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ABSTRACT: Desalination via reverse osmosis (RO) membrane
technology is a preferred solution to the ongoing global
challenges of freshwater scarcity. The active separation layer
of RO membranes is a polyamide thin film (<200 nm), whose
morphology critically influences membrane performance.
However, conflicting descriptions of trends between morphol-
ogy and performance abound in the literature due to the lack of
a rigorous morphological description of these membranes.
Notably, comprehensive three-dimensional (3D) morphological
characterization of these membranes has so far been conducted \
exclusively under dry conditions, which contrasts with the Hydrated membrane nanostructure Nanostructures of the membrane at
operational, hydrated state of these membranes. Here, we revealed by cryo-TEM tomography dry and hydrated state are different
present, for the first time, characterization of the hydrated 3D

nanoscale morphology of polyamide films from commercial brackish water (BW) and seawater (SW) membranes using cryo-
transmission electron microscopy (cryo-TEM) tomography. Our findings reveal significant morphological differences between
hydrated and dry membranes, resulting in variations in key structural parameters that impact performance. Both SW and BW
membranes swell and increase in total volume and thickness upon hydration, with BW membranes exhibiting more
pronounced swelling (32% vs 7% in volume and 35% vs 11% in effective thickness), primarily due to the lower degree of cross-
linking of BW membranes. Additionally, while the surface area decreases upon hydration for both SW and BW membranes,
indicating a smoothing of surface nodules and cavities, surface roughness remains unchanged, suggesting that current
roughness measurement methods such as atomic force microscopy do not capture intrinsic morphological features. Overall,
this study demonstrates the feasibility of employing cryo-TEM tomography techniques to characterize RO membrane
morphology under operation relevant conditions, thus enabling a better linkage between membrane morphology and
performance.

KEYWORDS: cryo-TEM tomography, 3D nanostructure, hydrated membrane, polymer swelling, morphology

rinking water scarcity is a major global challenge. With ing potential for applications in organic solvent filtration and gas
D escalating global demand for reliable supply of clean

water, seawater (SW) and brackish water (BW) separations.l’5’7_10 Despite significant advancements in RO
desalination as well as wastewater recycling have emerged as
pivotal solutions." At the forefront of these advanced Received: January 19, 2025
desalination and water reuse technologies are reverse osmosis Revised: ~ March 18, 2025
(RO) membrane processes that have outstanding performance Accepted: March 19, 2025
(>99% salt removal), relatively low operation costs, and high Published:  April 2, 2025
energy efficiency when compared to traditional thermally driven

technologies.' " Additionally, these membranes exhibit promis-
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Figure 1. Cryo-TEM tomography and quantitative analysis of the 3D nanostructures can reveal details of the membrane nanoscale structure in
the hydrated (close-to-functional) state and highlight differences from the dry state. (A) Characterization of dry membranes may not yield
application-relevant membrane structures since the polymer network sorbs water during the filtration processes and this results in structural
changes. (B) The general workflow of cryo-TEM tomography included hydration of the polyamide film with water vapor, wetting the surface
with liquid water, blotting to remove excess water, followed by vitrification of the film by plunge freezing the sample in liquid ethane
(vitrification) to preserve its hydrated structure. Equilibrium hydration was confirmed with water uptake measurement by QCM. (C) The 3D
nanostructures were obtained from cryo-TEM tilt series acquisition and tomographic reconstruction. (D) Quantitative analysis of membrane
properties such as membrane volume and thickness and surface area and roughness was conducted on the reconstructed 3D nanostructures.

membrane performance since their invention in the 1980s,"'
much of the progress has been achieved through an empirical,
“Edisonian” approach.'” Deciphering the factors that govern
their performance, particularly synthesis conditions and the
resulting nanoscale film morphology, remains an ongoing
challenge.

The common structure of modern RO membranes is a thin-
film composite (TFC), where a thin (<200 nm) polyamide film
forms the active separation layer on top of a thick (>30 ym)
porous polymer layer and a fabric support layer.'' These
polyamide films are typically fabricated via a rapid, exothermic
interfacial polymerization reaction."”'* Polyamide film mor-

phology strongly affects the resulting membrane permeability
and water over salt selectivity,'>~* but contradictory trends are
often reported, ;)rimarily due to lack of a rigorous morphological
description.”*”** The complex morphology of the thin film 3D
nanostructure has been commonly represented using various
mean descriptors, including surface area, roughness, thickness,
and polymer density, that are not sufficient for predicting
performance. To characterize the heterogeneous film nano-
structure in more detail and to better link it to membrane
performance, advanced 3D quantitative characterization techni-
ques using electron-microscopy tomography (ET) have recently
been applied,”” ™’ providing profound insights into the
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morphology. For example, Culp et al.”>" contradicted reports that
within the polyamide structure, there is a significant fraction of
unconnected spaces (~30%), “enclosed voids”, that may have a
direct effect on membrane performance.'” By using ET, they
found that enclosed void fractions were less than 0.15% in SW
and BW membranes, and thus, their impact on performance can
be neglected. They also showed that ET is more accurate for
surface analysis than the commonly used atomic force
microscopy (AFM) technique. In a more recent study, Culp et
al.* obtained 3D density maps of polyamide films, enabling
linkage of the local polymer density distribution to water
transport. However, to date, this thorough morphological
characterization has been conducted exclusively under dry
conditions, which fails to represent the true operational state of
the desalination membrane, which is hydrated.

Polyamide hydration can significantly affect its structure.
AFM studies have shown that hydration of SW and BW
polyamide membranes led to ~10% and ~20% increase in their
average thickness, respectively.”®*” Lin et al.'” reported that
when SW and BW membranes were exposed to humidified
nitrogen, their mass was increased by ~10%, as measured by
quartz crystal microbalance (QCM), and Lee et al.** reported
mass increases of ~20% in SW membranes using a gravimetric
sorption analyzer. Klosowski et al.** suggested various swelling
mechanisms of polyamide, while Zhang et al.*' used molecular
dynamics (MD) simulations to study its swelling behavior. The
latter study showed that a thicker polyamide film is more
resistant to swelling due to a larger middle layer, which they
define as a confined layer, that sorbs less water, while the top and
bottom parts of the polyamide are the swelling layers, containing
90% of the bulk water density." The hydration and swelling
affect the membranes’ permeability and selectivity as water-filled
free volumes between the polymer chains act as transient and, in
some cases, continuous pathways for small solutes and water
molecules.”” Therefore, to effectively correlate morphology with
performance, it is essential to characterize the hydrated
membrane structure using precise techniques. For this purpose,
here, we describe the use of cryogenic transmission electron
microscopy (cryo-TEM) tomography to reveal the 3D
nanostructures of hydrated, swelled membranes and the
differences in their structure from those of commonly
characterized dry membranes.

