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A B S T R A C T   

Membrane deformation under an applied hydraulic pressure, often termed compaction, is observed in almost all 
pressure-driven membrane processes. Most notably, compaction decreases water permeability in conventional 
reverse osmosis (RO) and is expected to critically hinder high-pressure reverse osmosis (HPRO) for hypersaline 
brine desalination. In this work, we demonstrated that compaction decreases the water permeability of com
mercial RO membranes from 2.0 L m 2 h 1 bar 1 at 70 bar applied hydraulic pressure to 1.3 L m 2 h 1 bar 1 at 
150 bar. The morphological effects of compaction were primarily associated with changes in the support layer, 
where a ~60% decrease in cross-sectional thickness is observed following compaction at 150 bar hydraulic 
pressure. In contrast, positron annihilation lifetime spectroscopy demonstrates that the selective layer does not 
compact irreversibly. The mechanism that drives compaction was found to be the difference in hydraulic pres
sure across the interface of the selective and support layers. We further found that compaction can reduce the 
support layer surface porosity by up to ~95%. This decreased porosity is identified as the cause for compaction- 
induced water permeability decline, while the intrinsic permeability of the selective layer is not influenced by 
compaction. As such, we conclude that compaction of the support layer has an inextricable impact on composite 
membrane performance. Finally, we propose recommendations for developing compaction-resistant membranes 
that can maintain high water permeability, and thus good desalination performance, in high-pressure membrane 
applications, such as HPRO.   

1. Introduction 

The rising global demand for water and the need to protect envi
ronmental water sources will require a renewed focus on wastewater 
management and beneficial reuse in the coming decades [1]. In partic
ular, more rigorous wastewater treatment is needed from industrial 
sources to curtail the potential negative effects of unsafe wastewater 
disposal [2]. High-salinity wastewaters are particularly challenging to 
treat due to the amalgam of contaminants potentially present at high 
concentrations, thus requiring unique treatment and management stra
tegies [3]. In some circumstances, increasing economic and regulatory 
stressors are driving management efforts toward zero liquid discharge 
(ZLD) and minimal liquid discharge (MLD) brine management practices 
[4]. For high salinity wastewaters, these practices require brine 

desalination which currently relies on energy-intensive thermal sepa
ration technologies [2]. 

Recently, high-pressure reverse osmosis (HPRO), has been proposed 
as an alternative brine desalination and concentration technology [5]. 
HPRO seeks to leverage the inherent energy efficiency of conventional 
reverse osmosis (RO) for the desalination of high salinity brines. Con
ventional RO is limited to a maximum pressure of ~80 bar due to poor 
membrane performance above this pressure and limitations in module 
and pressure vessel designs [6]. At 80 bar, saline feed streams can be 
concentrated to a retentate concentration of ~70,000 mg L 1 total dis
solved solids (TDS). The retentate stream must then be disposed or 
desalinated with energy-intensive thermal technologies. In contrast, 
HPRO operating at hydraulic pressures of 150 bar or 300 bar could 
potentially reach retentate concentrations of ~150,000 mg L 1 TDS or 
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~250,000 mg L 1 TDS, respectively [5]. Doing so would minimize the 
volume of difficult-to-dispose retentate while increasing the quantity of 
permeate that can be reused. Due to the inherent efficiency of 
membrane-based processes, HPRO is expected to consume 2- to 3-fold 
less energy for brine desalination than state-of-the-art thermal desali
nation technologies [5]. 

The high pressures and salinities associated with HPRO will incur 
new design challenges. Namely, novel membrane module and pressure 
vessel designs may be needed to withstand higher applied pressures. In 
addition, measures must be taken to control corrosion at high brine 
concentrations where typical stainless-steel alloys corrode. Inorganic 
scale formation by sparingly soluble salts must also be mitigated at high 
water recovery ratios. Despite these challenges, the greatest knowledge 
gap in the development of HPRO is the impact of high applied pressures 
on membrane performance and physicochemical properties. Applied 
pressure is known to cause membrane compaction, or deformation, in 
conventional RO, resulting in decrements to membrane water perme
ability. Compaction is likely more severe in HPRO due to the use of 
increased applied hydraulic pressures, but its effects on membrane 
structure and water permeability remain unknown. 

Compaction is widely observed in all pressure-driven membrane 
processes, including microfiltration (MF) [7–9], ultrafiltration (UF) 
[10–12], nanofiltration (NF) [13–15], and RO [16–18]. The decrease in 
water permeability associated with compaction requires higher applied 
operating pressures, and thus higher energy consumption, to maintain a 
constant water flux. Despite the ubiquity of compaction in membrane 
processes, its fundamental behavior remains poorly understood. Several 
works have sought to develop a predictive correlation for the relation
ship between hydraulic pressure, membrane deformation, and water 
permeability [19–21]. Nevertheless, it is not feasible to develop a uni
versal understanding, that is applicable to all membranes, due to the 
strong dependence of deformation behavior on varying membrane 
morphologies and chemical compositions. 

The role of compaction becomes more unclear for RO and NF 
membranes, which typically have a thin film composite (TFC) structure. 
TFC membranes comprise two distinct layers: the selective layer and the 
support layer [22,23]. The selective layer is a thin film, typically 
cross-linked polyamide, with small free-volume elements (diameter ~ 4 
Å [24]) which give rise to the membrane’s intrinsic water–salt perm
selectivity. The poor mechanical integrity of this thin polymer layer 
cannot sustain the applied pressures of NF and RO; therefore, it is 
formed on a porous support layer (thickness O ~ 100 μm) [25,26]. 
Polysulfone (PSf) and polyethersulfone (PES) are commonly used sup
port materials due to their simple processability, low cost, and thermal 
stability [27]. 

The composite nature of TFC membranes has raised questions about 
the effects of compaction in both the selective and support layers. In 
response, several works have developed resistors-in-series or visco
elastic models to describe the cumulative impacts of compaction in each 
membrane layer [21,28–30]. A highly porous region of the membrane, 
such as the support layer, is often believed to deform more severely than 
other membrane components [18–21,30–33]. Accordingly, support 
layer deformation may contribute substantially to compaction-related 
decrements in TFC water permeability [18,30]. In addition, deforma
tion at the interface of the support and selective layers has been sug
gested to reduce the effective membrane surface area, and thus play a 
dominant role in permeability decline [34]. Furthermore, other studies 
claim the support layer transport resistance is so low that any change in 
water permeability must result from compaction of the selective 
layer—albeit without directly observing selective layer deformation 
[16,28,29]. As such, there is no clear consensus as to which membrane 
layers are impacted by compaction and, more importantly, how they 
influence membrane water permeability. 

