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Abstract

Applications of membrane technology in water desalination and wastewater treatment have increased significantly
in the past few decades due to its many advantages over other water treatment technologies. Water treatment
membranes provide high flux and contaminant rejection ability and require good mechanical strength and durability.
Thus, assessing the mechanical properties of water treatment membranes is critical not only to their design, but also
for studying their failure mechanisms, including the surface damage, mechanical and chemical ageing, delamination
and loss of dimensional stability of the membranes. The various experimental techniques to assess the mechanical
properties of wastewater treatment and desalination membranes are reviewed. Uniaxial tensile test, bending test,
dynamic mechanical analysis, nanoindentation and bursting tests are the most widely used mechanical
characterization methods for water treatment membranes. Mechanical degradations induced by fouling, chemical
cleaning as well as membrane delamination are then discussed. Moreover, in order to study the membranes
mechanical responses under similar loading conditions, the stress-state of the membranes are analyzed and advanced
mechanical testing approaches are proposed. Some perspectives are highlighted to study the structure-properties

relationship for wastewater treatment and water desalination membranes.
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HIGHLIGHTS

e Experimental techniques to assess the mechanical properties of water treatment
membranes are reviewed.

e Mechanical degradation mechanisms of water treatment membranes are
discussed.

e Stress-state of the water treatment membranes are analyzed at different scales.

e Advanced mechanical testing methods are proposed to study structure-
properties relationship for water treatment membranes.



Table of Contents

R 1 oo [3Tox o] TR PP P PP PO URPRORPIN 5
2. Membranes and membrane MaterialS ..o 7
3. Mechanical characterization tEChNIQUES ...........cooiiriiiiieiieese e 10
3.1 Uniaxial tENSTIE TEST: ... 11
I =TT To g To R (- PSP PR 15
3.3. Dynamic mechanical @NalYSIS ...........ccciiiiiiiiiiiicce e 18
3.4, NANOINAENTALION ... bbbt b e bbb nneeneas 20
3.5, BUISTING TEST. ...ttt bbbttt b e bbbt ere s 24
4. Mechanical degradation of water treatment membranes ............cccocvevinieiiien s 27
4.1. Fouling induced mechanical degradation.............ccocueiieieniiincnieseeee s 28
4.2. Chemical cleaning induced mechanical degradation ............c.ccocviiirinieicnenc e 29
4.3. Membranes delamination ...........cccoiiiiiie s 30
5. Stress-state of polymeric membrane under actual condition ............ccocvveevivevencieneere e 31
5.1 Flat SNEEt MEMBIANES ..ottt b et ane s 31
5.2 HOllOW TIDEr MEMDIANES ..o 33
6. Advanced techniques for mechanical properties teSting...........ccocevvrirerieieienese s 35
6.1. Environmental effects on the mechanical properties of membranes...........cccocoevvvniinnins 35
6.2. Membrane fatigue DENAVION ..o 36
6.3. Real-time micromechanical INVESTIGAtIONS ...........ccveiiiiiiiinesireeeee e 37
F o] 4 [od 1] o] 4 USSP PP RUR PP PRPRORO 38
8. RETEIBNCES ...t bbbttt bbb ane s 40



Abbreviations
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1. Introduction

Although 72% of the earth is covered with water, 97% of that is salty seawater, which is not
suitable for domestic and industrial applications. Moreover, 70% of the rest 3% fresh water is
locked in ice and not accessible. Nowadays, the growing population results in an increasing
demand on the quantity and quality of drinking water, especially in water-stressed countries. In
the meantime, some existing groundwater and rivers are gradually polluted and unavailable due
to industrialization and urbanization [1]. Therefore, global fresh water shortage is becoming the
most serious problem affecting the economic and social development [2]. Attention is focused on
the development of more sustainable technological solutions that are able to meet the increasing
water consumption of future generations. Seawater desalination and wastewater treatment are the
main technologies for producing clean water. Conventional desalination processes are generally
based on thermal processes consuming substantial amount of energy with large greenhouse gases
emission [3]. An environmental-friendly method for water purifying at low cost, with less energy
and with less chemicals is therefore more attractive and desirable.

Membrane technology is favored over other approaches for desalination and wastewater
purification due to its promising high efficiency, ease of operation, energy and space saving, and
the no use of chemicals. Membrane filtration for water treatment has increased significantly in
the past few decades with the enhanced membrane quality and decreased membrane costs. This
method is a separation process that uses a semipermeable membrane to divide the feed stream
into a desirable permeate stream that passes through the membrane walls and a retentate stream
containing high concentration of rejected species [4], [5], [6] and [7].