In recent years, cryo-TEM tomography has revolutionized
scientists’ ability to probe complex 3D nanostructures in their
native, aqueous environment. It has enabled detailed visual-
ization of 3D systems such as whole organelles within cells,
intricate cellular machinery, and bacterium—cell interactions,
driving significant advancements in biological sciences.*’~*
Recently, the application of cryo-TEM tomography for synthetic
materials has been explored,*®*” where it emerged to be an
effective tool for characterizing polymer morphologies, allowing
researchers to decipher intricate polymer nano- and micro-
structures in solution.”® Despite challenges such as sample
sensitivity to the electron beam, low contrast between vitreous
ice and polymer due to minimal density differences, and beam-
induced motion, recent development in both hardware and
software now enables better polymer visualization under
cryogenic conditions.”’ These developments include the use
of low dose imaging and direct electron detectors to minimize
radiation damage, the use of energy filters, phase plates, and
defocusing for contrast enhancement, and improved software for
alignment and drift correction.*® For example, recent work
utilized cryo-TEM tomography for visualizing the morpho-

logical changes of lab-cast ultrathin polymeric electrolyte
membranes upon hydration.”” ™' However, despite the
advantages of cryo-TEM in numerous research fields,
desalination membranes (commercial or lab-cast) have not yet
been explored using this powerful technique.** Cryo-TEM
tomography has the potential to visualize the close-to-functional
hydrated morphology of desalination membranes, a crucial step
for truly linking the membrane’s morphology to performance.

In this work, we demonstrated the use of cryo-TEM
tomography to achieve unprecedented visualization of the 3D
nanostructures of commercial BW and SW polyamide
desalination membranes in their hydrated states (Figure 1).
This approach revealed significant morphological differences
between hydrated and dry membranes and distinct swelling
behaviors in BW and SW membranes, as discussed subsequently.

RESULTS AND DISCUSSION

Membrane Isolation, Hydration, and Vitrification. We
isolated polyamide selective layers of commercial RO
membranes (SW30 and BW30) from their backing layers by
dissolving the polymer support in dichloromethane (DCM),
following procedures described previously.”” To minimize the
possible collapse of the membrane structure during the isolation
process, we compressed the membranes in a cross-flow filtration
system prior to isolation in accordance with previous studies.’
Due to the incompatibility between water and DCM, the
compressed membranes were air-dried to remove residual
solvent, and the isolated polyamide films were then rehydrated.
Unlike biological samples, where cells and proteins are
embedded within a layer of water, which can be thinned by
blotting, the hydration of polyamide membranes for cryoimag-
ing is restricted by their thickness. Polyamide films are typically
150—200 nm thick; thus, hydration by immersion in water
results in water accumulation on the surface and the formation
of vitrified ice, which is too thick for TEM imaging. To prevent
this, we rehydrated the isolated and air-dried films in a humid
chamber at 93% relative humidity (RH) for 24 h, followed by
surface wetting with 10 L of water for 10 min (Figure 1B). To
confirm that the membranes reached equilibrium within the
time scale of hydration, we performed microgravimetric
measurements using QCM and measured the water uptake of
the membranes upon exposure to humid nitrogen (~93% RH)
and water (see Supporting Information for the detailed
methods). Equilibrium was defined as the time point when the
rate of mass increase reached 3 orders of magnitude lower than
the initial rate after exposure, with a constant value less than 10
ng/cm® per minute, similarly to the benchmark previously
reported by Lin et al.'’ Figure 1B shows a representative water
uptake curve measured for the SW membrane in humid
nitrogen. Significant water uptake occurred within the first
minute of exposure, and the rate of mass change (red curve,
which shows the slope of the green curve) increased by 3 orders
of magnitude. Equilibrium was achieved, on average, within 23
and 30 min for SW and BW membranes, respectively (Figures
1B and S2). This is evident from the plateauing of the areal mass
uptake and the rate of mass change decrease (Figure 1B). Upon
exposure to degassed ultrapure water, SW and BW membranes
reached equilibrium after 7 and 8 min, respectively. The water
sorption analyses thus indicate that the exposure time in our
protocol was sufficient to fully hydrate the RO membranes at
~93% RH and in pure water. Membrane hydration was also
validated by observing vapor/hydrogen bubble formation,
caused by water radiolysis by the electron beam during cryo-
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Figure 2. Reconstructions and 3D models revealed differences in the nanostructures of dry and hydrated SW30/BW30 membranes, which were
not discernible in 2D TEM images. Left column: Reconstructed 3D nanostructures of the membranes showed ridge-and-valley morphology on
the surface and quantitatively showed the difference in degrees of swelling between SW30 and BW30 membranes. Middle column:
Representative slices from the reconstructed tomograms highlight differences between membranes in their dry and hydrated states: both SW30
and BW30 exhibited changes in surface morphology after hydration (B,D vs A,C); BW30 showed a greater degree of swelling indicated by the
transition from a “open” structure in the dry state (C) to aless “open” structure after hydration (D). Right column: The pixel intensity (electron
intensity) in TEM images taken in a bright-field mode at 0° tilt angle provided limited information about membrane nanostructures, except for

indication of the overall amount of material. Scale: S00 nm.

TEM imaging of hydrated samples subjected to deliberate high-
dose conditions.”” This phenomenon was not observed in dry
samples (Figure S6 and Supporting Information Movies S1 and
S2).