In this study, we report on the fundamental nature of compaction in 
TFC membranes and its role to decrease water permeability in pressure- 
driven membrane processes. A first-of-its-kind bench-scale HPRO 

apparatus was developed to study compaction at conventional RO 
pressures (i.e., 70 bar) and in HPRO (i.e., 150 bar). High-resolution 
electron microscopy enables us to separately characterize the mem
brane layers impacted by compaction, while also measuring the size of 
free-volume elements with positron annihilation lifetime spectroscopy. 
We propose mechanisms to describe compaction in TFC membranes 
based on experimental evidence presented in this study. Critically, we 
identify the membrane properties that change in response to compaction 
and their role in overall water permeability. In doing so, we identify 
several material properties which must be improved to yield 
compaction-resistant membranes in order to increase energy efficiency 
in conventional RO and HPRO. 

2. Materials and methods 

2.1. Materials 

Tri-mesoyl chloride (TMC, 98%), m-phenylenediamine (MPD, 99%), 
and citric acid (ACS reagent grade) were purchased from Sigma Aldrich 
(St. Louis, MO). Isopropyl alcohol (IPA, ACS reagent grade), hexane 
(95% n-hexane), and isobutyl alcohol (IBA, ACS reagent grade) were 
purchased from J.T. Baker (Phillipsburg, NJ). Ethanol (200 proof) was 
purchased from Decon Laboratories, Inc. (King of Prussia, PA). All re
agents were used as received. Deionized water was obtained from a 
Milli-Q Ultrapure water purification system (Millipore, Billerica, MA). 

Commercial SW30-XLE membranes were purchased from Dupont 
Water Solutions (Wilmington, DE). Sepro PS20 polysulfone (PSf) ultra
filtration membranes were purchased from Sepro Membranes (Ocean
side, CA) and used as support layers for TFC membrane fabrication via 
interfacial polymerization. All membranes were wetted prior to use in an 
aqueous solution of 25 wt% IPA for 30 min followed by three exchanges 
of DI water for 30 min each. Wetted membranes were stored in DI water 
at 4 �C. 

2.2. High-pressure reverse osmosis experiments 

2.2.1. High-pressure reverse osmosis experimental apparatus 
A bench-scale crossflow HPRO apparatus was constructed in order to 

characterize membranes at hydraulic pressures up to 150 bar (Fig. S1). A 
pump (Wanner Engineering, Inc., Minneapolis, MN) circulates water 
from the feed reservoir through a custom-built membrane cell. An in- 
line polypropylene cartridge filter (1 μm) is located upstream of the 
pump. The crossflow velocity is controlled by redirecting a portion of the 
total pump output to bypass the membrane cell. The permeate flowrate 
(i.e., water flux) is measured with an optical flow meter (Tovatech, 
Maplewood, NJ). The bypass, permeate, and retentate streams are all 
returned to the feed reservoir. 

The custom-built membrane cell primarily comprises Delrin® acetal 
resin (Dupont, Wilmington, DE) which has been machined to the desired 
specifications. Briefly, the membrane is placed between two cell plates 
which are bolted together. The lower plate contains inlet and outlet 
ports for the feed and retentate streams, respectively, and a rectangular 
feed channel that is 7.7 cm long, 2.5 cm wide, and 0.3 cm high. A 
rectangular gland surrounds the feed channel and contains an O-ring 
which forms a face seal with the membrane surface when the top cell 
plate is bolted onto the permeate side of the membrane. A porous 
stainless-steel frit is embedded in the top cell plate to support the 
permeate side of the membrane while allowing water to exit the cell 
from an outlet port behind the frit. 

Temperature in the HPRO apparatus is controlled by a recirculating 
chiller (Cole-Parmer, Vernon Hills, IL) with a cooling coil placed in the 
feed reservoir. A pressure relief valve (Wanner Engineering, Inc., Min
neapolis, MN) is located immediately downstream of the pump to pre
vent the system from exceeding the pump’s pressure rating (170 bar). A 
real-time pressure control system regulates motor speed to maintain a 
specified pressure setpoint and halt the pump if the pressure deviates 
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from a predetermined range. All experiments were performed at a 
crossflow velocity of 0.33 m s 1 and a temperature of 25 �C. Water 
permeability coefficients of commercially-available membranes are 
consistent with those presented in previous works [35,36], confirming 
the reliability of our HPRO setup. 

Despite all wetted metal components consisting of type 316 stainless 
steel, corrosion was occasionally observed. Regular cleaning and 
repassivation of the stainless steel were performed to restore its corro
sion resistance. To do so, the Delrin® membrane test cell was first 
removed from the system as it is not stable at the pH conditions used 
during cleaning and repassivation. Dawn® dish soap (Proctor & Gamble, 
Cincinnati, OH) is then added to the system at an approximate con
centration of 0.25 vol% and circulated for 1 h. The system was then 
thoroughly rinsed with DI water. Citric acid (pH 2) was then circulated 
for a minimum of 3 h at 25 �C before once again thoroughly rinsing the 
system with DI water. The HPRO system was then disassembled and air- 
dried for a minimum of 48 h, allowing atmospheric oxygen to regenerate 
the chromium oxide passive layer. The system was finally rinsed with DI 
water and reassembled. 

2.2.2. Water permeability measurements 
The water permeability of commercial SW30 and TFC membranes 

fabricated in this study was measured using the HPRO crossflow setup 
described in Section 2.2.1. Membranes were sealed in the HPRO cell and 
pressurized with DI water at 30, 70, 110, or 150 bar hydraulic pressure 
while measuring water flux. The rate of pressure increase was 10 bar s 1 

and all compaction experiments were performed for 1 h unless otherwise 
stated. 

The water permeability of support layers was not measured by 
directly exposing a support layer to high hydraulic pressures due to 
excessive water flux (~1500 L m 2 h 1) at 150 bar, which does not 
accurately represent the flow of water through the support layer of a TFC 
membrane. As such, support layers were first compacted with an upside- 
down SW30 membrane placed on the feed side of the membrane at a 
hydraulic pressure of 30, 70, 110, or 150 bar for 1 h. The SW30 mem
brane was then removed and the water permeability of each support 
layer was measured separately at 10 bar hydraulic pressure. 