Most of the reported research that deals with seawater desalination or wastewater treatment
membranes focuses on membrane processing [8] and [9], surface modification[10] and [11], and
antifouling properties [12] and [13]. More recently, molecular dynamics simulations of the
physical and mechanical properties for nanoporous graphene membrane were
conducted [14], [15], [16], [17] and [18]. However, experimental investigations of the
mechanical behaviors under complex loading modes with temperature and pressure effects for
porous membranes are rarely reported. According to Scopus database, the annual publications on
desalination and water treatment membranes has grown from 1050 publications in 2004 to nearly
2500 publications in 2014. On the other hand, the number of annual publications that investigate
the mechanical properties of desalination and water treatment membranes, regardless of being
increased from 20 publications in 2004 to about 100 publications in 2014, is still represents less
than 5% of the annual desalination and water treatment membranes publications.



In addition to high permeate flux, high contaminant rejection, good chemical and fouling
resistances, water treatment membranes require good mechanical stability and durability.
Membrane processes end users require a suite of techniques to independently assess the
properties of the membranes received from the manufacturer before commissioning the process
and at different stages during the membrane life (for diagnosing performance). Thus, analysis of
the membrane real loading conditions and examining their mechanical properties under similar
conditions are very important. Furthermore, understanding the mechanical behaviors of water
treatment membranes with underlying deformation mechanisms is critical not only for designing
membrane structure, but also for predicting membrane failures including: 1. Complete breakage
(which is very rare); 2. Surface damage (impingement by sharp particles); 3. Cracking (due to
insufficient flexibility of the membrane, this particularly affects outside feed formats that use air
scour in backwash and for inside feed formats, a lack of compression strength will cause the
fiber to crack since it cannot withstand the high flow and pressure in backwash); 4. Dimensional
stability (can create disengagement in hollow fiber formats of the membrane from the potting
tube-sheet if the membrane shrinks, and can create delamination in composite membranes); 5.
Aging (mechanical fatigue and chemical attack due to hydrolysis which can be accelerated by
high or low pH. Note that both mechanical fatigue and chemical attack can result in mechanical
degradation of polymeric membrane by chain scission mechanism. However, cracks induced by
mechanical ageing may initiate at the surface or inside the membranes, while cracks induced by
chemical attack can only initiate at the membrane surface [19].)

This article reviews the most widely used experimental techniques for characterizing the
mechanical behaviors of desalination and wastewater treatment membranes. Moreover, the
mechanisms responsible for the mechanical degradations of these membranes are also discussed.
In order to study the mechanical responses of membranes under real operating conditions, the
stress-state at both lab and commercial scales is discussed. Finally, some advanced mechanical
testing methods are proposed with potential real-time monitoring techniques.

Desalination and wastewater treatment membranes can be classified according to their pore size,
mechanisms of rejection, driving forces, composition of membranes, geometry and
configuration [20]. According to pore size, wastewater treatment and desalination membranes
are classified as microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse
osmosis (RO) membranes. Among these membranes, RO membranes has much tighter pore
structure that can effectively remove a wide range of ions from water, but requires the highest
differential pressure (30—60 bar). Because of its very small pore size, RO has low permeate flux
and is usually used for seawater desalination [20]. RO is considered the most energy-efficient
water treatment technology in chemical and environmental applications and RO desalination is
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the primary choice for seawater desalination, dominating about 45% of the total global
desalination technology[3] and [21].

According to their material of construction, wastewater treatment and water desalination
membranes are classified as inorganic, organic (polymeric), and hybrid membranes. Inorganic
membranes are based on either metallic or ceramic materials and they are used for MF and UF
membranes. Their high chemical and thermal stability make them suitable for use in corrosive
and high temperature environments. However, ceramic membranes have few commercial
applications due to their mechanical fragility and relatively high cost and metallic membranes
usage is limited to gas separation. Polymers remain the most widely used material for
commercial water treatment membranes due to their good separation performance. Polymeric
membranes such as polyvinylidene fluoride (PVDF), polyacrylonitrile (PAN), polyethersulfone
(PES) and polyamide (PA) are the most used membranes. However, polymeric materials are very
susceptible to thermal, chemical and biological degradation [22]. Blending polymers or
composite of polymers with inorganic fillers are effective method to provide new and better
polymer based membranes to meet the requirements of many practical applications. The blended
membranes can posses a range of chemical, physical and mechanical properties, making
blending a favorable approach due to its versatility and simplicity. Recently, the use of
nanoparticles to enhance the performance of membranes has been successful attempted by
incorporating nanofillers into ceramic or polymeric membranes, leading to breakthrough
performance related to fouling mitigation, improvement of permeate quality and flux
enhancement [23], [24], [25] and [26].

