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A B S T R A C T   

Limited attention has been given to understanding how failure to the selective layer of reverse osmosis (RO) 
membranes develops and accumulates during operation; and to integrating this response into membrane fabri
cation. While the integrity of the selective layer is crucial for the separation process, available studies are limited 
to simple loading conditions and use failure of the entire membrane at rupture to represent its mechanical 
integrity. This work aims to investigate the evolution of surface damage to the selective layer under controlled 
interrupted mechanical tests under dry and wet conditions. AFM, SEM, and contact angle are used to characterize 
the selective layer integrity. Wet membranes exhibited lower strain at rupture (10.3%) than that of dry mem
branes (12.3%). However, interrupted tests revealed that the failure of the selective layer occurred at much lower 
strains than the rupture strain. Stretching and thinning in the TFC layer were observed at strain limits as low as 
5%, which developed into localized deformation and cracks at higher strain limits (i.e., 8%). These findings can 
explain why membranes fail to perform before rupture occurs. By understanding how the selective layer’s surface 
damage evolves during operation, membrane fabrication can be improved to enhance membrane performance 
and durability.   

1. Introduction 

Scarcity and global demand of freshwater have made the accessi
bility to clean and safe water resources one of the major global grand 
challenges now and in the future. As the water management strategies of 
various countries continue to evolve, desalination is becoming an inte
gral part of their efforts [1]. Non-conventional water sources like 
seawater and brackish water are now considered vital for low-cost 
production of freshwater [2]. In the effort toward a sustainable recov
ery of freshwater from saline water, membrane-based technologies have 
gained the interest and acceptance of the scientific community world
wide owing to their distinct features over the conventional desalination 
technologies [3]. Membranes can be easily fabricated, processed, and 
tailored to suit the desired application, making them a flourishing 
research area in academia. On the other hand, their antifouling prop
erties, chemical and mechanical stabilities need further enhancements 
to maintain membrane performance under harsh conditions and for long 
operational periods [4]. Huge efforts are being made to develop high 
antifouling membranes with high chemical stability [5,6]. In contrast, 
less efforts are focused on their mechanical stability and behavior under 

harsh and complex conditions. 
Among the various membrane types and configurations, thin-film 

composite (TFC) membranes have proven their high efficiency in 
nanofiltration (NF), reverse osmosis (RO), forward osmosis (FO), and 
pressure retarded osmosis (PRO) [7,8]. TFC membranes are generally 
fabricated via the interfacial polymerization (IP) reaction of two 
monomers to form a thin-film selective layer. TFC membranes consist of 
three layers: a reinforcing nonwoven backing (e.g., polyester) to provide 
a mechanical support for high-pressure processes, a porous layer like 
polysulfone (PSF) that acts as a platform for the IP reaction, and a thin 
polyamide (PA) layer that controls the separation (Fig. 1) [9,10]. 
Although TFC membranes possess high separation efficiency, they are 
susceptible to deform in pressure-driven processes due to different 
compressional, bending, and elongational stresses [11]. Although these 
membranes are reinforced by a non-woven backing layer, the thin se
lective layer (i.e., TFC) and the porous substrate layer may deform when 
subjected to high hydraulic pressure for long operational periods leading 
to a partial or complete membrane failure. Moreover, TFC membranes 
are usually subjected to varying and harsh conditions during normal 
operations, physical and chemical cleaning, vibrations, and high cross
flow velocities [12]. The high crossflow velocity, i.e., the linear velocity 
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of the tangential flow, along with the high operational pressures may 
significantly influence the integrity of the TFC layer that controls the 
separation. The stability and mechanical integrity of the TFC layer de
pends on various factors including the materials selection (monomers 
and fillers) during fabrication, the adhesion properties with the middle 
layer (the porous substrate), properties of the middle layer (porosity, 
thickness, compactibility, pore size and structure), and the nonwoven 
backing [13,14]. 

Efforts in investigating and optimizing the mechanical stability and 
integrity of TFC membranes are rather limited. Indeed, due to the 
complex loads and stresses applied accompanied with the sensitivity of 
the TFC layer, TFC membranes tend to undergo severe deformations. 
Some studies in the literature explored new ways of enhancing or 
investigating the mechanical strength of TFC membranes. These studies 
usually report the mechanical strength in terms of the tensile strength, 
elongation, and Young’s modulus at complete membrane rupture 
including the supporting layers (i.e., the nonwoven backing and the 
middle layers) [11,15,16]. Therefore, many studies have proposed new 
materials and techniques to enhance the support layer strength aiming 
to fabricate a mechanically stable membrane. However, enhancing the 
mechanical strength of the supporting layers doesn’t necessarily 
enhance the TFC layer stability and integrity. For example, some studies 
proposed the deposition of TFC layer on a polyethylene (PE) substrates 
that have less thickness and higher mechanical strength compared to 
conventional supports [17]. PE-based substrates could achieve three 
times higher tensile strength and elongation at break compared to 
conventional substrates like polysulfone (PSF) and polyethersulfone 

(PES) [18]. Tian et al. [13] fabricated TFC-FO membranes on a 
double-layer support consisting of electrospun Polyethylene tere
phthalate- polyvinyl alcohol (PET-PVA) composite and a Polyvinylidene 
fluoride (PVDF) layer synthesized by the phase inversion method. The 
authors reported that the mechanical strength represented by the tensile 
stress at break increases when increasing the polymer concentration 
owing to the denser structure of substrate. Li et al. [19] fabricated TFC 
membranes on polyethylenimine (PEI) substrates with different PEI 
concentrations to evaluate and optimize the mechanical stability for 
PRO process. The Young’s modulus at break was used to evaluate the 
overall mechanical strength of the prepared membranes, and the 
deformation of the TFC layer was evaluated by PRO cyclic experiments. 
It has been found that the specific salt flux increases dramatically when 
operated at high pressures (>17 bars) though no obvious change or 
deformation was observed on the membrane. The increase in salt 
permeation through the TFC layer suggests a deformation in the TFC 
layer even before a complete membrane rupture. Other examples of 
different TFC membranes with different configurations and support 
layers, and the tests applied to study their mechanical stability are listed 
in Table 1. 