Prior to vitrification, a blotting process was performed in a
plunge freeze (Vitrobot) instrument to remove the excess water
from the membrane surface and enable sufficient contrast in the
cryo-TEM imaging. The blotting time was carefully set to
remove as much surface water so that a very thin ice layer would
cover the membrane surface after vitrification while minimizing
the removal of water sorbed in the polymer network (Figure 1B,
see Supporting Information for details). The hydrated
membrane structure was then preserved by plunge-freezing
the sample in liquid ethane (Figure 1B). At this high cooling

rate, water sorbed in the polymer network and on the
membrane’s surface is vitrified, i.e., it is transformed into an
amorphous, glassy state that is electron-transparent and does not
damage the hydrated structures with phase change.”*** This is
in contrast to conventional freezing, where electron-scattering
crystalline ice is formed and structural damage can occur due to
ice nucleation and crystallization. The vitrification process
ensures that the hydrated state of the membranes and its
structure are maintained and can be imaged under the high-
vacuum conditions of the microscope. To investigate the effect
of hydration on the membranes’ structure while accounting for
structural changes that might be caused by sample preparation,
both dry and hydrated membranes went through the same
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Figure 3. Quantitative analysis on reconstructed models indicated that SW30 is generally thicker than BW30 in both dry and hydrated states,
while BW30 showed more significant swelling than SW30 under the same hydration conditions. (A) Polymer fraction per horizontal slice, and
(B) the total membrane volume was calculated for each membrane, and the increase after hydration can be clearly seen. BW30 showed greater
increase in volume (32% vs 7%) than SW30 after hydration. (C) Equilibrium water uptake measured by QCM agrees with the observed volume
increase, where BW30 showed a greater water fraction (45% vs 22%) than SW30 after equilibration with 93% RH nitrogen. (D) Effective
thickness was calculated to more accurately represent the thickness of membrane materials by excluding the nonpolymer pixels. (E) BW30
showed a greater increase in effective thickness than SW30 (35% vs 11%), which agrees with the trend in the total volume increase. (F) The local
polymer connectivity of the membranes was calculated to evaluate the change in material distribution after hydration. Different slices (distance
in between: 20 nm) of the 3D structures are presented to show the change in the local polymer connectivity at different positions within the
membranes. (G) BW30 showed a broader distribution of local polymer connectivity and a higher maximum value after hydration (232 nm vs
108 nm), indicating that the structure in dry BW30 became less “open” while the voids were filled with swollen polymer. The error bars
represent one standard deviation among three samples of each membrane type. *: only two reliable samples were analyzed and only the average
values were reported for dry SW30.

plunge freezing and blotting cycle and were imaged under the RO membranes at different tilt angles were acquired with a 300
same conditions. kV Titan Krios G3 cryo-electron transmission electron micro-
Imaging and 3D Reconstruction of Dry and Hydrated scope. The tilt series was acquired from —60 to 60° in 1°

RO Membranes. 2D TEM images of both dry and hydrated increments, and a low electron dose rate (~0.22 e”/A%/s) was
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used to minimize sublimation of vitreous ice and beam radiation
damage. Due to the relatively low signal-to-noise ratio in cryo-
TEM imaging, the raw tilt series ima%es and reconstructions had
low contrast (Figures S7 and S8) ;°°7 therefore, a linear contrast
stretching was gperformed to enhance the image contrast for
segmentation.”® The right column in Figure 2 shows
representative TEM images of dry/hydrated SW30 and BW30
membranes taken at 0°. The pixel intensity, or visual brightness,
of the image of dry BW30 is higher than the other three
membranes, indicating that there was less scattering of electrons
caused by interaction with the membrane and potentially less
material (polymer or ice) in dry BW30.>” Despite this qualitative
observation, limited information about the 3D nanostructure
can be extracted from the 2D images as both the surface and
internal features of the membranes are superposed in these
projection images. To reveal more information about the
nanostructure of the membranes, 3D reconstructions were
performed using the acquired tilt series.

Membrane nanostructure reconstructions were performed
using the filtered back projection (FBP) algorithm in IMOD.*’
For each sample type, S—10 tilt series were recorded, and from
these, 2—3 tilt series that exhibited the highest contrast and
minimal contamination were reconstructed into tomograms.
The tomograms of the same membrane type showed high
similarity (Figure S8). Representative t0m0§rams are shown in
Figure 2. Due to the missing-wedge effect,6l’ 2 streaking artifacts
were observed in all the constructed models and a combination
of thresholding and manual correction was used during
segmentation to minimize the errors caused by such artifacts
(Figure S9). As expected, the well-known, characteristic ridge-
and-valley surface morphology of polyamide TFC RO
membranes® was observed in all the reconstructed models as
shown in the left column of Figure 2. Compared with the rough
top surfaces, the bottom surfaces of the membranes at the
polyamide—polysulfone interface were generally smoother
(Figure S10). This observation is also consistent with other
reported tomographic studies of dry polyamide RO mem-
branes.””?** Our reconstructed 3D nanostructures, however,
indicated significantly different swelling behaviors between SW
and BW membranes: the change in morphology for BW
membranes was more evident than for SW membranes under
the same hydration conditions. The middle column of Figure 2
shows representative horizontal slices of the reconstructed
tomograms (for each membrane, the slice with the highest
polymer fraction is shown), and striking differences between the
membranes can be seen. As also shown in orthogonal slices
(Figure S11) of the 3D nanostructures, dry BW membranes
appear to have more open spaces than dry SW membranes.
However, while the structure of SW membranes remained
almost unchanged after hydration, BW membranes showed
significantly reduced “openness” (Figures 2C,D and S11C,D).
SW membranes have higher rejection for dissolved species but
lower water permeability compared to BW membranes, a
performance difference attributed to the higher degree of
polyamide cross-linking in SW membranes.®>®” This increased
cross-linking also accounts for the observed differences in
swelling,68 as will be discussed in more details in the following
sections. Quantitative analyses were performed on all segmented
3D reconstructions to compare the nanostructures of dry and
hydrated RO membranes and evaluate the differences in their
swelling characteristics. Properties that are relevant to water
transport, such as thickness and accessible surface area, were also
calculated and compared between the different samples.