For membrane configurations, the spiral wound module is the dominant product type for RO
application. In spiral wound configuration, flat sheet membranes are usually wrapped around a
central collection permeate tube with a sandwich structure. This configuration can reduce
concentration polarization, fouling, and particle cake deposition. However, spiral wound
configuration is defenseless to biofouling occurrence [27] and [28]. Moreover, the seals and glue
lines are weak points which may result in the loss of module integrity. Hollow fiber membranes
are mostly based on PVDF and PES and are usually submerged in a basin or pressurized in
housing for UF and RO applications. Hollow fiber membranes for UF applications are arranged
in rectangular modules which form a cassette and directly immersed into an aeration basin for
membrane bioreactor (MBR). If RO is used in the hollow fiber configuration, numbers of hollow
fibers are tightly bundled and bonded at the end housed in a tube. Table 1 summarizes the
applications, the materials and the configurations for water treatment membranes. In this table,
we also resumed the most used mechanical approaches for investigating the mechanical behavior
of the membranes and how these results can be used in the application.



2. Membranes and membrane materials

The essential requirements for a common mechanical testing are controllable change in the
specimen displacement and displacement speed and a mean to accurately measure the
corresponding change in required load. The material stress—strain behavior can be obtained from
the measured forces and displacements based on the sample cross section area and loading
mode [29].

Conventional tests are difficult to directly apply for studying the mechanical properties of
membranes because of their small thickness. For bulk materials, mechanical testing provides
average properties over a large specimen cross-section and the specimen dimensions usually do
not interfere with fundamental length scale [30]. Whereas the membrane sample size is usually
quite small, it is therefore expected that the mechanical responses of the membranes exhibit a
sample size dependence [31]. The strain-induced microstructural changes for membranes are
often significant, invalidating many assumptions, such as in-plane elastic isotropy made about
plastic deformation of bulk materials. Therefore, the mechanical properties of membranes need
to be accurately evaluated with the underlying mechanisms, in order to optimize the membrane
design and processing, to be used with long service time. Current methods to study the
mechanical behaviors of wastewater treatment and seawater desalination membranes include
uniaxial tensile testing, bending test, dynamic mechanical analysis, depth-sensing
nanoindentation and bursting tests. Table 2 summarizes the most used approaches to study the
mechanical properties of the water treatment membranes and the reported mechanical behaviors
by using these methods. By using these methods, elastic, plastic, viscoelastic, hardness, as well
as fracture and toughness properties can be determined. In the following sections, the major
aspects of each technique are highlighted.

2.1. Uniaxial tensile test

Uniaxial tensile testing is one of the fundamental and the most used testing methods to
investigate the mechanical behaviors of materials. In uniaxial tensile test, the specimen is
stretched at a controlled constant tensile speed until a given strain or failure occurs. From the



measured load (F), displacement (A I), the original specimen cross-sectional area (Sp) and initial
length (lo), the engineering/nominal stress (oeng = F/Sp) and strain (eeng = A l/lp) are determined.
The true stress is the applied load acting on the instantaneous cross-sectional area. Assuming the
material volume remains constant, then the engineering stress and strain can be used to derive the
true stress—true strain curve, up to the strain at which necking begins, as follows [102] and [103]:

etrue=In(1+eeng) equation(1)
otrue=ceng(l+ceng). equation(2)

Other important mechanical parameters such as Young's modulus, yield stress, strain-softening
and strain-hardening characteristics, and ultimate stress and strain of materials can be obtained
directly from the stress—strain curves. In addition, the area under the stress—strain curve
determines the material toughness which relates to the material energy absorption capacity [104]:

Uniaxial tensile test is the most widely used mechanical testing method for wastewater treatment
and seawater desalination membranes. For flat sheet membranes, the nominal/engineering stress
can be determined as using the original cross sectional area, but for hollow fiber
membranes, oeng hollow fibery should be calculated according to their sectional surface
area [96]:

F
n(dﬁ d? )
4 equation(3)

Teng (hollowfber; =

where do and di are the outer and inner diameter of the hollow fiber, respectively.