As clearly seen from Table 1, some of these membranes exhibit high 
strain, which is dominated by the support layers, while no clear in
vestigations on the TFC integrity have been reported by these studies. 
Efforts in investigating the mechanical strength of the PA layer is much 
less and was investigated by few studies using the pendant drop me
chanical analysis (PDMA). The PDMA technique was first proposed by 
Greenberg et al. [26], which allows to estimate the mechanical strength 

Nomenclature 

TFC thin-film composite 
UF ultrafiltration 
NF nanofiltration 
RO reverse osmosis 
FO forward osmosis 
PRO pressure retarded osmosis 
CA contact angle (◦) 
SEM scanning electron microscope 
AFM atomic force microscopy 
PES polyethersulfone 
PSF polysulfone 
PVA polyvinyl alcohol 
PAN polyacrylonitrile 
PS polyester 

PVDF polyvinylidene difluoride 
IP interfacial polymerization 
NIPS non-solvent induced phase separation (phase inversion) 
PA polyamide 
PET polyethylene terephthalate 
PEI polyetherimide 
PAI polyamide-imide 
PE polyethylene 
PDA polydopamine 
DPE polydopamine-modified polyethylene 
TA tannic acid 
APTES 3-aminopropyltriethoxysilane 
SPSF sulfonated polysulfone 
TPE TA-APTES-coated PE substrate 
PDMA pendant drop mechanical analysis  

Fig. 1. Illustration showing the common structure of the TFC membranes.  
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of a PA layer formed on a drop surface by injecting more liquid into the 
drop until it deforms. The mechanical properties of the formed PA layer 
can be then estimated by the drop size and the internal pressure in
crease. Using the PDMA technique, Roh et al. [27] found that the rupture 
strength of the PA layer is highly affected by the monomer concentra
tions used during the IP reaction conditions. Wang et al. [28] investi
gated the effect of polyisobutylene (PIB) embedding into the PA 
composite on its mechanical strength using the PDMA method. Different 
from Greenberg et al. and Roh et al. studies, the PA layer was not formed 

onto a liquid drop, but was stripped by dissolving the support PSF 
substrate using n,n-dimethylformamide (DMF) solvent. The PDMA 
approach provided useful insights onto the relationship between the PA 
forming conditions and its mechanical response. However, the major 
limitation of this method is the difficulty of PA formation on the surface 
of a liquid drop or the PA stripping using organic solvents. Another 
concern develops here is the possibility of PA deformation during the PA 
isolation and transferring to the PDMA apparatus. Moreover, the me
chanical integrity of the PA layer is influenced by the adhesion prop
erties with the PSF substrate [13,14]. Therefore, analyzing the PA 
integrity with the entire composite can provide a more comprehensive 
understanding of its mechanical behavior under operational loads. 

TFC membranes can be reinforced by woven [23] or nonwoven 
fabrics [11,15,24]. In fact, woven and nonwoven backings limit the 
membrane elongation and exhibit high tensile strength providing higher 
stability to the other layers. However, they are still stretchable to strain 
levels at which the TFC and middle layers may deform. The response of 
the TFC layer to the mechanical load differs from one membrane to 
another, even if they share the same backing and support layers. This has 
been demonstrated by Idarraga-Mora et al. [29] where two commercial 
TFC membranes (SEAMAXX and SW30-XLE) with different properties 
have been studied. The authors found that the mechanical behavior at 
fracture was similar for both membranes. However, the effect of the 
applied strain on their performance was totally different. SEMAXX 
membranes exhibited up to 50% increase in water and salt permeance 
after tensile testing. The increase in permeance was attributed to 
stretching and thinning of the TFC layer and to the possible increase in 
middle-layer porosity due to the stretching. The increase in salt 
permeation could be also attributed to damages and cracks in the TFC 
layer that is highly fragile and may deform at mechanical loads much 
lower than the loads needed for a complete rupture [30,31]. In contrast, 
SW30-XLE was less susceptible to deformation providing more stable 
performance after applying similar mechanical load. These findings 
suggest that the stability of TFC layers varies from a membrane to 
another depending on the materials, compositions, and conditions used 
during the fabrication [13]. Hence, the overall membrane performance 
may decline even when subjected to stresses lower than its rupture 
stress, and thus the complete rupture stresses being usually reported 
does not represent the actual mechanical stability and integrity of a TFC 
membrane. The high integrity of the TFC layer is necessary to ensure 
stable performance and less or no damages under external mechanical 
stresses. Thus, it is necessary to find ways of evaluating the selective 
layer integrity and stability under mechanical stresses rather than 
evaluating the overall membrane mechanical strength. 