Membranes were supported in all experiments by placing them 
directly onto the permeate-side porous frit. As such, the impact of 
permeate spacers was not investigated in this study. Mesh-like permeate 
spacers have a significant impact on membrane deformation in module- 
scale applications [37,38]. The goal of this study, however, is to inves
tigate the fundamental nature of compaction in TFC membranes. Thus, 
the varied and complex role of spacers in membrane compaction is 
excluded in order to directly examine the morphological impacts of 
hydraulic pressure on membrane deformation. In doing so, an improved 
understanding of compaction mechanisms will assist the future devel
opment of spacers which minimize deformation in HPRO. 

2.3. Microscopy characterization 

Membrane morphology was observed using scanning electron mi
croscopy (SEM, Hitachi, SU-70, Hitachi High Technologies America, 
Inc., Schaumburg, IL) with a 2.0 kV electron acceleration potential and a 
working distance of 5 mm � 1 mm. Cross section samples were prepared 
by immersing a wetted membrane in liquid nitrogen for approximately 
60 s then pressing a razor blade against the back side of the membrane to 
fracture it. All samples were coated with iridium (8.0 nm thickness) 
using a Cressington Sputter Coater 208 HR (Watford, UK) at a current of 
40 mA. Images were adjusted for brightness and contrast using ImageJ 
software [39]. 

Samples were prepared for transmission electron microscopy (TEM) 
by first removing the polyester fabric backing and placing the membrane 
in three sequential exchanges of ethanol for 15 min each. Membranes 
were then embedded in LR White resin (Ted Pella, Inc., Redding, CA) by 
first transferring them to a 1:1 ethanol/resin (v/v) solution for 1 h 

followed by a 1:2 ethanol/resin (v/v) solution for 2 h. Membranes were 
then placed in two sequential exchanges of resin for 3 h and 2 h, 
respectively. Membrane samples were then cut into thin slices and 
placed in a polytetrafluoroethylene mold (Ted Pella, Inc., Redding, CA) 
and cured at 65 �C for 15 h. Oxygen was excluded by using Thermanox® 
coverslips (Ted Pella, Inc., Redding, CA). After curing, 50-nm-thick cross 
sections were prepared with a diamond knife (2.5 mm Ultra 45�, Dia
tome) using a Leica Ultramicrotome UC7 (Leica Microsystems, Wetzlar, 
Germany). Cross sections were mounted onto carbon type-B/formvar 
coated copper grids (Ted Pella, Inc., Redding, CA). Light-field images 
were obtained at 11.5 and 20.5 kx magnification using an FEI Tecnai 
Biotwin (LaB6, 80 kV) TEM. Images were adjusted for brightness and 
contrast using ImageJ software [39]. 

Prior to atomic force microscopy (AFM) imaging, membrane samples 
were allowed to air dry and taped to a clean glass side with double-sided 
tape. Membrane surface topography was then observed using a Bruker 
Dimension FastScan AFM with a FastScan-B tip (5 nm tip radius, Bruker, 
Billerica, MA) in tapping mode at a scan rate of 3 Hz. Images were 
processed using Nanoscope Analysis v1.9. All images were flattened 
with a second order flattening protocol and the RMS roughness 
measured. For each sample, the average roughness of three scans at each 
of five random locations was used to determine the sample roughness. 

2.4. Positron annihilation lifetime spectroscopy 

The size of free-volume elements in SW30 selective layers was 
measured via positron annihilation lifetime spectroscopy (PALS). PALS 
measurements were performed with the pulsed low energy positron 
beam system (PLEPS) at the neutron induced positron source Munich 
(NEPOMUC) located at the FRM-II reactor in Garching, Germany 
[40–43]. Implantation energies of 0.75, 1.0, and 1.5 keV were used 
under ultra-high vacuum conditions and lifetime spectra were recorded. 
The implantation depths at each energy were calculated [44] knowing 
the polymer density of polyamide to be 1.26 g cm 3 [45]. An energy of 
1.0 keV corresponds to a mean implantation depth of ~25 nm, indi
cating it predominately measures voids present in the selective layer. 
Surface effects and the influence of the support layer were observed at 
0.75 and 1.5 keV, respectively. As such, results are only reported for an 
implantation energy of 1.0 keV. For each spectrum, 4 million counts 
were collected at a rate of ~10,000 ct s 1 and a time resolution of ~250 
ps. The measured spectra were deconvoluted from the background 
signal and the instrument resolution function, which was determined by 
measuring p-doped SiC, a standard sample with well-known lifetimes. 
All spectra were evaluated with PALSfit3 software [46]. The best fitting 
results are found for models containing four lifetime components (p-Ps, 
free eþ, and two o-Ps: τ3 and τ4) and have good overall fit variances 
below 1.2. 

2.5. Interfacial polymerization of thin film composite membranes 

Polyamide TFC membranes were synthesized via interfacial poly
merization (IP) on a PSf support layer following our previously reported 
studies [47,48]. In brief, a wetted PSf support was taped to a clean glass 
slide with water-proof tape (Fisher Scientific, Inc., Billerica, MA). An 
aqueous solution of 3.3 wt% MPD was dispensed onto the support layer 
and allowed to contact it for 120 s. The solution was then discarded and 
an air knife used to remove any remaining solution. A solution of 0.15 wt 
% TMC in hexanes was then dispensed onto the support layer and 
allowed to contact it for 60 s. This solution was then discarded and the 
membrane was placed vertically for 120 s to air dry. Membranes were 
finally placed in a water bath at 70 �C for 120 s before storing in DI water 
at 4 �C. 

2.6. Liquid-liquid porosimetry 

Pore size distributions (PSDs) of compacted PSf support layers were 
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measured using a liquid-liquid porosimetry technique [49,50]. Solutions 
were prepared by mixing equal parts DI water and isobutyl alcohol (IBA) 
in a separator funnel, shaking vigorously, and allowing the mixture to 
reach equilibrium after a minimum of 15 h. The aqueous-rich phase was 
then collected to be used as the wetting liquid and the alcohol-rich phase 
collected to be the displacement liquid. 

Support layers were compacted following the protocol described in 
Section 2.2.2, with an upside-down SW30 on top of them. Following 1 h 
of compaction, the support layer was placed in a custom-built dead-end 
filtration cell which was filled with the previously-prepared wetting 
liquid. The feed pressure was sequentially increased from 0 to 6.9 bar 
hydraulic pressure over 5 min to fully wet the membrane with the 
aqueous-rich wetting liquid. The wetting liquid was then emptied from 
the feed reservoir and replaced with the alcohol-rich displacement 
liquid. The pressure was again sequentially increased from 0 to 6.9 bar 
over 20 min. Permeate flow through the support layer was measured 
with a custom-built optical drop counter described previously [51]. As 
the pressure increases, pores of decreasing size will be wetted by the 
displacement liquid based on the following equation [49]: 

P¼
2γ
r

(1)  

where P is the applied pressure, γ is the interfacial tension between the 
two liquids (1.7 mN/m) [49], and r is the wetted pore radius. 