It is worth mentioning that there is currently no specific test standard for studying the mechanical
properties of water treatment membranes. This is because that on the one hand, RO, NF, UF and
MF are all used in different configurations that experience different mechanical loads. On the
other hand, in some cases these testing methods for measuring intrinsic properties are derived
from features of the membrane materials. For example, ASTM D6908 describes different
techniques to test the integrity of membranes which is a function of mechanical properties.
Nevertheless, ASTM D882-12 and ISO 527-3 for testing the tensile properties of thin plastic
sheets (thickness less than 1 mm)[105] and [106] are the closest possible standards. Few studies
have followed standard tensile test methods designed for thicker polymer specimens (ISO 6239
and ASTM D638) [107] and [108] or metallic materials (GB/T228-2002) [109].



Ahmed et al. [110] studied the mechanical strength of  cellulose/electrospum
polyvinylidenefluoride-co-hexafluoropropylene (PVDF-HFP) composite flat sheet membranes
for efficient oil-water separation using uniaxial tensile test with dog-bone specimens ( Fig. 1(a)).
The tensile tests were conducted at a speed of 1 mm/min. The results showed that the addition of
up to 15wt.% cellulose led to increase in the elastic modulus and tensile strength of the
electrospun PVDF-HFP membranes (Fig. 1(b)). However, the elongation at break decreased with
increasing the cellulose content (Fig. 1(c)). The change in the mechanical properties was due to
the entrapment of the PVDF-HFP fibers in the cellulose matrix and their inability of their chains
to easily reorient. Therefore, the elastic modulus and tensile strength increased. At cellulose
content above 15 wt.%, the membranes suffered process-induced defects such as cracks during
the drying step, which led to a decreased membrane stiffness.

Wang et al. [111] investigated the mechanical properties of novel graphene oxide (GO)-blended
PVDF UF membrane at room temperature using uniaxial tensile testing at a speed of 2 mm/min.
The tensile strength of PVDF/GO membrane increased with increasing the contents of GO up to
0.2 wt.%, and then it gradually decreased. The increase in tensile strength was attributed to the
excellent mechanical properties of GO and the very high surface area and aspect ratio. Below
GO content of 0.2 wt.%, GO was dispersed very well in P\VVDF matrix, improving the mechanical
properties of the membrane. With further increase in GO content, GO aggregation and possibly
weak interface led to a decrease in the tensile strength.

Han et al. [112] studied the mechanical behavior of a PA thin film composite (TFC) pressure
retarded osmosis (PRO) membrane for renewable salinity-gradient energy generation using
uniaxial tension experimental technique. The flat sheet of PA TFC membranes with 5 mm width
and with 30 mm initial gauge length were tested under a tensile rate of 10 mm/min. Test
temperature was not mentioned. The developed membranes exhibited very high toughness which
was an important factor for the membranes outstanding compressive resistance properties.

A slightly higher tensile crosshead speed, 20 mm/min, was used to test the room temperature
mechanical properties of polysulfone (PSF) UF membranes with polyethylene glycol (PEG)
additive [113]. Increasing the dosage of PEG-400 (average molecular weight 400 Da) led to
increased membrane porosity consequently decreasing the tensile stress at break. On the other
hand, the elongation at break initially increased then decreased with increasing PEG-400 content.
Increasing the PEG molecular weight, increased the elongation at break, while the tensile
strength increased till to the PEG molecular weight of 1500 Da and then decreased. This was due
to that appropriate increase in molecular weight of PEG could suppress the formation of
macrovoids and enhance the mechanical strength. However, when the molecular weight of PEG
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was high, the rapid increase of porosity arising from the increase in molecular weight of PEG
addition might decrease the mechanical strength.

Universal testing machine with a crosshead speed of 50 mm/min was used to evaluate the
mechanical strength of a self-supporting electrospun PAN nanofibrous membrane for water
purification [114]. The obtained stress—strain curve exhibited a nonlinear relationship between
the applied stress and deformation. The measured mechanical properties indicated that this
membrane could serve as a self-supporting membrane for fluid streams.

Uniaxial tensile testing is also widely used to identify mechanical behaviors of ductile polymer
membranes and polymer matrix
membranes [32], [34], [35], [36], [40], [44], [46].[47], [48], [53], [58], [61], [94] and [115].
However, the focus of most of the studies was to correlate the mechanical properties with the
processing conditions or the composite composition or loading. No significant attempts were
made to correlate the mechanical properties of the membrane to its operational performance,
reliability, and lifetime. Moreover, the majority of the studies did not follow any standards with
regard to the test specimen and the crosshead speed. For example, the grip distance was varied
between 20 mm [35] to 100 mm [36] and [115] and the crosshead speed was varied between
2 mm/min [44] to 500 mm/min [115] depending on the initial gauge length and initial sample
length. In addition, most of the uniaxial tensile tests were carried at room temperature and not the
temperature at which the membrane will operate.