In a recent study [32], we found that the TFC-PA layer exhibits 
damages and deformations at dynamic stress levels much lower than the 
static stresses needed for a complete membrane rupture. Moreover, it 
was established that fatigue deformation is less uniform and is distin
guished by the emergence of localized areas with severe deformation. 
This information suggests that the mechanical integrity of the PA layer 
at low stress levels should be taken into accont when evaluating the 
mechanical properties of a membrane. The aim of this work is to 
investigate the evolution of surface characteristics of the TFC layer and 
assess its integrity at strain levels below the strain-rupture level using 
controlled interrupted uniaxial tensile testing. The work adds to the 
relatively small number of literatures that address the mechanical 
behavior of TFC membranes and PA layer integrity. The mechanical 
testing of the membrane samples was performed under dry and wet 
conditions. The evolution and integrity of TFC layer were evaluated 
using water contact angle, Scanning Electron Microscopy (SEM), and 
Atomic Force Microscopy (AFM). This study shed new light on the PA 
layer integrity and its surface characteristics evolve under different 
conditions and low mechanical stresses. It also gives insights on finding 
new ways and protocols for mechanical testing of TFC membranes 
allowing for more accurate predictions of their service life and the 
development of novel materials and designs to improve their surface 

Table 1 
The reported TFC membranes in the literature, supporting layers, and the me
chanical tests used.  

TFC 
Membrane 

TFC Supporting layers Mechanical test strain 
at 
break 
(%) 

Ref. 

ZnO-TiO2/ 
PA/PSF a 

Porous PSF substrate 
fabricated by NIPS 
approach. 

Young’s modulus, 
tensile strength, and 
strain at break 

44* [1] 

PA/PAI/PS Porous PAI layer 
fabricated by NIPS 
approach with 
reinforcing nonwoven 
PS fabric. 

Young’s modulus, 
tensile strength, and 
strain at break. 
Effect of 
compaction (in 
dead-end filtration 
cell) on membrane 
thickness. 

6.1 ±
0.4 

[11] 

PA/PVDF/ 
PET-PVA 

Porous (PVDF) layer 
fabricated by NIPS 
approach on a composite 
nanofibrous layer (PET- 
PVA) fabricated by 
electrospinning. 

Young’s modulus 
and tensile strength 
at break  

– [13] 

PA/PAN/ 
PS 

Porous PAN substrate 
fabricated by NIPS 
approach with 
reinforcing nonwoven 
PS fabric. 

Young’s modulus, 
Tensile strength, 
and strain at break 

14 ±
3.7 

[15] 

PA/TPE Porous PE substrate 
coated by the co- 
deposition of TA and 
APTES. 

Young’s modulus, 
Tensile strength, 
and strain at break 

53 ± 5 [17] 

PA/PE Porous PE substrate Young’s modulus, 
tensile strength, and 
strain at break 

50 ± 4 [18] 

PA/PEI/m- 
SiO2 

Porous substrate (PEI/ 
m-SiO2) fabricated by 
NIPS approach. 

Tensile strength at 
break 

– [20] 

PA/PET Nanofibrous substrate 
(PET) fabricated by 
electrospinning. 

Tensile strength and 
strain at break 

135* [21] 

PA/DPE PDA-coated PE 
substrate. 

Young’s modulus, 
tensile strength, and 
strain at break 

74 ± 3 [22] 

PA/PSF/ 
PET 

Porous PSF substrate 
fabricated by NIPS 
approach with 
reinforcing woven PET 
fabric. 

Young’s modulus, 
tensile strength, and 
strain at break 

39 ± 7 [23] 

PA/PSF- 
SPSF/ 
PET 

Porous PSF-SPSF 
substrate fabricated by 
NIPS approach with 
reinforcing nonwoven 
PET fabric. 

Young’s modulus 
and tensile strength 
at break 

– [24] 

PA/PEI Porous PEI substrate 
fabricated by NIPS 
approach. 

Young’s modulus at 
break and cyclic 
PRO experiments at 
varying pressures. 

– [19] 

PA/ PVDF- 
SiO2 

Composite nanofibrous 
substrate (PVDF-SiO2) 
fabricated by 
electrospinning. 

Young’s modulus, 
tensile strength, and 
strain at break 

375* [25]  

a The PA layer was coated with ZnO-TiO2 nanocomposite layer. 
* Strain% was estimated from the stress-strain curve. 
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integrity. 

2. Experimental methods 

2.1. Materials 

A commercial RO membrane for brackish water desalination (BW30- 
LE, FilmTec™) purchased from DuPont, US was used as a model TFC-RO 
membrane for the conducted analysis. The membrane was tested as 
received without any chemical modifications. Table 2 lists the manu
facturer’s specifications and operational limits of the purchased 
membrane. 

2.2. Pre-test samples preparation methods 

In accordance with ASTM D638–14, the tensile test specimen was 
sized to the dimensions shown in Fig. 2(c). The samples were cut using a 
coherent METABEAM 400 laser cutting system at an 845 mm/s cutting 
speed and 100 W of power. The membrane samples were then cautiously 
rinsed and soaked in deionized water (DIW) to remove any preservatives 
or potential contaminants. The samples were then maintained drying 
overnight in a clean environment at room temperature to prevent any 
accidental scratches or contamination. For samples tested in dry con
ditions, samples were tested directly after overnight drying without 
further wetting. Two immersion intervals have been used for samples 
tested under wet conditions: 5 min and overnight immersion, which 
resulted in 6% and 33% water uptake, respectively. The sample water 
uptake% was estimated using the gravimetric method [33,34]. In brief, 
membrane samples were cut into 3 × 3 cm2 pieces, washed thoroughly 
with DIW and dried overnight at room temperature. The dry sample 
weight was then recorded (Wdry). The samples were then immersed in 
DIW for a specific time (5 min and 24 h) at room temperature. The 
samples were removed and carefully wiped with a tissue paper to 
remove excess water on the surface and the wet sample weight was 
recorded (Wwet). The water uptake% was then estimated and averaged 
from 3 different samples according to Eq. (1): 