Membrane Volume and Thickness. Membrane volume
was calculated as the sum of voxels categorized as a dry or
swollen (hydrated) polymer in the 3D nanostructures. This
metric allows us to directly probe the volume differences that
arise from membrane hydration and compare different
membrane samples. By analyzing each x—y slice (2 nm thick)
along the z axis, the polymer areal fraction was calculated as a
function of z height (membrane thickness), where the first and
last slices containing polymer pixels were defined as the bottom
(z =0 nm) and top of the membrane, respectively. Figures 3A
and S12 show the polymer fraction profile of dry and hydrated
BW30/SW30 membranes. The total volume of BW30 increased
significantly after hydration, as indicated by the higher polymer
fraction in each slice along the z-axis. Although this increase in
volume indicated that the total amount of materials (i.e.,
polymer and ice) of BW30 increased after hydration, the actual
polymer content of the membranes remained the same and the
increase was mainly a result of polymer swelling caused by water
sorption. In contrast to BW30, the SW30 membrane did not
show significant changes after hydration. Analysis of the total
membranes volume (Figure 3B) indicates that upon hydration,
BW30 had a larger increase in volume from 4.88(+0.54) X 10°
t0 6.45(+0.47) X 10® nm® (~32%) compared to SW30 (~6.8%)
(Table S1). This difference can also be observed in the
respective horizontal slices: for dry BW30, most of the slices
show large open areas (Figure 2C) that seem to disappear after
hydration (Figure 2D). We propose that this “void closure” is
likely due to expansion of the polymer after water uptake,
reminiscent of polymer hydrogels. SW30, on the other hand, did
not show a significant difference between dry and hydrated
states, indicating that the polymer did not expand as
considerably as in BW30. The classic model that relates polymer
swelling to its molecular structure is the Flory—Rehner theory,*
which describes the thermodynamics of polymer swelling as a
balance between the free energy of mixing between a polymer
and a solvent and the elastic energy associated with the polymer
chain stretching. Studies have also identified the limitations of
applying the Flory—Rehner theory to polyamide membranes
(e.g, the assumption of affine swelling and improbable 3D
swelling in thin 2D films) and proposed improved models such
as the Painter—Shenoy to more accurately describe the swelling
behavior of polymeric systems (see Su(})porting Information for
equations and additional discussion).”’”"* In these theories, the
swelling ratio (S) of the polymer at a certain solvent activity was
mainly scaled to two properties of the polymer network: the
number of monomer units between two cross-link sites (N) and
the Flory—Huggins interaction parameter between the polymer
and the solvent (y) (Table S2). In general, when all other
parameters (network functionality (f) and packing factor (P))
are equal, polymers with a lower degree of cross-linking (larger
N) and favorable interaction with the solvent (smaller y) will
have a greater degree of swelling. In this study, the lower degree
of cross-linking (smaller N) in BW30 compared to SW30 is
proposed as the main reason for the different swelling ratios
measured from the tomography data. Studies have also shown
that the interaction parameter y scales linearly with cross-linking
density,”” thus, these two parameters have a synergistic effect on
the swelling ratio of less cross-linked polyamide membranes.

The lower degree of cross-linking of the BW30 membrane was
also confirmed with the water uptake measurements by QCM.
Figure 3C shows the water fraction (see explanation in
Supporting Information, QCM analysis section) after the
membranes reached equilibrium upon exposure to humid
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nitrogen at 86% and 93% RH. The water uptake by BW30 was
12.4% and 21.8% at 86% and 93% RH, respectively, which was
~2 times higher than that of SW30 (7.6% and 10.1%). The
increased water uptake at higher RH (i.e., water activity) is
consistent with the observation reported by Lee et al,*® and the
difference between BW30 and SW30 matches the trend in their
total volume (Figure 3B).

To further understand the relationship between the
membranes’ 3D nanostructures and their swelling character-
istics, we calculated the thickness of the “confined” layer,41
which is also referred to as a low-void-fraction layer, by
measuring the distance between two horizontal slices containing
at least 85% membrane material.>> The “confined” layers of all
membranes analyzed in this study were found to be closer to the
bottom side of the membrane, and their thicknesses were
measured to be 60/82 and 0/13 nm for dry/hydrated SW and
BW membranes, respectively (Table S1). We found that the
“confined” layer in SW30 was much thicker than that in BW30,
in agreement with Zhang et al’s*' observation by MD
simulations that a thicker middle layer tends to sorb less
water. It is also worth noting that there was no low-void-fraction
layer in dry BW30, indicating that the structure was relatively
“open”. After hydration, the low-void-fraction layer thickness
was increased to 13 nm, indicating that the polymer swelled and
expanded laterally as well as vertically to fill the “open” areas.
The lateral expansion of the polymer can be clearly observed in
Figure 3A, as the polymer fraction of each slice in the hydrated
BW30 nanostructure is higher than that of dry BW30. This 3D
expansion is in contrast to the 1D expansion proposed in other
studies,”’”"* where the thin polyamide films were considered
laterally confined or laterally infinite and the material could
stretch and expand in only one direction (i.e., away from the
support with only a change in thickness). This contradictory
observation implies that for membranes with more uniform and
less open structures that were previously studied (e.g., NF-
type,7 model mLBL,”" and SWRO-type membranes %), the
polymer chains were restricted from stretching laterally, leading
to swelling primarily in the vertical direction. As a result,
modified 1D swelling models were applicable. However, in the
current case where membranes with a more open structure are
present (i.e., BWRO-type membranes), the polymer chains are
less constricted and can expand laterally to fill the internal voids.
As suggested by Orski et al,”® thermodynamic models need to
be critically examined when there is a discrepancy between the
data (i.e., thickness) obtained from commonly used spectros-
copy techniques (e.g., X-ray reflectivity) and real-space images/
structures from microscopy. We propose that 3D character-
ization using TEM and cryo-TEM tomography provides a more
accurate basis for developing comprehensive models and better
understanding of the structure—property-performance relation-
ship in polyamide RO membranes.