The number of pores wetted at each pressure step can be calculated 
to determine the pore size distribution (PSD). The total flowrate through 
wetted pores, at any pressure step, is calculated by the following equa
tion [49]: 

Qi ¼
Xi

k¼1

nkπr4
k Pi

8ηl
(2)  

where Qi is the total flowrate and Pi is the applied pressure at a given 
pressure step, i, η is the dynamic viscosity of the displacement liquid, and 
l is the pore length, taken as the membrane thickness measured via SEM. 
For each pressure step below step i, the number of pores and radii of each 
pore are given by nk and rk, respectively. The number of pores at each 
pressure step can be calculated with Eq. (2) and, knowing their size with 
Eq. (1), the PSD can be determined. Knowing the total area of the 
membrane sample, Am, the surface porosity (ε) of the membrane can 
then be calculated by the following equation: 

ε¼ 1
Am

Xi

k¼1
nkπr2

k (3)  

3. Results and discussion 

3.1. Compaction of commercial thin film composite membranes in HPRO 

3.1.1. Impact of pressure on water permeability 
The relationship between applied hydraulic pressure and water 

permeability is defined by the solution-diffusion transport model for 
dense membranes [52]. Here, the pure water flux, Jw, through a given 
membrane is a product of the water permeability coefficient, A, and the 
difference between the applied hydraulic pressure, ΔP, and the osmotic 
pressure difference across the membrane. When characterizing the pure 
water permeability (i.e., with no solutes present), the water perme
ability coefficient can be calculated directly as A ¼ Jw

ΔP. The water 
permeability coefficient of a membrane is generally considered to be 
constant; however, deviations are often observed and most commonly 
attributed to compaction, fouling, or a combination of the two effects 
[53]. 

We measured the water permeability coefficient of SW30, a con
ventional RO membrane used for seawater desalination, during opera
tion at various hydraulic pressures (Fig. 1A). Our results suggest the 

greatest effects of compaction occur instantaneously when pressure is 
applied and very little time-dependent compaction is observed over 12 h 
(Fig. S2). The water permeability coefficient reaches steady-state in less 
than 1 h and a strong negative correlation is observed with increasing 
hydraulic pressure (Fig. 1B). The steady-state water permeability coef
ficient decreases by 35% from 2.0 L m 2 h 1 bar 1 at 70 bar to 1.3 L m 2 

h 1 bar 1 at 150 bar as a result of increased compaction. The decreased 
water permeability at high applied pressures will lead to reduced water 
fluxes, consequently increasing energy consumption in conventional RO 
and HPRO processes. 

3.1.2. Impact of pressure on the polysulfone support layer structure 
The cross-sectional membrane morphology of compacted SW30 was 

observed with SEM to understand the impact of hydraulic pressure on 
membrane deformation (Fig. 1C–G). While SEM is ideal for studying the 
support layer, its limited resolution prevents it from being a viable 
technique to study selective layer morphology. As the applied hydraulic 
pressure is increased, an incremental decrease in the support layer cross- 
sectional thickness is observed (Fig. 1B). Specifically, the support layer 
thickness decreases precipitously from 63 μm for pristine SW30 (i.e., no 
applied pressure) to 26 μm following compaction at 150 bar. For soft 
porous materials, such as the PSf support layer, a decreased thickness 
leads to decrements in the void volume, or volumetric porosity [19,54]. 
This behavior is clearly visible, particularly in the case of finger-like 
macrovoids which are completely collapsed after compaction at 150 bar. 

It is important to note that compaction can be both reversible and 
irreversible in nature [11,20,55–58]. That is, after the removal of 
applied pressure, deformed polymer chains may relax slightly such that 
the effects of compaction are partially reversed. Because this relaxation 
has been shown to largely occur immediately after pressure release [20, 
57], SEM is likely only able to observe irreversible compaction. After 
compaction at high hydraulic pressures, the water permeability of a 
compacted membrane increases slightly when tested at lower pressures, 
but remains within 0.2 L m 2 h 1 bar 1 of the water permeability at its 
highest compaction pressure (Fig. S3). As such, the greatest effects of 
compaction appear to be irreversible, which has also been demonstrated 
in literature [20,56,58]. Therefore, the irreversible compaction 
observed by SEM provides valuable insight into membrane deformation. 

An improved understanding of the mechanics behind support layer 
compaction can be gained when the support layer is considered to be an 
open-cell polymer foam [30,59]. Cellular solids compact under a 
compressive load according to four well-defined stages of deformation 
(Fig. S4) [60,61]: (i) elastic behavior up to a peak stress level where 
deformation is dominated by elastic (i.e., reversible) bending of cell 
walls; (ii) post-peak softening, where cell walls begin to deform plasti
cally (i.e., irreversibly); (iii) a plateau region where very little 
compressive force is needed to increase strain—observed as a decrease 
in overall thickness—as cells collapse; (iv) a densification region where 
compressive force must increase substantially to cause further irre
versible deformation, resulting from an increase in porous material 
strength as collapsed cell walls contact each other. 

The irreversible deformation observed in SEM (Fig. 1C–G) is evi
dence that the support layers have compacted beyond their elastic and 
post-peak softening limits. The significant decrease in membrane 
thickness indicates support layer deformation likely extends into the 
plateau region, which is dominated by cell (i.e., pore) collapse. Porous 
voids remain visible in all SEM cross sections and TFC support layer 
porosity is measurable following compaction at each hydraulic pressure 
(discussion provided in Section 3.3.1). This observation suggests the 
membrane support layer does not reach the densification regime, even 
after compaction at 150 bar hydraulic pressure. 

3.1.3. Impact of pressure on the polyamide selective layer 
The size of free-volume elements in TFC membrane selective layers 

can be measured with PALS. In brief, membranes are exposed to a source 
of positrons, the antiparticle of electrons. Following thermalization, a 
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positron may capture an electron and form an unstable hydrogen-like 
element, positronium (Ps). This particle is trapped inside selective 
layer free-volume elements until it decays. The lifetime of ortho-Ps (o- 
Ps) can be extracted from the measured PALS spectra and is directly 
correlated to the size of free-volume elements according to the Tao- 
Eldrup model [62,63]. Additionally, relative changes in the abundance 
of free-volume elements can be estimated from the intensity of o-Ps 
lifetimes in some cases. 