Water uptake (%) =
Wwet − Wdry

Wdry
× 100% (Eq. 1)  

2.3. Tensile samples testing 

The tensile testing in this work was carried out using a ZwickRoell 
customized uniaxial testing apparatus with an environmental chamber. 
This apparatus is intended to test thin-film materials. The electrome
chanical actuators can move 200 mm at a maximum speed of 10 mm/s. 
Along with a 2 kN load cell intended for monitoring static and dynamic 
tensile and compression forces, each actuator also comes with an on- 
sided closing screw grip with a 300 N maximum force rating. One 
uEye camera and an f = 75 mm objective lens are positioned at the top 
with the laserXtens/videoxtens compact system. An adjustable LED 
incident light is attached to illuminate the specimen. In this investiga
tion, the system’s videoXtens mode was used to evaluate the movement 
of two marks (targets) on the specimen under dry and wet conditions. 
The measurement of force conforms with ISO 7500–1 and ASTM E4. 
Uniaxial tensile studies have been carried out under dry and wet 

conditions (room temperature- 22 1 ◦C) up to failure in order to examine 
the stress-strain behavior of the commercial TFC-RO membranes under 
various testing settings (Fig. 2(a and b)). The wet testing was conducted 
using a plexiglass conditioning vessel with a thermoregulation bath. 
Then interrupted tensile testing for each condition was conducted up to 
three defined strain limits to determine the effect of loading on surface 
characteristics evolution as illustrated in Fig. 2(d). 

2.4. Characterization 

Various analytical techniques have been used to characterize the 
surface morphology of the unloaded and loaded membranes. All mem
branes, including the unloaded sample (BW), were cautiously rinsed 
with DIW and kept drying overnight at room temperature in a clean 
place prior to characterization. Contact angle analysis was conducted 
with Goniometer 250-U1 (Rame-hart instrument Co.) to evaluate the 
surface hydrophilicity and uniformity of the stressed and pre-stressed 
membranes. The analysis was performed at ten different locations at 
the area between the grips as illustrated in Fig. 3. The Atomic Force 
Microscopy (AFM) was conducted with Bruker Dimension Icon AFM to 
evaluate the surface roughness and uniformity of the tested samples. 
AFM measurements were performed using 512 profile scans over a 5 × 5 
µm2 scanned area. The analysis was carried out using the peak force 
quantitative nanomechanical mapping (QNM) using RTESPA-150–30 
probe with a tip radius of 30 nm, length of 125 µm and width of 35 µm. 
The scanned AFM images were processed in the same way with a first- 
order flattening. The roughness parameters including the average 
roughness (Ra), root mean square roughness (RMS or Rq) and the dif
ference in surface area (SAD) were then calculated according to ISO 
4288. The effect of mechanical stress on the TFC morphology was 
assessed by the Scanning Electron Microscopy (SEM). Prior to the SEM 
analysis, the samples were rinsed with DIW and then dried at room 
temperature overnight in sterile place to avoid surface contamination or 
accidental damages. The samples were then coated with a -10 nm 
platinum layer using the Leica sputter coater (EM ACE600) to enhance 
the surface conductivity. The SEM images were then obtained at 
different magnifications via the Apreo-S Thermo Fisher Scientific using 
an in-lens backscatter detector (T1). The SEM and AFM measurements 
were performed on the middle area of the narrow region as it is the most 
affected area of the sample as evidenced by the ruptured samples at 
which the rupture occurs at the center. Hence, AFM and SEM, as micro 
analysis tools, were employed to analyze the center at which the damage 
starts to evolve. The occurrence of rupture at the center also implies that 
the areas between the grips are subjected to different levels of stress and 
damage, which resulted in a non-uniform surface along this area. Thus, 
the contact angle measurements were conducted on the area between 
the grips to confirm this non-uniformity as illustrated in Fig. 3. Table 3 
lists the samples notations and the corresponding testing conditions. 

3. Results and discussions 

3.1. Mechanical testing 

For BW membrane samples under dry, wet (6% water uptake), and 
wet (33% water uptake) circumstances, Fig. 4 shows the engineering 
stress against strain curves, and Table 4 summarizes the mechanical 
properties of the tested membrane samples under different conditions 
compared to the properties of the polyester (backing layer) alone that 
was tested in a previous publication [31]. For the purpose of validating 
repeatability, three identical specimens underwent uniaxial tensile 
testing under each of the circumstances, and the presented results 
represent the average values. Specimens under dry conditions exhibited 
higher rupture strength and higher ductility (elongation to failure). It 
was noticed that the ultimate tensile strength of BW membrane samples 
decreased with the increase of the water uptake. This trend of acceler
ated mechanical degradation indicates the harmful effect of moisture 

Table 2 
Specifications and operational limits of the tested membrane (BW30LE).  