The difference in the membranes’ ability to sorb water and
swell was also validated from thickness calculations. Membrane
thickness is conventionally measured using ellipsometry and
from SEM/TEM images of membrane cross sections.”””® These
measurements do not necessarily yield accurate and representa-
tive values. For example, in ellipsometry, the thickness is
measured by averaging the signal originating from the beam area
(usually millimeters in diameter), which may not fully capture
the thickness variation of the membrane’s surface. This might
lead to inaccurate estimation of the actual thickness, particularly
for RO membranes, which typically have a rough ridge-and-
valley surface morphology. In cross-sectional imaging, point-to-

point thickness measurements often include open areas within
the membrane, which likely do not contribute to water transport
or salt rejection. This can result in an overestimation of the
actual thickness when modeling performance. In this study, we
propose a new method to determine the effective thickness by
considering only the polymer-containing voxels in the 3D
nanostructures obtained from tomography. We averaged this
measurement over the entire field of view to ensure reliable
statistics. This tomography-based effective thickness excludes
the effect of open or enclosed voids on the membrane thickness,
providing a more accurate representation of the actual polymer
material. Compared to cross-section analysis where only a
limited number of point measurements can be made, this
method is based on a large number of measurements, which
provide statistical information on the thickness variation within
the field of view. As illustrated in Figure 3D, the binary
orthogonal slices were first produced by reslicing the 3D
nanostructures along the y axis. From each z column in the
orthogonal slices, only the membrane voxels were counted, and
the counts of all columns (10°in a 2 X 2 ym field of view with 2
nm pixel size) within the measured area were averaged to obtain
the effective thickness. The effective thickness of dry BW30 was
measured to be 113 + 14 nm, which is significantly lower than
previous measurements by cross-section SEM, TEM, and AFM
(~150—180 nm).”” The effective thickness of dry SW30 (163 +
9 nm), on the other hand, is similar to the reported values (~170
nm),”” which is consistent with our observation of less open
spaces in SW30 compared to BW30. After hydration, the
effective thickness of BW membranes increased by 35% from
113 + 14 to 152 + 16 nm, while that of the SW membrane only
increased by 11% from 163 + 9 to 181 + 15 nm (Figure 3E).
To further evaluate changes in membrane morphology due to
hydration, we calculated the local polymer connectivity of the
membranes, which was also referred to as “local thickness” by
Song et al. for polyamide membranes*®®* and widely used in
other applications of tomography.*”®' In this method, the local
polymer connectivity at each voxel is defined as the diameter of
the largest sphere that can contain the voxel and remain inside
the membrane material. This parameter describes how the
polymer voxels in the 3D membranes nanostructures are
connected (rather than a “thickness” which would imply the
direction of water/solute transport), and while the effective
thickness is an overall and averaged description of membrane
thickness, the local polymer connectivity of the membranes
provides information on the distribution of membrane materials
and can potentially be a more descriptive characterization of
local membrane volume expansion. This metric also provides
insight into the path length of transmembrane permeation.*®
The visual rendering of this metric as spherical interconnected
volumes is also an effective tool for conveying distribution of
polymer within volume reconstructions. The orthogonal slices
of dry and hydrated BW30 (Figure 3F and Supporting
Information Movie S3) show a significant increase in local
polymer connectivity after hydration, in good agreement with
the trends seen in effective thickness and volume. This
observation was also confirmed by the local polymer
connectivity histogram shown in Figure 3G, where dry BW30
presents a unimodal distribution with a peak at 32 nm and a
maximum connectivity of 108 nm, and hydrated BW30 shows a
broader distribution with the maximum connectivity of 232 nm
with a peak at 88 nm. Similar to total volume and effective
thickness trends, the average local polymer connectivity of
BW30 increased ~3 times from 43 + 3 to 116 + 13 nm after

https://doi.org/10.1021/acsnano.5¢01190
ACS Nano 2025, 19, 16718—-16731


https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c01190/suppl_file/nn5c01190_si_004.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c01190/suppl_file/nn5c01190_si_003.avi
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c01190?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

WWW.acsnano.org

0nm

Cc Top surface of the
3D structure of SW30 membrane

350 nm B 110

Normalized top surface area O

Average roughness, R, (nm)
90 |-

3]
ol & &

RMS roughness, Rq (nm)
80 |

‘4
60 -

s 4

ol

SW30 BW30
6

Smooth hydrated surface
¥

51
ol Rough dry surface 7"
3|
2t T
1t
0 Dry | Wet Dry

SW30 BW30

Figure 4. 3D membrane nanostructures allowed accurate analysis of surface roughness and accessible surface area. (A) Top views of the surface
height map of the four membranes were generated in OmiSurf3D. (B) The average and rms roughness values of the top surface were calculated
and no significant change was observed between dry and hydrated membranes. (C) The top surface that was isolated from the 3D
nanostructures in Amira-Avizo software; this illustration shows the surface of the hydrated SW30 membrane. (D) Normalized surface area was
calculated by dividing the area of the surface by the area of the field of view. Dry membranes generally showed greater normalized top surface
area than hydrated membranes. Scale: 500 nm. The error bars represent one standard deviation among three samples of each membrane type. *:
only two reliable samples were analyzed and only the average values were reported for dry SW30.

hydration, where that of SW30 only increased ~15% from 108 =+
8 to 125 + 13 nm (Figure S13 and Table S1).

Overall, both SW and BW membranes swelled under the same
hydration conditions, with BW membranes showing more
pronounced swelling than SW membranes, as evident by the
greater increase in total volume, effective thickness, and local
polymer connectivity in BW membranes. These observations
align with the reported lower degree of polyamide cross-linking
of BW membranes compared to SW membranes.”>™%” This
difference in cross-linking is consistent with the higher operating
pressure and greater tolerance to high salinity feeds in SW
membranes. Additionally, the higher thickness of SW mem-
branes may also contribute to their higher salt rejection and
lower water permeance compared to BW membranes.”*®” In
addition to the membrane volume and thickness, we also
analyzed the enclosed void fraction content. Similar to our
previous work,”" we considered only the voids that are
completely enclosed by membrane material (i.e., enclosed
voids) (Figure S15). We found that the enclosed void fractions
of dry and hydrated SW30/BW30 membranes are all below 0.5%
(Table S3), in concurrence with our previous reports’' and in
marked contrast to earlier reports of higher values (~15—32%)
calculated from water uptake.'” We propose that this
discrepancy arises mainly from the inclusion of open voids in
other measurement techniques.””"* Given the very low enclosed
void fraction observed in all the hydrated membranes’ 3D
nanostructures, the enclosed voids are likely to have negligible
impact on membrane performance. This point was also made in
a previous modeling study using simplified film geometry.”
Specifically, it was shown how film roughness that corresponds
to greater void volume has little impact on film permeance when
the voids are enclosed, as the dominant transport resistance
comes from the layer of polymer that separates the void from the