Although uniaxial tensile is the most used mechanical testing method for thin
films [97],[116], [117], [118], [119] and [120], due to the delicacy and very thin thickness of the
membrane materials, the following must be considered while using uniaxial tensile test for
membrane testing: (1) dog-bone/dumbbell specimen is recommended to avoid specimen rupture
around the gripped sections due to stress concentration induced by clamping (Fig. 1(a)), (2)
suitable grip and grip serrated surface should be used to avoid tearing/fracture the specimen
around the gripped area rather than at the middle of the specimen, (3) The vertical alignment of
the membrane samples and the grips should be adjusted to avoid side loading or bending, and (4)
clamping force should be adaptable to avoid slippage or damage of the gripped membrane during
operations.

2.2. Bending test

Bending or flexure testing is an important mechanical testing method to define the ability of
relatively brittle materials to resist deformation when subjected to simple beam loading and the
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results are presented in a stress - strain curve. The flexural strength represents the highest stress
before the material ruptures. According to the loading point, bending test can be divided into 3 -
point and 4 - point flexure tests as shown in Fig. 2.

In a 3-point bending test, the specimen is placed on two parallel supporting pins and a third
loading pin is lowered at the specimen mid-point at a constant speed. For a rectangular cross-
section specimen, the bending strength (af3r) is calculated from Eq.(4).

3FL

AT equation(4)

For a hollow fiber, the 3-point bending strength (af3h) is given by Eq. (5)[121]:

oo S
n{dy ) equation(5)

where F is the measured force at a given point on the deflection curve, L is the support span. b

and d are the rectangular beam width and depth, respectively. do and di are the outside and inside

diameters of hollow fiber, respectively.

In contrast to 3-point bending test, 4-point bending test requires the sample to be placed on two
supporting pins. Two loading pins are placed at an equal distance around the center. For a
rectangular cross-sectional specimen, the flexure strength is calculated by:

3Fa

Ofar = gt equation(6)

Here, a is the distance between the supporting and loading pins. For a hollow fiber, the 4-point
bending strength can be described by Eq. (7)[122]:

16FKD

O gy = =77

"(‘fﬁ—‘f} equation(7)

Here, K indicates a half of the difference between the outer and inner span. Furthermore, bending
test can be used to determine the facture toughness of materials, details about the theoretical
background are reported elsewhere [123]. 3-Point and 4-point bending tests are usually used for
rigid porous ceramic and metallic wastewater treatment and seawater desalination membranes. It
is worth noting that the thickness of some inorganic materials is not as thin as polymeric
membranes. In addition, bending test can provide the flexibility and the suitability of using a
particular product in a configuration that requires air scour for backwash/cleaning.
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Sarkar et al. [69] investigated the impacts of clay content and sintering temperature on the
bending strength of a clay-alumina porous capillary support for filtration application. The 3-point
bending test was performed using a span of 30 mm and a loading speed of 10 mm/min. The
flexural strength of the clay-alumina porous composite membranes increased with increasing
sintering temperature and with increasing clay content. The increased clay content favored the
mullite formation which had a significant consolidation effect on the material at high
temperature.

Kritikaki and Tsetsekou [66] studied the effect of adding small amounts of fine sol—gel derived
nanoalumina on the bending strength of a micron-sized alumina powder for the production of
highly porous ceramic. The bending test was carried out with 30 mm span and with 0.5 mm/min
crosshead speed. The results showed that the membrane bending strength depended on y-alumina
nanopowder content, materials mixing methods and the sintering temperature (Fig. 3). More
specifically, the bending strength of the membrane increased for low nanopowder content (4—
6 wt.%) then decreased for median nanopowder content and finally increased at high
nanopowder content (20 wt.%), whatever materials mixing method and sintering temperature.
The evolution of the membrane bending strength as a function of the nanopowder content is
related to the materials' interface, homogeneity as well as to the membrane porosity.

The mechanical behaviors of porous Al,O3 ceramics prepared from pure Al,O3; powder and
mixtures with AI(OH); particles were studied using three-point bending test by Deng et
al. [68] using 3 mm x 4 mm x 40 mm specimens, with a span of 30 mm and crosshead speed of
0.5 mm/min. The fracture toughness was measured using the single-edge notched-beam test,
with a notch depth of 2.0 mm, a notch width of 0.1 mm and with a span of 16 mm. Due to the
strong grain bonding, the bending strength of the ceramics increased with the addition of
Al(OH)s. For highly porous Al,O3, the fracture toughness increased with the addition of
Al(OH);. However, the addition of AI(OH);did not improve the fracture toughness of low
porosity ceramics. This is attributed to the fracture-mode transition from the intergranular, at
high porosity, to transgranular, at low porosity.