The average radius of pristine SW30 free-volume elements measured 
by PALS is 0.246 nm and no significant change is observed following 
compaction up to 150 bar hydraulic pressure (Fig. 2A). These element 
radii, measured at a mean implantation depth of ~25 nm, are consistent 
with other reported values for SW30 [64]. The free-volume element size 
is independent of compaction pressure, indicating selective layers did 
not compact irreversibly or undergo a morphological change following 
the application of high pressure. The intensity of o-Ps, an indicator of the 
relative presence of free-volume elements, is also relatively constant for 
SW30 membranes at each compaction pressure (Fig. S5). Therefore, 

despite a decrease in the water permeability of SW30 membranes at high 
hydraulic pressure (Fig. 1B), PALS proves that compaction does not 
impact the size and relative quantity of selective layer free-volume 
elements. 

Analysis of the selective layer cross-sectional morphology was con
ducted with TEM to observe the effects of compaction up to 150 bar 
hydraulic pressure (Fig. 2B–D and Fig. S6). Here, we observe the 
traditional ridge-and-valley structure of polyamide films formed via IP. 
Wrinkling of the resin, marked by dark creases, is found in Fig. 2C and a 
slight separation between the selective and support layers is observed in 
Fig. 2D—both common artifacts associated with TEM sample prepara
tion [65]. Critically, there is no evidence of irreversible deformation of 
the selective layer following compaction at 150 bar when compared to 
pristine membranes. The total thickness of the selective layer is 
approximately 200 nm (Fig. 2B) while the nodular base of the polyamide 
film is roughly 50 nm, typical for RO polyamide films [65–67], 
regardless of compaction hydraulic pressure. 

We further measured the morphology of the selective layer top 

Fig. 1. Characterization of commercially-available 
SW30 thin film composite membranes following 
compaction at hydraulic pressures up to 150 bar. 
Error bars represent the standard deviation of multi
ple experiments with n � 3. (A) Water permeability 
coefficient of SW30 at hydraulic pressures up to 150 
bar. (B) Steady state water permeability coefficient of 
SW30 (left axis) and cross-sectional thickness of the 
polysulfone support layer following compaction (right 
axis). (C–G) Scanning electron microscope (SEM) 
cross-sectional images of (C) pristine SW30, (D) SW30 
compacted at 30 bar, (E) SW30 compacted at 70 bar, 
(F) SW30 compacted at 110 bar, and (G) SW30 com
pacted at 150 bar. All membranes were compacted for 
1 h and the scale bar is applicable to all SEM images.   

Fig. 2. Characterization of SW30 thin film composite 
membrane selective layers following compaction at 
hydraulic pressures up to 150 bar. (A) Selective layer 
free-volume element radius, corresponding to the τ3 o- 
Ps lifetime, measured with PALS, as a function of the 
hydraulic pressure of compaction. The reported values 
originate from a positron mean implantation depth of 
~25 nm. Error bars represent the statistical errors 
resulting from the measurement data and fitting 
models. (B) Impact of the hydraulic pressure of 
compaction on selective layer thickness (from the 
bottom of the nodular base to the top of ridges present 
on the film surface at three random locations on three 
different images) measured from transmission elec
tron microscope (TEM) images (left axis) and RRMS 
surface roughness measured via atomic force micro
scopy (AFM) at five random locations (right axis). 
Error bars represent the standard deviation of multi
ple measurements. (C–D) TEM cross-sectional images 
of (C) pristine SW30 and (D) SW30 compacted at 150 
bar hydraulic pressure. The ridge-and-valley struc
tures indicate the polyamide selective layer, the dark 
gray substrate is the electron-dense polysulfone sup
port layer, and the light gray region is the sample 
embedding resin. The scale bar is applicable to both 
TEM images. (E–F) AFM surface images of (E) pristine 
SW30 and (F) SW30 compacted at 150 bar hydraulic 
pressure. The scale bars are applicable to both AFM 
images.   
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surface with AFM. No discernible difference is observed between the 
pristine and compacted selective layers (Fig. 2E and F and Fig. S7). 
Specifically, the root mean square roughness (RRMS) of the pristine SW30 
membrane is similar to that of compacted membranes (Fig. 2B). This 
observation is significant because the larger effective membrane surface 
area provided by a high surface roughness is believed to increase the 
water permeability of TFC membranes [68]. As such, we can conclude 
that compaction-induced water permeability decline is not a result of 
changes in membrane surface roughness. Further, no impact can be seen 
on the physical characteristics of the polyamide film that were measured 
in this study (i.e., thickness and roughness), suggesting the selective 
layer experiences negligible irreversible compaction. 

3.2. Elucidating the mechanisms of thin film composite membrane 
compaction 

Our thorough characterization of compacted SW30 membranes il
lustrates that compaction influences mostly, if not only, the support 
layer. Despite the evident physical effect of compaction in TFC mem
branes, its fundamental mechanism remains unknown. Fig. 3A depicts 
the hydraulic pressure profile assumed by the widely-accepted solution- 
diffusion model for mass transport in TFC membranes [52]. In this 
model, hydraulic pressure is constant in the selective layer and equal to 
the pressure applied to the membrane surface. As a result, the full 
pressure drop is believed to occur at the interface between the selective 
and support layers. However, it should be noted that the assumed 
pressure profile has not been experimentally proven except through 
validation of the solution-diffusion model [52,69,70]. 

Following observations that compaction is only observed in support 
layers, while selective layers appear unchanged, we propose the 
following mechanism to explain the role of hydraulic pressure to cause 
compaction in TFC membranes (Fig. 3B and C). The total pressure in 
compressible porous media is the sum of the fluid hydraulic pressure and 
any mechanical stress that may be exerted on the solid matrix (i.e., the 

support layer solid material) [71]. Fig. 3B depicts the role of a difference 
in hydraulic pressure across the support and selective layer interface, 
ΔP, to generate a compaction force which is exerted on the solid matrix 
of the support layer. Immediately when pressure is applied (t ¼ 0), a 
pressure difference exists such that the hydraulic pressure acting on the 
selective layer, PA, is much higher than the hydraulic pressure inside the 
support layer, Pi. This difference in hydraulic pressures generates a 
force, FA, that is exerted onto the region of lower hydraulic pressure (i.e., 
the support layer). This force will act on the support layer solid matrix, 
increasing mechanical stress, until it is balanced by an equivalent re
action force in the opposite direction, FR, which arises due to deforma
tion of the support layer solid matrix (Fig. 3C). This mechanical stress 
generates a reaction force in the support layer as a result of, amongst 
others, a recoil force due to polymer chain elongation, increased chain 
entanglement, or steric hinderance as polymer chains contact one 
another [72–75]. 