16725

permeate space. The model also clearly showed how, on the
other hand, a clear positive correlation exists between roughness
and permeance when the voids are connected to the permeate.”’
In this context, crumpled film features that are connected to the
permeate represent favorable structures, whereas other rough-
ness features (particularly when shown in 3D, to be connected
with the feed) are merely structures that for the most part do not
contribute to transport. Based on this insight and the results
reported here, it is apparent that morphological analysis would
be best if focused on bulk polymer properties and the permeate-
connected surface morphologies of hydrated membranes.
Surface Roughness and Accessible Surface Area. The
surface morphologies of SW30 and BW30 membranes are well-
known for their crumpled, ridge-and-valley structures, which can
significantly influence the water permeance and fouling
resistance of the membranes. Previous studies have suggested
that membranes with these crumpled surface structures could
have increased accessible surface and effective filtration area,
thus resulting in higher water permeance.** Other studies have
also shown that the ridges and valleys on the membrane surface
can potentially accumulate foulant during the filtration
process,**® which can reduce the membrane performance.
However, the commonly used surface characterization techni-
ques (i.e., AFM and SEM) were mostly performed on a dry
membrane, whose structures, as previously discussed, are very
different from their hydrated, functional states. In this study, we
characterized the top surface morphology of both dry and
hydrated SW30/BW30 membranes using the 3D nanostructures
reconstructed from cryo-TEM tomographs to gain a more
comprehensive understanding of how membrane swelling
influences the surface roughness and surface area and assessed
whether the commonly used characterization parameters can
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reflect the difference between dry and hydrated membrane
surface morphology.

The roughness of the RO membrane surface is typically
characterized by average roughness (R,) or root-mean-square
roughness (R,) and measured with AFM or profilometry.**
Although these techniques allow the characterization of
membranes in the hydrated state (i.e., liquid-state AFM), their
accuracy is limited by the incomplete representation of the
complex surface features due to the finite thickness of the AFM
tip (Figure S16). The 3D nanostructures reconstructed from
cryo-TEM tomography provide a more accurate way of
measuring the membrane surface roughness. We computed
surface height maps of both SW30 and BW30 at dry and
hydrated states from their 3D structures (Figure 4A) and
calculated their R, and R, values (Figure 4B). The R,/R,
measured for dry SW30 and BW30 are 69.1 + 1.1/84.3 + 3.3
and 55.8 + 2.8/71.1 + 5.0 nm, respectively; these values are
consistent with the reported values measured with AFM.*’
Interestingly, we did not observe any correlation between the
increase in volume/thickness and the change in surface
roughness. As shown in Figure 4B, there was very little change
in both average and root-mean-square (rms) roughness of SW30
(<7%) and BW30 (<5%) after hydration. Despite the obvious
change in the appearance of the membranes’ surface and
significant increase in volume and thickness, the roughness of
the membranes remained relatively constant. This observation
can be attributed to the change in the ridge-and-valley structures
after hydration: when the “ridges” sorbed water and expanded
laterally, the initial “valleys” became smaller, resulting in a flatter
membrane surface. This analysis indicates that the roughness of
RO membranes may not be fully captured by R, and R values
and that the 3D nanostructures obtained from cryo-TEM
tomography could provide a more comprehensive under-
standing of how surface features change shape upon hydration
through surface topology analysis (e.g., the shape of surface
crumples®” and curvatures of surface features™”).

The reconstructed 3D nanostructures also allowed the
calculation of the accessible surface area of the membranes. In
previous reports,”>? the actual surface area of dry RO
membranes was found to be ~2—5 times greater than their
projected surface area. Kalutantirige et al.** suggested that using
the actual surface area led to better modeling and prediction of
the membranes’ water and solute transport properties. We used
the Amira-Avizo 2023.1 software package to isolate the top
surfaces from the 3D nanostructures of the membranes (Figures
4C and S17) and calculated the actual surface area and
normalized surface area (see Supporting Information for
details). The actual top surface area of the dry SW30 and
BW30 was 2.27 + 0.16 and 4.89 + 0.15 times higher than their
projected areas, respectively (Figure 4D). This finding is
consistent with previous literature reports.”” The normalized
surface area of dry BW30 is ~2 times higher than that of SW30,
probably due to the greater number of ridges and valleys, as well
as open voids on the membrane surface, as seen in Figure 2.

To further analyze the actual surface area of the membranes in
their hydrated state, we also performed surface area calculations
on the 3D nanostructures of hydrated SW30 and BW30.
Interestingly, although the height and volume of the ridges on
the membrane surface seemed to have increased by simple
observation, the normalized surface area calculated actually
decreased to 1.89 + 0.09 and 3.35 + 0.25 for SW30 and BW30,
respectively (Figure 4D). Surface area can increase for several
reasons: an increase in size, the presence of surface irregularities

(i.e., pores, voids, or modules), changes in shape, and the
division of a particle into smaller particles, creating new
surfaces.”® Klosowski et al.>* suggested different swelling
mechanisms for polyamide membranes that involve internal
and external expansion (i.e., ballooning and stretching). Thus,
we propose that the reduction in surface area of both BW30 and
SW30 after hydration can be attributed to the following
morphological changes: expansion of the polymer structure
due to swelling leads to an increase in volume and thickness;
however, the rough surface features merged into larger features,
smoothing out the irregularities and reducing the overall surface
area (Figure 4D inset, Figure S18). In addition, the open voids
on the surface decreased in size and disappeared upon union of
the rough features. The decrease in surface area upon swelling of
both membrane types demonstrates the importance of using
cryo-TEM tomography to reveal the surface structures of
hydrated membranes and using the surface areas of the hydrated
rather than dry membranes as a parameter when developing the
structure—performance relationship for polyamide RO mem-
branes.

The distribution of polymer density across the membranes is
also an important parameter in understanding the structure—
performance relationship of polyamide RO membranes, as this
distribution dictates the critical morphological features that
impact water permeance.31 Some studies suggested that regions
with lower polymer density tend to have higher water flux, and
such flux “hot spots” can potentially make the membranes more
prone to fouling.” Culp et al.’" used high-angle annular dark-
field scanning TEM tomography to demonstrate that a dense
polyamide layer in commercial dry BW and SW membranes is
located at the top surface, directly affecting membrane
performance. Looking into future research, obtaining 3D maps
of the polymer density of hydrated membranes using techniques
such as cryo-STEM tomography will be an important step for
further understanding the behavior of these membranes in real,
hydrated conditions.