Lee et al. [76] prepared a nickel hollow fiber membrane and used three-point bending test to
study the effect of the sintering temperature on the bending strength of the membrane. Higher
sintering temperature in the investigated temperature range from 1100 °C to 1300 °C
significantly improved the bending strength of the hollow fiber membrane. Similar finding was
reported by Nandi et al. [71] on flexural strength of low cost ceramic membranes based on kaolin
for micro-filtration applications. The bending strength of the membrane increased from 3 MPa
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for sintering at 850 °C to 8 MPa for sintering at 1000 °C. The mechanical strength improvement
with sintering temperature was due to the densification of the materials at high sintering
temperature [67], [72], [75] and [77].

2.3. Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) is a very useful tool to investigate the viscoelastic
behavior of viscoelastic materials including polymeric membranes. DMA generally involves
applying a small dynamic deformation on a specimen of known geometry and measuring the
corresponded stress, or alternatively applying a dynamic stress on the specimen and measuring
the resulting strain. In most cases, deformation is the controlled input and stress is the measured
output [124]. DMA measures the stiffness and damping of materials at various temperatures and
frequencies. In addition, this approach can be also used to determine the transition temperatures
corresponding to molecular motion or thermal transition. Moreover, DMA fatigue test can also
be used to evaluate the degradation/ageing of membranes at various high cyclic load levels and
under various specific conditions. Although DMA allows various loading moduli such as
dynamic tension, compression, shearing, dual and single cantilever, dynamic tension is one of
the most used modes to study the dynamic mechanical properties of wastewater treatment and
seawater desalination membrane.

Chung et al. [78] studied the effect of the shear rate within the spinneret during hollow fiber
spinning on the mechanical properties of UF PES based hollow fiber membranes using DMA.
The hollow fiber samples were heated from room temperature to 250 °C at a heating rate of
3 °C/min and a frequency of 10 Hz. The storage and loss moduli of the obtained PES hollow
fiber membrane increased with increasing shearing rate as shown in Fig. 4. This was attributed to
the highly oriented polymer chains at higher processing shear rate, resulting in a higher potential
energy and inherent stiffness.

To remove Pb?*from industrial wastewater, poly(vinyl alcohol) (PVA) nanocomposite
membranes were prepared with different loading of zirconium diethylene triamine
pentamethylene phosphonate (ZrDETPMP). DMA was used to study the dynamic mechanical
properties of this membrane between 30 °C and 300 °C with 10 °C/min heating rate. The
membrane stiffness was found to increase with ZrDETPMP content. This increased membrane
stiffness with ZrDETPMP content is due to the hydrogen bonding of the matrix —OH groups, the
high degree of crosslinking, and attuned polymer network formation [81].
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Zhang et al. [83] measured the storage modulus of a PVDF hollow fiber membrane with PVDF
or PAN polymer coating layer using DMA operating at 1 Hz in the temperature range — 80 to
50 °C at a heating rate of 5 °C/min. The room temperature storage modulus of the reinforced
membranes were lower than the untreated PVDF membrane probably due to the erosion effect of
the polymer solution on the matrix surface during the coating processing.

Singh et al. [82] also used DMA to study the dynamic performance of NF membranes containing
silica monomer precursor and PVA at temperature range from 30 to 320 °C with a heating rate of
10 °C/min under N, atmosphere. The stiffness of this membrane increased with silica content
because the silica based filler reduced the porosity of the polymer matrix.

DMA can be used to obtain accurate dynamic mechanical responses of wastewater treatment and
seawater desalination membranes as a function of time, temperature and frequency at a small
dynamic strain or with a small dynamic force. However, the test should be carefully carried by
selecting proper initial serrated force applied by DMA grips to avoid membrane slippage or
damaging in the gripped section. Moreover, as polymer membranes stretches and becomes softer
at high temperature, a proper strain rate should be selected for different temperature ranges.