Several experiments were performed to validate the compaction 
mechanisms proposed in this study. First, two SW30 membranes—
stacked with their selective layers facing each other—were compacted at 
150 bar hydraulic pressure (Fig. 4A). SEM images show the bottom 
membrane compacted substantially more than the upside-down mem
brane. A high cross-sectional thickness and the presence of macrovoids 
in the top membrane indicate it did not compact when hydraulic pres
sure was applied to the support layer side of the membrane. This 
behavior can be quantified by placing a PSf support layer on top of a TFC 
SW30 membrane (Fig. 4B). These stacked membranes were compacted 
at hydraulic pressures up to 150 bar before they were separated. Their 
water permeabilities were then measured individually at 10 bar hy
draulic pressure. The water permeability of the PSf support layer 
remained unchanged after compaction; whereas, the water permeability 
coefficient of SW30 decreased as a function of the hydraulic pressure of 
compaction (Fig. 4B). 

These results support the proposed mechanism that a difference in 
hydraulic pressure is needed to generate a compaction force that exerts 

Fig. 3. Schematic depicting compaction mechanisms 
in TFC membranes. Red labels represent hydraulic 
pressures and white arrows signify forces. (A) The 
hydraulic pressure gradient across the selective and 
support layers of a thin film composite membrane 
based on the solution-diffusion model. Here, PA is the 
applied hydraulic pressure, Pi is the hydraulic pres
sure inside the support layer, P0 is the hydraulic 
pressure of the permeate (i.e., atmospheric pressure), 
and ΔP is the hydraulic pressure differential between 
PA and Pi. The pressure profile depicted here follows 
the solution-diffusion model which assumes the hy
draulic pressure in the selective layer is equal to the 
applied hydraulic pressure [52]. (B) The effect of a 
hydraulic pressure difference to generate a compac
tion force acting on the support layer. Immediately 
when pressure is applied (t ¼ 0), the hydraulic pres
sure difference between the feed-side applied pres
sure, PA, and the hydraulic pressure inside the 
membrane, Pi, causes a force, FA, to be applied across 
the selective layer–support layer interface. This force 
is much greater than the reaction force, FR, of the 
support layer, and thus FA is applied to the support 
layer solid matrix, which causes deformation. (C) At t 
> 0, the compacted support layer deforms such that it 
generates a reaction force, FR, exerted on the selective 
layer. When compaction reaches steady state, the 
mechanical stress of the support layer generates a 
reaction force that balances the applied force, FA, and 
prevents further membrane deformation. (For inter
pretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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mechanical stress on the support layer solid matrix. In both stacked 
membrane configurations, a very small hydraulic pressure gradient ex
ists across the support layer of the top membrane, owing to its high 
porosity relative to the dense selective layer underneath. As a result, the 
entirety of the hydraulic pressure drop is across the selective layer(s) of 
the SW30 membrane(s). According to our mechanism, this difference in 
hydraulic pressure generates a compressive force acting on the support 
layer solid matrix below, causing compaction in the bottom membrane. 
In contrast, the support layer of the top membrane, although filled with 
a high hydraulic pressure fluid, does not compact because there is a very 
small hydraulic pressure gradient across it. 

Although the hydraulic pressure difference across the selective layer 
drives compaction, its effects are only observed in the support layer. This 
is partly because the dense, highly-crosslinked selective layer is more 
mechanically robust than the porous support layer [30]. TFC support 
layer compaction may also be more severe, as compared to porous MF or 
UF membranes, because the water inside the support layer has a very 
low hydraulic pressure. In contrast, the large pressure gradient across 
MF and UF membranes causes their internal hydraulic pressure to be 
greater than that of TFC support layers, which may act to minimize the 
effects of compaction (Fig. S8). Further, the pressure profile assumed by 
the solution-diffusion model, if accurate, would preclude selective layer 
compaction because there is no hydraulic pressure difference across it. 
Rather, the hydraulic pressure difference exists at the interface of the 
selective layer and support layer, which then generates a compaction 
force that could only deform the support layer. 

3.3. Relating thin film composite membrane water permeability to 
membrane structure 

3.3.1. Support layer structural and transport properties following 
compaction 

The mechanism proposed in Section 3.2 explains why compaction is 
observed in the support layer, but it does not explain how it causes a 
decrease in membrane water permeability. To understand this phe
nomenon, the compaction behavior of support layers was studied 
independently and related to overall TFC membrane compaction. Doing 
so required the synthesis of TFC membranes on commercial PSf support 
layers. This allowed for the direct comparison of composite membrane 
properties to those of its underlying support. TFC membranes com
pacted up to 150 bar hydraulic pressure (Fig. 5) displayed a similar trend 
in steady-state water permeability to that of SW30 (Fig. S9), indicating 
these membranes closely match the performance of commercially- 
available membranes. Support layers were also compacted up to 150 

bar hydraulic pressure with an upside-down SW30 membrane placed 
above them to cause compaction in the support (Fig. S10). After 
compaction at high pressure, the SW30 was removed and the compacted 
support layer water permeability was measured at 10 bar hydraulic 
pressure. The water permeabilities of compacted support layers do not 
follow the same trend as compacted TFC membranes; instead, they 
decrease dramatically as a function of pressure (Fig. 5). 

Given that water transport in support layers is governed by 
convective flow through open pores [76], pore size distributions (PSDs) 
of compacted support layers were measured to understand their water 
permeability behavior. The distribution of pore sizes follows a binomial 
distribution with a slight positive skew (Fig. 6). This characteristic shape 
is similar regardless of the hydraulic pressure of compaction and does 
not shift to smaller or larger pore sizes as a result of compaction. As such, 
compaction does not appear to impact the size of pores on the support 
layer surface. Rather, compaction significantly reduces the quantity of 
pores, and thus support layer surface porosity (ε), as a function of hy
draulic pressure. Drawing from an understanding of open-cell foam 
deformation (as described in Section 3.1.2), compaction appears to 

Fig. 4. Experimental evaluation of the role of a difference in hydraulic pressure to cause compaction. (A) Schematic detailing the experimental design of stacking two 
TFC membranes (SW30) with their selective layers facing each other (left). Membranes were compacted at 150 bar for 1 h and separated to be imaged by SEM (right). 
The scale bar is representative of both SEM images. (B) Schematic detailing the experimental design of stacking a commercial PSf support layer on top of a TFC 
membrane (SW30) (left). Membranes were compacted for 1 h at different hydraulic pressures and then separated before the water permeability of each membrane 
was measured at 10 bar hydraulic pressure. The water permeability of the support layers and SW30 membranes, measured at 10 bar, following compaction at higher 
hydraulic pressures is shown (right). Dashed lines represent the water permeability coefficient at 10 bar hydraulic pressure of pristine support layers and SW30 
membranes which were not compacted in a stacked membrane configuration. Error bars and shaded regions—corresponding to compacted and pristine membranes, 
respectively—represent the standard deviation of repeated experiments with n � 3. 