Feed Brackish Water 

Maximum operating pressure (bar) 41 
Maximum operating temperature ( ◦C) 45 
Maximum feed flow (m3/h) 19 
pH Range (25 ◦C) 2–11 
Flux (gfd)/psi 37–46/225 
Rejection (2000 ppm NaCl, 10 bar, 25 ◦C) 99.00%  
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absorption on the fracture resistance of the BW membrane. This change 
in mechanical properties may be attributed to the moisture absorption 
that weakened the polyester fiber-matrix bondings [35]. The polyester 
backing layer dominates the membrane’s overall behavior and me
chanical strength, while the top layers respond differently to the applied 
stress and are more prone to deformation at significantly lower levels 
[29,32]. Therefore, it is important to examine the integrity of the se
lective layer, which is reposnible for the performance of the membranes, 
at different load levels. This is examined in the next sections. The red 
arrows in Fig. 4 present the strain limits for the controlled interrupted 
testing under each condition. Then interrupted tensile testing for each 
condition was conducted up to three defined strain limits: 5, 8, and (11 
for dry and wet samples with 6% water uptake and 9.5% for wet samples 
with 33% water uptake). 

3.2. SEM analysis 

The SEM analysis is a useful tool for studying the various charac
teristics of composite membranes, such as their structure, morphology, 
and properties. One advantage of this tool is that it can provide a direct 
visual representation of the membrane’s morphology and the micro- 
scale damages. Fig. 5 shows the SEM images of the as-received BW 
membrane (unloaded) and depicts a rough and leaf-like morphology at 
high magnifications. This morphology is commonly referred to as the 
ridge-and-valley and is typically seen in TFC-RO membranes [36]. The 
SEM images shown in Fig. 6 show the effect of the mechanical stresses 

Fig. 2. Uniaxial tensile testing under (a) Dry and (b) Wet conditions, (c) Dimensions for the tensile sample, and (d) illustration of the interrupted tests used in this 
work where r represents the complete rupture while a, b, and c represent the strain% at which the mechanical test was interrupted. 

Fig. 3. Illustration of the profiles used for the characterization.  

Table 3 
Denotation and description of the tested membrane samples.  

Notation Pre-test sample 
preparation 

Testing conditions Mechanical 
test 

BW – – Unloaded 
membrane 

D5 Washing and immersion in 
DIW followed by overnight 
drying at RT 

Dry @ RT Interrupted 
@ 5% 

D8 Dry @ RT Interrupted 
@ 8% 

D11 Dry @ RT Interrupted 
@ 11% 

Dr Dry @ RT Up to rupture 
W5 Washing and immersion in 

DIW followed by overnight 
drying at RT 

Wet, immersed in DIW 
during tensile testing 
(5 min, 6% water 
uptake, RT) 

Interrupted 
@ 5% 

W8 Interrupted 
@ 8% 

W11 Interrupted 
@ 11% 

Wr Up to rupture 
WI5 Washing and immersion in 

DIW, overnight drying at 
RT, followed by 24 h 
immersion in DIW at RT 

Wet, immersed in DIW 
during tensile testing 
(33% water uptake, 
RT) 

Interrupted 
@ 5% 

WI8 Interrupted 
@ 8% 

WI9.5 Interrupted 
@ 9.5% 

WIr Up to rupture  

A. Alkhouzaam et al.                                                                                                                                                                                                                          



Surfaces and Interfaces 39 (2023) 102911

6

applied on the TFC morphology at four different locations on each 
sample tested. More locations of damages are presented in Figure S1 in 
the supplementary information. The images reveal that no serious 
damages are observed at a 5% strain level under all conditions tested. In 
the dry conditions, only minor stretches have been observed on D5 
surface as depicted in Fig. 6(a). The magnified images in Fig. 7(a1–a4) 
show that the TFC layer is still cohesive and is not severely damaged or 
thinned. When immersed for a short time, the TFC layer exhibited more 
obvious stretching and thinning as depicted by the W5 images in Fig. 6 
(b). The high-magnification images of W5 in Fig. 7(b1–b4) show that the 

thinning became more obvious compared to those observed in dry 
condition. Upon long time immersion (33% water uptake), the stretches 
and wrinkles were observed in more locations and became more prev
alent in WI5 as shown in Figs. 6c and 7(c1–c4). Although no severe 
cracks or deformations were observed at 5% strain for all conditions 
tested, the stretching and thinning of the TFC layer can lead to an in
crease in water and salt permeance through the membrane [29]. 

At a strain of 8%, the damages became more predominant in all 
conditions with different severity levels as depicted by Fig. 6. The sur
face evolution of D8 and W8 membranes was almost similar as shown in 
Fig. 6(a and b). In addition to the increased number of stretches 
observed, major wrinkles, cracks, and deformations of the TFC layer 
were observed in some locations. These deformations can be clearly seen 
in the high-magnification images in Fig. 8(a1–a4) and (b1–b4) for D8 
and W8, respectively. Upon long immersion, more stretches and wrinkles 
were observed in different locations as shown in Fig. 6(c). Although 
these stretches became more prevalent on WI8 surface compared to D8 
and W8, the severity level of these stretches is obviously less. Intense 
wrinkles were observed in one location on WI8 that resulted in an 
obvious damage in the TFC layer as shown in Fig. 8(c1–c4). Fig. 6(a and 
b) depicts that at 11% strain which is very close to the rupture strain, 
more cracks and deformations in the TFC layer were observed on D11 
and W11 surfaces. Investigation of these cracks at high magnifications 
(Fig. 9(a1–a4) and (b1–b4)) showed that the damages were extended to 
the middle layer by the presence of PSF layer in some locations as shown 
in Fig. 9(b4). In contrast, less cracks were observed in samples tested 
under 33% water uptake (WI9.5) at which most of the surface evolution 

Fig. 4. Engineering stress versus strain curves of BW30 membrane samples under dry amd wet (6% and 33% water uptake) conditions.  