2.4. Nanoindentation

Nanoindentation is a technique developed in the mid 70s of the last century to measure the
elastic modulus, hardness, and fracture toughness of solid materials. Because of its high-
resolution of the load—displacement data acquisition ability, it is now used for the mechanical
characterization of small size materials [125] and [126]. For water treatment membranes,
nanoindentation can be used to investigate surface mechanical properties, which are useful to
investigate surface damage of the membranes induced by scaling. In a typical indentation test, a
hard pyramidal or spherical indenter is pressed into a studied material where the applied force
and the corresponded indenter displacement are recorded [29]. From the force—displacement
curves obtained by instrumented indentation, the measured contact stiffness, S, is
determined [126], [127],[128] and [129]:

ngE

T
= m — EEFUAFEIIE}

equation(8)

where F is the indentation load. h is the indentation depth and dF/dh is the slope of the tangent to
the unloading curve at the maximum loading point (Fig. 5), and Ap(hc) is the projected contact
area of the hardness impression at the contact depth hc, which is calculated as follows:
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Aplhe) = Coh? + Cihe + Goly? + CH + Ch)® + Gy™  equation(9)

where the constants Ci (i = 1, 2, 3, 4, 5) can be determined by a series of indentations at different
depths on a standard materials and employing curve-fitting procedure. The reduced modulus, Er,
which accounts for the elastic deformation occurs in both the specimen and the indenter, is given

by:

1 (1) (1)

E, E. E; equation(10)

where Es and vs are the Young's modulus and Poisson's ratio for the sample, and Eiand vi are the
Young's modulus and Poisson's ratio for the indenter. The hardness, H, is defined as the
maximum load, Fnax, divided by the residual indentation area, Ar:
H - Fmax .

Ar equation(11)
Yakub [87] studied the modulus and hardness of a porous ceramic membrane for removal of
contaminants from water using nanoindentation. In this, loading and unloading rates of 5 um/s
were applied through a spherical indenter with a peak load of 1000 uN. Both the membrane
modulus and hardness increased with decreasing the average pore size but did not have any clear
relationship with the porosity. It revealed that the elastic modulus and hardness of the membrane
were strongly influenced by the average membrane size rather than the porosity.

In order to evaluate the effect of the molecular structure on the mechanical properties of a cross-
linked sulfonated block copolymer for water purification applications, nanoindentation testing
was carried out by Yeo et al. [89]. The measurements were conducted under ambient atmosphere
and the results indicated that the chemical cross-linking had a significant effect on the
mechanical properties of the block copolymer due to the existence of chemical crosslinking in
loop/bridge conformations. At a given stress, the chemical crosslinking made the materials more
resistant.

The effect of GO on the strength of a nanohybrid NF membrane was analyzed by Wang et
al. [90]. The results demonstrated that Young's modulus and hardness of the PAN substrate
membrane have shown an insignificant change after hydrolysis (Fig. 6). However, a more
pronounced change was observed with poly(ethyleneimine) (PEI)/polyacrylic acid (PAA) as
Young's modulus and hardness significantly increased when PEI modified-GO/PAA was
deposited on the membrane. These results also indicated that the mechanical behaviors of the
composite membrane were improved by the addition of GO.
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In recent years, atomic force microscopy (AFM) technique has shown a versatility in the
characterization of surface properties of materials [130]. It allows high-resolution topography
investigations as well as mapping of the elastic and viscoelastic behaviors of materials. In this
technique, an AFM cantilever serves as a soft nanoindenter allowing local investigation of small
and inhomogeneous specimen at the nanometric scale [131],[132] and [133]. Nevertheless, the
use of this technique to study the mechanical properties of water treatment and desalination
membranes is still limited.

Tai et al. [91] prepared a free-standing and flexible electrospun carbon-silica nanofibrous
membrane for ultrafast gravity-driven oil-water separation. The Young's modulus of the single
SiO,—carbon composite nanofiber and the carbon nanofiber (CNF) was evaluated by contact
mode AFM utilizing a silicon cantilever with a pyramidal tip. The force mapping of the fiber
surface was conducted on a random area of 5 x 5 um?. The average Young's modulus for CNF
was three times higher than that of SiO,—carbon composite nanofiber suggesting that SiO,—
carbon composite nanofiber is more flexible than CNF.

Wang et al. [92] molecularly designed a pore-suspending biomimetic membrane embedded with
Aquaporin Z (AQPz) based on different lipid protein ratios for water purification. The
mechanical behavior of the membranes was studied by force indentation using AFM in the center
of the unsupported membrane-covered pores with a constant piezo-electric velocity of 0.5 m/s at
a temperature of 20£1 °C in water. It was reported that the mechanical properties of the
membrane was improved by increasing the AQPz content, suggesting that AQPz increases the
energy barrier required for a normal force to punch through the biomimetic membrane.