Fig. 5. Steady-state water permeability coefficients of TFC membranes (left 
axis) and support layers (right axis) following compaction at hydraulic pres
sures up to 150 bar. TFC membrane water permeability was measured at the 
specified hydraulic pressure of compaction after 1 h. Support layers were 
compacted with an upside-down SW30 membrane stacked on their top surface. 
After 1 h of compaction at the specified hydraulic pressure, the SW30 mem
brane was removed and the support layer water permeability was measured at 
10 bar hydraulic pressure. Lines are drawn to guide the reader’s eye. Error bars 
represent the standard deviation of repeated experiments with n � 3. 
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deform the pore walls of the support layer such that some pores become 
completely blocked while others do not fully collapse. 

3.3.2. Influence of support layer compaction on composite membrane 
transport 

Compaction significantly impacts support layer morphology and 
transport properties; however, a decrease in support layer permeability 
does not translate to a proportional change in TFC membrane perme
ability. This behavior arises from the composite nature of TFC mem
branes, as water transport through each membrane layer is governed by 
distinct behavior. Namely, selective layer transport is controlled by the 
rate of partitioning into and diffusion across a dense film [52]. In 
contrast, transport in the support layer occurs as a result of convective 
flow along a very small hydraulic pressure gradient, similar to MF and 
UF membranes [22,77,78]. 

To bring clarity to the composite nature of TFC membrane transport, 
a model has been proposed to explain the impact of support layer 
porosity on selective layer transport [18,79,80]. This model assumes 
that all water permeating the support layer must pass through open 
pores and not through the support layer polymer phase. Therefore, 
diffusing species in the selective layer of a TFC membrane must follow 
preferential flow paths to an open pore in the support layer (Fig. S11). In 
effect, the pore size and surface porosity of the support layer can sub
stantially impact the diffusive path length, and thus the rate of diffusion, 
for species permeating the selective layer [80,81]. 

Owing to the presence of preferential flow paths through the selec
tive layer, an effective selective layer thickness, Δxeff, can be estimated 

which is greater than the actual selective layer thickness, Δx. These 
values can then be used to calculate the intrinsic water permeability 
coefficient of the selective layer, Aint, from the observed water perme
ability coefficient measured experimentally, Aobs (calculations provided 
in the supplementary data). Table 1 reports the results of this analysis for 
TFC membranes and their support layers following compaction up to 
150 bar hydraulic pressure. The support layer pore radius was chosen as 
the most abundant pore size measured in PSDs (Fig. 6). The selective 
layer thickness—taken as the polyamide nodular base thickness—is 50 
nm, representing measurements from TEM images which are in agree
ment with previously published works [65–67]. 

Table 1 reports that decrements in support layer surface porosity are 
closely linked to increases in the effective selective layer thickness. This 
behavior arises because a lower porosity requires transporting species to 
follow an increased diffusive path length through the selective layer 
before reaching an open pore in the support layer. When Δxeff is related 
to the decrease in Aobs as a function of pressure, the intrinsic water 
permeability of the selective layer is calculated to be approximately 
constant. This observation indicates that diffusive transport across the 
selective layer is not affected by the hydraulic pressure of compaction, 
thus corroborating that compaction does not appear to impact the se
lective layer. In contrast, these results indicate that deformation of the 
support layer, although it has a lower transport resistance than the se
lective layer, is the primary cause for compaction-related TFC water 
permeability declines. 

The profound implications of these semi-quantitative results offer 
support for our previous experimental observations. Specifically, 

Fig. 6. Pore size distributions (PSDs) of pristine and compacted polysulfone support layers. Membranes were compacted with an upside-down SW30 membrane 
facing their top surface at hydraulic pressures up to 150 bar. The SW30 membrane was then removed and support layers were characterized alone. Pore counts and 
surface porosity, ε, were measured using a liquid-liquid porosimetry method described in Section 2.6. Due to experimental limitations, pores with a radius smaller 
than 5.3 nm could not be measured. A change in scale on the vertical axis scale is shown so PSDs would be visible when low pore counts are present. The PSDs 
presented here represent the average of repeated experiments with n � 3. 

Table 1 
Support layer properties as a function of compaction and their impact on TFC membrane transport properties. The range of results represents the standard deviation of 
repeated experiments with n � 3.  

Compaction 
Pressure 
(bar) 

Support Layer 
Surface Porositya, ε 

Support Layer 
Pore Radiusb, r 
(nm) 

Selective Layer 
Thicknessc, Δx 
(nm) 

Effective Selective Layer 
Thicknessd, Δxeff 

(nm) 

Observed TFC Water 
Permeabilitye, Aobs 

(L m 2 h 1 bar 1) 

Intrinsic TFC Water 
Permeabilityd, Aint 

(L m 2 h 1 bar 1) 

Pristine 60.9 � 3.5% 6.5 � 0.9 50.0 51.5 � 0.1 – – 
30 66.0 � 14.7% 6.2 � 1.4 50.0 51.4 � 1.3 1.26 � 0.10 1.30 � 0.03 
70 11.6 � 3.8% 6.1 � 0.5 50.0 64.7 � 2.4 0.99 � 0.03 1.28 � 0.05 
110 4.6 � 2.8% 5.6 � 0.4 50.0 78.9 � 9.9 0.87 � 0.05 1.37 � 0.17 
150 2.2 � 0.8% 5.8 � 0.7 50.0 93.5 � 8.6 0.72 � 0.02 1.35 � 0.12  

a Calculated from liquid-liquid porosimetry results (Fig. 6). 
b The most abundant pore size in the PSD (Fig. 6). 
c Cross-sectional thickness of the nodular base observed in TEM images (Fig. 2C and D and Fig. S6) and reported in literature [65–67]. 
d Calculations provided in supplementary data. 
e Measurements reported in Fig. 5. 
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compaction primarily impacts the support layer while the selective layer 
appears to remain unchanged. The mechanism presented in Section 3.2 
states that compaction does not impact the selective layer due to the 
constant hydraulic pressure maintained across it. Our analysis of com
pacted support layers and TFC membranes experimentally supports this 
mechanism, suggesting the intrinsic water permeability of selective 
layers has little-to-no dependence on the applied hydraulic pressure, 
indicating compaction has not occurred in the selective layer. As such, it 
is possible that a decrease in support layer surface porosity may be 
entirely responsible for compaction-induced decrements to membrane 
water permeability. 