CONCLUSIONS

In this work, we demonstrated that cryo-TEM tomography can
resolve the structures of polyamide RO membranes in their
hydrated (close-to-functional) state, which enabled quantitative
analyses of changes in membrane morphology upon hydration.
Although current methods for characterizing hydrated mem-
branes such as liquid-state AFM and QCM provide valuable
insight on membrane morphology and thickness, cryo-TEM
tomography offers a more detailed, high-resolution, 3D
characterization of hydrated membrane structures and therefore
enables more accurate calculations of the membrane’s character-
istics.

The presented study of hydrated membranes employing cryo-
TEM tomography is a significant step toward understanding
functional RO membrane structures. Cryo-TEM tomography
can provide accurate characterization of key properties such as
thickness and surface area, which are central for studying water
and solute transport across RO membranes. Future research
should focus on adding advanced reconstruction algorithms and
microscopy-spectroscopy techniques such as cryo-scanning
transmission electron microscopy (cryo-STEM) and electron
energy loss spectroscopy,”’ with which to better resolve the
membrane structure and reveal additional properties such as
polymer density distribution. Moreover, more realistic con-
straints (e.g, pressure applied on the top surface of the
membrane) can be applied to the membrane hydration
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procedure to gain more thorough understanding of confined
membrane swelling,91 or deswelling,92 during the real filtration
process where membranes are continuously compressed by the
feed stream.

MATERIALS AND EXPERIMENTAL METHODS

Membrane Pressurization and Isolation. SW30HRLE and
BW30XFRLE membranes (Dupont Water Solutions, Edina, MN) were
received as dried flat sheet membranes. The membranes were
compacted in a cross-flow filtration setup following previously
published protocols.>" Briefly, the membranes were operated in a
crossflow cell with ultrapure water at 225 psi for 12 h at a flow rate of 5
L/min. The compacted membranes were taken out of the cross-flow
cell and dried overnight at room temperature. To isolate the polyamide
selective film, the dried TFC membranes were immersed in
dichloromethane (DCM, >99.5%, purchased from VWR) to dissolve
the middle polysulfone layer, leading to the detachment of the
polyamide layers from the backing, which become free-floating. TEM
grids (200 mesh copper, Ted Pella) were pretreated with UV—ozone to
make the surface more hydrophilic and improve the compatibility with
wet PA films. The free-floating PA films were transferred onto the
pretreated TEM grids by directly picking them up from the DCM. The
PA films on the grids were then thoroughly cleaned in fresh DCM to
remove all residual polysulfone. The PA films were firmly attached to
the grid and did not float off during the cleaning process.

Membrane Hydration and Vitrification. The isolated mem-
branes on TEM grids were air-dried overnight to remove residual
DCM. To deposit fiducial markers to aid future computational
alignment of acquired images, 15 nm gold nanoparticles (ODI,
stabilized in 0.1 M PBS) were purchased from Sigma-Aldrich. The gold
nanoparticle suspension was diluted with 60% (volume) ethanol and
then deposited on the membrane surface by spin coating 20 yL of the
diluted solution. For dry samples, the membranes were stored at room
temperature and in ambient air until the vitrification step. For hydrated
samples, the coated membranes were placed in a custom-made humid
chamber with ~93% RH to allow overnight equilibration with vapor; 10
UL of pure water was added to the surface of hydrated membranes for
10 min in a 100% RH chamber to further hydrate the surface. Both dry
(membranes without the humid chamber and surface wetting) and
hydrated membranes were vitrified in liquid ethane by using a FEI
Vitrobot Mk. IV, and the blotting condition was set to a blotting force of
0 and blotting time of 30 s. The blotting conditions were carefully
chosen so that (1) most of the water on the membrane surface was
removed which resulted in a very thin ice layer after vitrification; thus,
the contrast in the TEM images was mostly from polymer and vacuum,
and (2) the water absorbed inside the membrane was not removed by
excessive blotting. Shorter blotting time (i.e., 20 s) resulted in a large
area of the membrane covered in thick ice which could not be imaged
under cryo-TEM and longer blotting time (i.e., 60 s) resulted in dried
areas in the hydrated samples similar to the dry ones. The vitrified
membranes were stored in liquid nitrogen until imaging.

Vapor Uptake Measurement by QCM. To ensure that the SW
and BW membranes reached equilibrium hydration within the
hydration time frame (overnight in 93% RH and 10 min of surface
wetting by pure water) described above, we performed in situ
microgravimetric measurements to measure the increase in mass of
PA membranes over the hydration period. We tested three hydration
conditions: 86% RH, 93% RH, and degassed Milli-Q water. For each
test, we allowed the system to reach equilibrium, defined as a negligible

. . n . .
constant mass increase over time (<10 zg - ), which is at least 3
cm  min

orders of magnitude lower than the initial mass increase. Gold-plated
QCM sensors (Renlux Crystal, 5.0 MHz resonant frequency) were
prepared as previously described.”® The sensors were cleaned using a
UV—ozone chamber (ProCleaner, BioForce Nanosciences), followed
by sonication in ethyl alcohol, rinsing with Milli-Q water, drying with
nitrogen, and a final additional UV—ozone treatment. Detailed QCM
measurements and analyses can be found in Section 1.1 in the
Supporting Information.

Tilt Series Images Acquisition, Tomogram Reconstruction,
and Segmentation. Membrane samples were screened before tilt
series images acquisition to ensure integrity and lack of contamination
so that there was a minimal amount of grid bending or contaminants
that would affect image/reconstruction quality. 2D cryo-TEM images
of the membrane samples were taken at 0° in a 200 kV Glacios cryo-
TEM microscope (Thermo Fisher Scientific). Screening was performed
at 28,000 magnification and 9.53 electrons/pixel/s with 60 s exposure
time. The selected samples were transferred to a 300 kV Titan Krios G3
cryo-TEM microscope (Thermo Fisher Scientific) for imaging. Since
wetting the membranes’ surface with droplets of water resulted in an
uneven distribution of ice on the samples, some areas of the membranes
had higher contrast and could be imaged better as they have a thinner
ice layer. Thus, we imaged abundant areas with a thin layer of ice where
the membrane structures underneath can be clearly resolved. Images
were taken at 87,000X magnification, a pixel size of 0.5 nm, and an
electron dose of ~26 electrons/pixel/s (~1.2 electrons/A?/s). Samples
were tilted from 60 to —60° in 1° increment (121 images per sample),
and the tilt was alternated between positive and negative angles (i.e., 0,
-1,1,-2,2,-3,3°%) (ie., the dose-symmetric tilt scheme) to prevent
overexposing of one side of the membrane under the electron beam and
the sample damage that would gradually build up during continuous
tilt.”* The exposure time at each angle was ~4 s, resulting in a total
exposure time of ~500 s. During the tilt series collection, a defocus of
~3—4 pum was used to enhance the contrast of the features. The
eccentricity was maintained automatically by SerialEM software.