Table 4 
Mechanical properties of BW30 membrane samples under dry and wet condi
tions (The ± values represent the standard deviation).  

Sample Modulus of 
Elasticity 
(E) (MPa) 

Flow Stress 
(Yield 
Strength) 
(MPa) 

Ultimate 
Strength 
(MPa) 

Rupture 
Stress 
(MPa) 

Rupture 
Strain 
(%) 

Dry 22.0 ± 0.4 19.6 ± 0.5 71.0 ± 1.2 71.0 ±
1.2 

12.3 ±
0.5 

Wet (6% 
water 
uptake) 

21.1 ± 0.6 18.3 ± 0.7 62.0 ± 1.6 61.5 ±
1.6 

11.9 ±
0.7 

Wet (33% 
water 
uptake) 

15.5 ± 0.4 17.1 ± 0.4 50.3 ± 1.5 49.6 ±
1.6 

10.3 ±
0.5 

Polyester 17.4 ± 0.6 18.7 ± 0.9 62.5 ± 2.1 61.6 ±
2.3 

10.7 ±
0.8  

Fig. 5. SEM images of the BW30-LE membrane as received (unloaded, selective layer surface) at magnifications of 4, 8, 16, and 60 kx.  
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was in the form of stretches and wrinkles with varying severity levels as 
shown in Fig. 6(c) and Fig. 9(c1–c4). 

The overall SEM results suggest that the low water uptake does not 
influence the membrane mechanical integrity and hence they exhibit 
similar behavior to dry samples. This could be explained by the fact that 
the 5 min immersion is not enough for membrane wetting and hence 
doesn’t influence the response of the TFC and other layers. After 24 h of 
immersion, the top composite layer (i.e., PSF-PA) was hydrated and 
became more stable, and therefore less severe cracks were observed 

compared to those tested in dry and after short immersion time. The TFC 
layer is very thin, rigid, and tightly cross-linked, and hence the hydra
tion has a negligible effect on its geometry and mechanical integrity [37, 
38]. On the other hand, the TFC layer geometry and integrity depends 
mainly on the adhesion properties with the middle layer (i.e., PSF) [13, 
19]. Polymer membranes like PSF become ductile when hydrated as 
water molecules plasticize the polymer matrix [39,40]. Manawi and 
co-workers [41] found that wet PSF membranes exhibit around 42% 
higher rupture strain than that of dry PSF. These findings suggest that 

Fig. 6. SEM images showing the types of damages observed in the tested samples (selective layer surface, 8000 X magnification, scale bar is 10 µm).  
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the higher stability of TFC layer of membranes with higher water uptake 
could be attributed to the stability of the wet PSF layer that doesn’t 
experience severe cracks at 8 or 9.5% strains. Hence, the TFC layer re
mains cohesive owing to the adhesion properties and higher stability of 
the middle layer. At strain levels higher than 9.5%, the polyester backing 
starts to fracture (Fig. 4) leading to a complete membrane rupture. The 
stress-strain curves presented in Fig. 4 showed that the wet membranes 
fail at lower tensile stress than this of dry membrane. This is attributed to 
the dominance of the reinforcing polyester backing that have less me
chanical strength in wet conditions [42,43]. It has been reported that the 

moisture absorption affects the fiber-matrix bondings resulting in lower 
mechancial strength [35]. 

Contrastingly, the PSF layer has less ductility in dry conditions, 
which explains the cracks and deformations observed at strains higher 
than 8% resulting in more deformations with high severity in the TFC 
layer. This can be confirmed by the presence of PSF layer at high 
magnification images in Figs. 8 and 9. Fig. S2 in the supplementary in
formation shows SEM images of scanned areas close to the fracture re
gion for Dr, Wr, and WIr membranes. These images (Fig. S1 (a1–b4)) 
show mini cracks and severe wrinkles in the PSF and TFC layers of dry 

Fig. 7. Surface SEM images of the membrane samples loaded at 5% strain in dry and wet conditions at different magnifications.  

Fig. 8. Surface SEM images of the membrane samples loaded at 8% strain in dry and wet conditions at different magnifications.  
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and short immersed samples near the rupture region. In the wet sample 
(Fig. S2 c1–c4), deformation of the TFC layer near the rupture region is 
also observed with less severity than that of the dry samples. This con
firms that the PSF and TFC layers are more cohesive in the wet condi
tions even at areas near the rupture. 

These findings suggest that the PSF and TFC layers exhibit surface 
damage before the complete membrane fracture in dry conditions, and 
become more stable when hydrated, and hence the controlled hygro- 
mechanical testing becomes an essential tool to test its mechanical 
integrity. 

3.3. AFM analysis 

AFM is an essential tool and complement to SEM for the morpho
logical characterization of TFC membranes that provides quantified in
formation about the roughness parameters of a membrane surface. 
Surface roughness can be measured in terms of the average roughness 
(Ra) and root mean square roughness (RMS or Rq). Ra and RMS 
roughness are the key physical parameters usually reported to represent 
the membrane surface roughness. The difference in surface area (SAD) is 
another essential parameter obtained by AFM analyses which represents 
the difference between the calculated 3D area (effective area) and the 
projected area. In general, the higher the RMS and Ra values, the 
rougher the membrane surface and the larger the effective area of the 
membrane. It’s also worth noting that a larger membrane effective area 
is always linked to higher water permeability [44]. On the other hand, 
the rough surface is more prone to foulant accumulation in the valleys, 
which results in a reduction in the flow rate and the quality of the 
permeate [45]. Surface roughness is usually altered when a physical or 
chemical change is applied to the membrane. The chemical changes 
affecting membrane roughness include fillers addition [46,47], cross
linking [48], substrate modification [13,19], and compositions variation 
[49]. 

