity (i.e., solubility contribution). Despite the satisfactory prediction ability of our proposed model, more detailed considerations of the effect of specific solventmembrane interactions on the diffusivity and solubility terms are necessary to accurately describe solvent transport for a wide range of membranes and solvents. Importantly, our work provides practical and useful guidelines for predicting the solvent permeance performance of PA membranes and clarifies the fundamental mechanisms underlying mass transport across dense membranes. Our proposed strategy also provides a robust and versatile platform for developing predictive transport models for any dense membranes (and solvents) whose mass transport is governed by the SD model. Our methodology based on in-situ AFM is effective, particularly for nanoscale and crosslinked membranes whose solvent swelling and HSPs cannot be determined via conventional bulk characterizations.
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