Tilt series images were first binned by 4 in the x and y directions to a
pixel size of 2 X 2 nm and then reconstructed by IMOD 4.11%° using the
FBP algorithm. Alignment of the tilt series images was achieved by
tracking the gold fiducials in each image. The reconstructed tomograms
were 4 X 6 pum, and a center area of 2 X 2 um was cropped for
segmentation to avoid reconstruction artifacts (e.g., streaking caused by
the missing wedge) near the edge.

Segmentation of the grayscale tomograms was performed in 3D
Slicer software. A thresholding and manual correction method was
used: for a single slice, a thresholding pixel intensity was set and the
image was binarized, followed by manual correction (e.g., painting the
edge between the membrane and vacuum/ice, removing artifacts) to
account for any errors, as shown in Figure S9. The procedure was
repeated for every 10—20 slices, and the complete segmentation was
interpolated by the built-in “Grow from seeds” function in 3D Slicer
with a seed locality of 0.1. For slices with low contrast (e.g., near the
bottom of the membranes, hydrated membranes with poor contrast
between the membrane and water), the thresholding and manual
correction procedures were performed for each slice without software
interpolation. Smoothing filters (opening filter (3 X 3 X 3 pixels) to
remove extrusion, median filter (3 X 3 X 3 pixels), and Gaussian filter (2
X 2 X 2 pixels)) were applied to remove artifacts and fuzziness caused
by software interpolation.

Volume, Thickness, and Voids Analysis. Quantitative analysis of
membrane properties (volume, thickness, etc.) was performed on three
reconstructed structures for each membrane type. Only two
reconstructions were performed on dry SW30 since only two of the
tilt series collected are clear and free of contamination, which were good
to reconstruct. The number of membrane voxels was calculated with the
built-in “Segmentation statistics” function in 3D Slicer. The volume of
the membrane was calculated by multiplying the number of membrane
pixels and the size of each voxel (8 nm®). The polymer fraction of each
membrane was generated with the built-in “Segmentation cross-section
area” function in 3D Slicer. When comparing two numerical values, we
performed a t-test with two independent samples to determine whether
the values were significantly different from each other. We defined that
the two properties were significantly different when their p values were
lower than 0.1 and not different otherwise. For comparisons involving
dry SW membranes, only the difference in average numbers was
reported and this was specially noted in relevant figure captions.

Effective thickness was calculated from the orthogonal slices of the
3D structures. The reconstructed binary models were first resliced in
the y direction in Image]J to generate the binary orthogonal slices. For
each binary slice, the number of membrane pixels in each z-column was
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counted and then averaged over the total number of columns (10° from
a 1000 X 1000 pixels field of view) to obtain the average effective
thickness. Columns with no membrane pixels (ie., through holes
caused by reconstruction and segmentation artifacts) were excluded
from this calculation. Local thickness of each membrane was calculated
in Image] with the “Local thickness” plugin.*' Low-void-fraction layer
thickness was defined as the distance between two horizontal slices
containing at least 85% membrane materials®® and was calculated from
the polymer fraction data mentioned above.

Enclosed voids were defined as isolated spaces within the membrane
structure that are not connected to either the feed or permeate sides.
The enclosed voids fraction was calculated using eq 1

\%4

voids

v

enclosed void fraction =

oids

1

where V4, represents the volume of voxels designated as enclosed
voids and Vg, represents the volume of voxels designated as
membrane material. To identify voids within the membrane structure,
we used Amira-Avizo software, version 2023.1 (Thermo Fisher
Scientific). We applied the “auto thresholding” method to the
segmented binary horizontal slices to select only the “low” voxels
with a zero value and obtained the inverted structure (i.e., the structure
of open and enclosed voids). Next, the “axis connectivity” option was
applied with a neighborhood of 26 (to include voxels sharing at least
one common vertex) and z-axis orientation. This step generated a
binary image containing all paths connecting the two planes of the
image’s bounding box. We then subtracted the “connected” voxels (i.e.,
open voids that connect to the top or bottom) from the inverted
structure, resulting with solely the unconnected voxels, which represent
the enclosed voids. Various steps were taken to minimize the errors
during the calculation of the enclosed void fraction, and details can be
found in Section 1.2 in the Supporting Information.

Surface Roughness and Accessible Surface Area Analysis.
The roughness of the top surfaces of the membranes was calculated in
Omnisurf3D software by using the reconstructed 3D nanostructures.
The structures were preprocessed to interpolate missing pixels (i.e.,
through holes caused by artifacts) in the software, and the pixel with the
lowest height was defined as height = 0 nm. The average roughness (R,)
and rms roughness (Rq) was calculated in the software using the
preprocessed structures.

Amira-Avizo software was used to calculate the top surface area of the
reconstructed 3D structures. We first generated the top and bottom
surfaces using the “generate surface” option on the 3D segmented
membrane model, which computes a triangular approximation of the
interfaces between different materials (e.g., between the membrane and
vacuum/water). The sum of the top and bottom surface areas was
calculated with the software. The top surface was first cropped away,
and the bottom surface area was calculated; the top surface area was
then obtained by subtracting the bottom surface area from the sum area.
Examples of extracted surfaces can be found in Section 1.3 in the
Supporting Information.
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Movie S1: Beam exposure series of dry SW30 membrane.
No bubble formation was observed, indicating no water
content in the membrane (AVI)

Movie S2: Beam exposure series of hydrated SW30
membrane. Bubbles were formed under beam damage,
indicating the polymer was hydrated and swollen (AVI)
Local polymer connectivity of the hydrated BW
membrane (AVI)
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