In this study, the AFM analysis was conducted to explore the 
morphological changes resulted from the applied stresses. In the absence 
of chemical modifications, any change in the membrane’s roughness can 
be attributed to the applied stress. Fig. 10 presents the 3D AFM images at 

one location of each sample, and the averaged roughness parameters 
(Ra, Rq, and SAD%) are listed in 5. Fig. S3, S4, and S5 in the supple
mentary information present the 3D AFM images for membranes tested 
in dry, wet (6% water uptake), and wet (33% water uptake), respec
tively, at different locations with the corresponding Rq, Ra, and SAD 
values. The results showed that the surface of the unloaded membrane 
(BW) has a uniform peak-valley structure with Rq and SAD values of 54.6 
± 1.6 nm and 39.3 ± 0.5%, respectively. In contrast, the surface became 
less uniform after applying the stress and the uniformity decreased with 
the increase of strain stress. The less uniformity of the surface was 
indicated by the varying roughness and SAD percentages observed at 
different areas of the same sample. At a 5% and 8% strain, the dry 
membranes and wet (6% water uptake) (i.e., D5, D8, W5, and W8) 
exhibited slight increase in roughness and decrease in SAD values in 
some areas. The decrease in SAD values is attributed to the stretching of 
TFC layer. More stretches were observed at 11% strain where the SAD 
values decreased to 25.3 and 23.3% in some areas of D11 and W11, 
respectively. Membranes with higher water uptake (33%) showed 
higher levels of non-uniformity at which the SAD values decreased to 
levels lower than 20% under the interrupted stresses. These findings 
suggest more intense stretches compared to membranes tested in dry 
and at 6% water uptake which is in good agreement with the SEM re
sults. These stretches can be clearly visualized by the 3D AFM images in 
Fig. 10(j–m). The increase in Rq is usually associated with an increase in 
SAD value [44]. However, it has been observed in some areas that SAD 
value decreases slightly or remains unchanged while Rq is higher than 
this of the unloaded membrane as shown in Fig. 10(c,g,e and i). This 
could be explained by the sharp and localized peaks stretching within 
the scanned area resulting in higher deviation from the mean plane (i.e., 
Rq). These localized stretches result in severe wrinkles and cracks which 
agrees with the SEM observations and can be visualized in the 3D images 
obtained at these locations (Fig. 10(c,g,e and i)). On the other hand, the 
stretching covers the whole scanned area of the samples immersed 
overnight which decreases both the roughness and SAD values. These 
observations are in good agreement with the SEM observations, which 
showed that the surface damage of the TFC of dry and less hydrated 
membranes are in the form of localized cracks and severe wrinkles, 

Fig. 9. Surface SEM images of the membrane samples loaded at 11% strain in dry and wet (6% water uptake) and 9.5% strain in wet (33% water uptake) conditions 
at different magnifications. 
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whereas the surface damage observed at 33% water uptake were in the 
form of widespread stretches and less-severity wrinkles. 

3.4. Contact angle analysis 

Contact angle is a useful tool to measure of wettability and hydro
philicity of a membrane surface [50]. Membrane hydrophilicity plays a 
vital role in determining the efficiency of its separation and fouling 
properties. It is generally believed that the higher the degree of surface 
hydrophilicity, the higher the membrane’s permeability [44]. Like the 
roughness properties, the surface’s morphology and chemistry can also 
affect its hydrophilicity [51]. Therefore, a change in the membrane 
hydrophilicity can also indicate a change in its surface geometry when 
no chemical change is present. In this work, the contact angle was 

measured to indicate the morphological change in membrane surface 
caused by the mechanical stress applied. The average contact angle of 
the tested samples are illustrated in Fig. 11 and listed in Table 5. The 
error bars in Fig. 11 correspond to the standard deviation (SD) of contact 
angles tested at these locations. As the measured area is subjected to 
different levels of stress, the SD value was used to indicate the 
non-uniformity of CA profile within each sample. The unloaded mem
brane (BW) showed an average contact angle of 54.9 ± 0.9◦ The low SD 
value of the unloaded membrane indicates high uniformity of contact 
angles through its surface. Contrastingly, the stressed membranes 
showed higher levels of uncertainty as demonstrated by their SD values. 
These uncertainties suggest that the uniformity of these surfaces was 
altered due to the stress applied. 

Fig. 12 illustrates the localized contact angle measured at every point 

Fig. 10. 3D AFM images of the membrane samples tested under different conditions.  

Fig. 11. The average contact angle of the tested membrane samples. The error bars correspond to standard deviation of the locations tested (n = 10).  
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on the tested samples. Clearly, the stressed membranes have non- 
uniform contact angle profile across the area tested. The results also 
suggest that WI9.5 have the highest degree of non-uniformity compared 
to the other membranes that could be attributed to the prevalence of 
stretches across the stressed membrane. This non-uniformity of surface 
can be also indicated by the presence of asymmetric drops in several 
locations on the stressed samples at which the left and right contact 
angles of the same drop are inequal (Fig. 13). It is widely accepted that 
the surface roughness affects its contact angle and its symmetry [47,52]. 
Therefore, the non-uniformity and asymmetry of the measured contact 
angle on the stressed samples can be attributed to the change in their 
roughness properties as revealed by the AFM results. 