3.4. Implications for the design of compaction-resistant membranes 

The results of this study indicate compaction occurs entirely in the 
support layer of a TFC membrane and that the selective layer does not 
compact irreversibly. Therefore, compaction-resistant TFC membranes 
will require support layers with improved mechanical properties to 
avoid significant deformation under an applied hydraulic pressure. 
Support layers may be able to achieve these targets through optimiza
tion of support morphology or the use of high-strength materials. 

To yield compaction-resistant membranes, support layer strength 
must be improved such that membrane deformation is minimized under 
increased hydraulic pressures. Although it is not fully representative of 
all mechanical properties, elastic modulus is an important property as it 
is related to material stiffness and is often easily measured and reported 
[82]. By increasing the support layer elastic modulus, a greater force 
would be required to deform the support layer over a certain distance. In 
addition, materials with higher stiffness often exhibit a higher yield 
strength, meaning the material can be stressed with greater force 
without deforming plasticly. Increasing these properties would allow 
membranes to sustain higher applied pressures without the negative 
effects of deformation on support layer porous structures. Due to the 
application of pressure perpendicular to the membrane surface, 
improving compressive modulus is likely important to prevent water 
permeability decline. In industrial-scale applications, however, mem
branes are often supported by mesh-like spacers. These spacers cause 
nonuniform membrane compression giving rise to tensile stress in 
addition to compressive stress, resulting in complex compaction 
behavior [61]. As such, optimized spacer designs with reduced mesh size 
may be needed as well as membranes with an increased tensile elastic 
modulus [83]. 

The morphology of porous materials significantly impacts their 
mechanical properties [60] and it is possible an optimized structure will 
improve support layer compaction resistance. Support layers should be 
fabricated without macrovoids, believed to be the weakest points in a 
porous support [32,84], to prevent membrane deformation and decre
ments in volumetric porosity. Studies on the mechanical strength of 
cellular solids and foams indicate a microporous structure with uniform, 
small porous voids should be stronger than one with structural irregu
larities and large voids [75,85,86]. In polymer foam materials, the 
elastic modulus, E*, is related to the density of the foam, ρ*, according to 

E*

Es
� ð

ρ*

ρs
Þ

2 (4)  

where Es and ρs are the elastic modulus and density of the solid polymer, 
respectively [61]. This relationship indicates that maximizing the sup
port layer volumetric mass density (i.e., minimizing the volumetric 
porosity) would improve the elastic modulus of the support layer. Doing 
so, however, will likely hinder water permeability through the mem
brane. As such, it is possible that a trade-off may exist wherein im
provements in support layer mechanical properties come at the expense 
of membrane permeability. 

The challenges of optimizing support layer structure to improve 
compaction resistance may be avoided by utilizing unconventional 

membrane materials. Eq. (4) indicates the elastic modulus of a porous 
material is improved when it is synthesized from a stronger solid ma
terial [61]. Therefore, it may be necessary to employ materials with a 
higher elastic modulus than PSf and PES for the synthesis of 
compaction-resistant support layers. Such materials may include 
semi-crystalline polymers or copolymers tailored to yield strong and 
easily-processable materials for the development of polymeric supports. 
Alternatively, ceramic materials, which are largely incompressible, have 
been used as supports for TFC membranes and may be ideal for HPRO 
applications [87]. However, it should be noted that brittle fracture may 
occur in ceramic supports at high pressures, which would lead to failure 
of the membrane module. The use of any novel support layer material 
will also have implications on selective layer formation and perfor
mance. Support layer pore size, porosity, and hydrophilicity must be 
carefully controlled in order to create a support that yields viable se
lective layers during IP [27,88]. 

Our results indicate support layers must maintain a high surface 
porosity when hydraulic pressure is applied to prevent compaction- 
induced water permeability decline. For example, our support layers 
had surface porosities of 11.6% and 2.2% following compaction at 70 
bar and 150 bar, respectively. If a support layer could maintain a surface 
porosity of ~12% after compaction at 150 bar, the membrane may avoid 
the detrimental performance effects caused by compaction. As such, 
novel material designs with a surface pore structure that is unaffected by 
applied pressure may maintain high water permeabilities despite 
compaction of the underlying support. 

In contrast to the critical need for novel support layer morphologies 
and materials, the optimal selective layer may continue to be the 
traditional polyamide film formed by IP. The apparent absence of 
compaction within the selective layer of a TFC membrane suggests any 
material with the desired separation capacity may be used. Therefore, 
polyamide films formed by IP are likely the best choice in desalination 
applications as their performance has been optimized to achieve high 
water permeability and salt rejection. 

4. Conclusion 

Compaction at high applied pressures significantly reduces water 
permeability in conventional RO and HPRO. For the first time, we have 
experimentally measured the influence of compaction on commercial 
desalination membranes at hydraulic pressures relevant to HPRO (150 
bar). The greatest effects of compaction are observed in the support 
layer of TFC membranes while selective layers do not compact irre
versibly, as confirmed by PALS analysis. To explain this behavior, we 
propose a mechanism to describe the fundamental role of a difference in 
hydraulic pressure to cause compaction in TFC membranes. The classic 
solution-diffusion model states that this hydraulic pressure difference is 
located at the interface between the selective and support layers. This 
hydraulic pressure imbalance generates a compaction force that is 
exerted on the support layer until it deforms to the extent that an 
equivalent reaction force is generated. Such deformation reduces the 
cross-sectional thickness and surface porosity of the support layer, while 
it does not affect these properties in the selective layer. The surface 
porosity of the support layer was determined to be an important physical 
characteristic related to compaction. Specifically, a decrease in support 
layer surface porosity increases the diffusive path length of water 
permeating the selective layer, while the intrinsic water permeability of 
the selective layer is independent of compaction. By relating the phys
ical characteristics of the support layer to the total membrane water 
permeability, we identified membrane properties which are expected to 
minimize compaction. We further highlight that the design of 
compaction-resistant membranes should focus on improving support 
layer deformation resistance. In doing so, a compaction-resistant 
membrane will be able to maintain operationally feasible water per
meabilities at high hydraulic pressures, thus improving the energy ef
ficiency of conventional RO and HPRO processes. 
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