4. Conclusions 

TFC membranes have proven their high efficiency in many 

membrane-based processes. However, the TFC layer is very sensitive and 
tends to undergo severe deformations owing to the complex stresses 
applied at varying conditions. Efforts in exploring the mechanical sta
bility and integrity of TFC membranes are limited. Aiming to have a 
better understanding of their mechanical integrity, the evolution and 
response of TFC layer to controlled interrupted uniaxial tensile testing 
was investigated. The mechanical stresses were applied under dry and 
wet conditions with 6% and 33% water uptake. It has been demon
strated that the structural integrity and surface functionality of the TFC 
layer were severely affected when subjected to strain limits lower than 
the strain-rupture stresses. The key findings of this work are described 
below:  

(1) Dry membranes have higher strain levels at rupture (~12%) than 
that of wet membranes (~10%). This behavior was attributed to 
the weaker fiber matrix bonding of the polyester layer in wet 
conditions.  

(2) The failure of the TFC layer occurs at much lower strain levels 
than the rupture-strain.  

(3) Samples tested under dry and short immersion time exhibit the 
same behavior under mechanical stress. This suggests that low 
water uptake (6%) does not influence the mechanical properties 
of the membrane.  

(4) At a strain limit of 5% and under dry and wet conditions, the 
effect on the TFC layer was in the form of minor stretches and 
thinning with no obvious cracks or deformations. 

(5) At strain levels higher than half the rupture strain, severe wrin
kles and localized deformations in the TFC layer were observed 
with membranes tested under dry and low water uptake level 
(6%). The SEM results showed that the damage was also extended 
to the middle layer as evidenced by the change in appearance of 
the porous PSF matrix in some locations at high magnifications.  

(6) Wet membranes immersed overnight (33% water uptake) showed 
lower severity damages even at strain limits as high as 9.5% than 
those observed in dry and wet (6% water uptake). The damages 

Table 5 
Average roughness parameters and contact angle (CA) of the tested membranes. 
The ± values represent the standard deviation (n = 3 for roughness parameters 
and n = 10 for CA measurements).  

Membrane Rq (nm) Ra (nm)_ SAD (%) CA (deg) 

BW 54.6 ± 1.6 43.5 ± 1.3 39.3 ± 0.5 54.9 ± 0.9 
D5 66.7 ± 2.9 53.2 ± 2.2 34.6 ± 0.3 49.9 ± 4.4 
D8 74.5 ± 5.4 58.2 ± 4.3 36.0 ± 2.6 53.5 ± 3.2 
D11 60.5 ± 10.4 47.6 ± 8.5 34.4 ± 6.9 51.0 ± 4.2 
Dr* 68.1 ± 21.6 52.5 ± 17.0 36.0 ± 9.9 – 
W5 62.7 ± 2.4 49.6 ± 2.1 35.3 ± 1.3 50.3 ± 5.4 
W8 62.2 ± 1.8 49.2 ± 1.1 33.8 ± 0.6 49.6 ± 6.6 
W11 60.5 ± 18.6 47.4 ± 12.9 27.6 ± 3.6 49.8 ± 5.0 
Wr* 68.0 ± 6.5 52.0 ± 4.1 35.1 ± 1.7 – 
WI5 45.6 ± 11.4 36.0 ± 9.1 22.2 ± 5.4 54.0 ± 4.6 
WI8 48.8 ± 10.4 39.2 ± 8.1 25.6 ± 6.1 52.0 ± 4.4 
WI9.5 43.3 ± 10.0 34.8 ± 7.3 21.7 ± 4.1 50.4 ± 8.3 
WIr* 39.7 ± 17.2 31.4 ± 13.6 18.9 ± 9.7 –  

* Roughness parameters of the ruptured samples (Dr, Wr, and WIr) were esti
mated at areas near the rupture. 

Fig. 12. Illustration of the contact angle profile on the tested points of each sample. Measurements were stacked vertically for clarity.  
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were in the form of widespread stretches and wrinkles with fewer 
cracks or deformations. 

(7) The results were supported by the contact angle and AFM find
ings which showed that the membrane surface becomes less 
uniform when subjected to different strain limits under different 
conditions. The AFM results suggested also that the damages in 
dry and wet (6% water uptake) conditions are localized and se
vere, while they are more prevalent with less severity with 
samples tested under higher water uptake levels (33%).  

(8) The combination of strain-rupture results with the SEM and AFM 
findings suggest that each layer behave differently under the 
tested conditions. Polyester backing has less mechanical strength 
in wet conditions due to the weaker bonding of fibers, while 
water molecules plasticize the PSF matrix providing higher 
ductility and stability to the top composite layer (PSF-PA). 

The findings of this study suggest that the complexity of the loading 
conditions under which membranes are commonly used calls for further 
investigations to better simulate real operating conditions in the lab 
environment. The results of this work provide a better understanding 
and prediction of how the surface characteristics of the TFC layer behave 
and evolve under different mechanical load levels and conditions. The 
methods proposed here apply to different TFC membranes used in 
various water treatment and desalination applications. As this study is 
the first to investigate the evolution of surface damage of TFC layers 
under different strain limits under different conditions, it also highlights 
the need to do more investigations under real operating conditions such 
as acidic/basic conditions, non-uniaxial loading, and different temper
ature levels. 
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