Nanoindentation is an effective technique to determine the mechanical properties of thin films
and coatings. However, this method is usually used to study the local surface mechanical
properties of the materials. Accuracy of determination of mechanical properties by
nanoindentation can be effected by various factors, such as inadequate model for data processing
or omission of some specific properties or factors, such as pileup, surface forces or temperature
changes [134].

2.5. Bursting test

Bursting test can present a realistic reflection of the mechanical strength of flat sheet and hollow
fiber wastewater treatment and seawater desalination membranes. It is a suitable mechanical
testing method to determine the force required to rupture the membranes under a planar stress-
state. In this test, the membrane is subjected to increased applied pressure till failure occurs. At
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this point, the pressure is noted as the bursting pressure or bursting
strength [97], [98], [135], [136] and [137].

To investigate the mechanical properties of a PVDF-HFP flat sheet membrane for direct contact
membrane distillation, Lalia et al. [95] used a capillary flow porometer to perform the Mullen
burst test with the setup as shown in Fig. 7(a). The membrane (50 mm x 50 mm) is clamped over
a rubber diaphragm to keep the water from escaping the system or touching the membrane. With
increasing the applied air pressure, the diaphragm is steadily pressurized with water. At the
rupture of the membrane, the rubber diaphragm suddenly expand to the failure point of the
membrane and the corresponding  bursting  strength is  recorded by the
software [99], [100] and [138]. The results obtained from the bursting test demonstrated that the
burst pressure increased with increasing the concentration of PVDF-HFP used for
electrospinning. This is attributed to the larger fiber diameter obtained at higher polymer solution
concentration. The increase in fiber thickness ultimately increased the mechanical strength of the
spun mats and hence of the membranes [95].

Bursting test can also be used to investigate the mechanical properties of hollow fiber
membranes [93], [96] and [101]. Wang and Chung [93] carried out burst test using a laboratory
fabricated setup to investigate the mechanical properties of PVDF multibore hollow fiber (MBF)
membrane developed for vacuum membrane distillation (VMD). The laboratory setup for hollow
fiber burst pressure measurement is shown in Fig. 7(b). A water reservoir with 3.5 wt.% NaCl
solutions was used to provide the testing solution. Hydraulic pressure was provided by
compressed N,. The hollow fiber module was prepared by sealing one end of the fiber and
leaving the other end open. The outlet of the tube was connected to the lumen side of the hollow
fiber module. The whole module was put in a beaker of deionized water. During the test,
hydraulic pressure was increased with a step of 0.1 bar. The conductivity of the water in the
beaker was monitored by a conductivity meter in order to measure the liquid entry pressure. The
burst pressure of the MBF membrane was much higher than that of the single-bore hollow fiber
membrane (SBF), because of the larger overall cross-section area of the MBF membrane with its
lotus-root-like structure which could maximize the mechanical stability at the radical direction.
In addition, comparing the burst pressure of two MBF membranes with different spun
conditions, they concluded that the burst pressure depends on the tightness of the inner-surface
pore size. The tighter surface due to the smaller pore size exhibited higher burst pressure.

Zhang et al. [139] used a lab-scale RO setup to measure water permeability and burst strength of
PES hollow fiber membrane. A deionized water was pumped into lumen side of the hollow fibers
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at a flow rate of 0.15 ml/min and pressurized to 2 bar for 20 min before permeate was collected
from the shell side. After measurement of the water permeability, the applied pressure was
gradually increased at intervals of 3 bar below 14 bar and 1bar above 14 bar. The water
permeability was measured at each pressure. A decreased of water permeability versus pressure
was observed due to the membrane densification until the membrane failed indicated by the
sudden increase in the water permeability with the corresponding pressure noted as the burst
pressure [139] and [140]. In addition, Zhang et al. related the burst pressure, P, to the tensile
stress of hollow fiber membrane by using Barlow's formula for isotropic tubes [139]:

20T

P=4s5; equation (12)

where t is the hollow fiber wall thickness, do is the outer diameter and Sfis the safety factor
usually taking Sf = 1. o refers to the membrane tensile stress. Thus, the burst strength of hollow
fiber membrane strongly depends on the wall thickness, outer diameter and tensile stress of the
membrane. By using this relationship between the burst pressure and tensile stress, Zhang et
al. [139] estimated the burst pressure by using tensile stress comparing to the measured ones. It
was found that the estimated burst pressure was slightly different from the measured burst
pressure for a given PES hollow fiber membrane. The reason was attributed to the anisotropy of
the hollow fiber membranes. Because of a hydraulic pressure was directly exerted upon the inner
layer of the hollow fiber support during the burst pressure test, the porosity and thickness of the
inner skin layer became especially important at high pressures. They therefore concluded that the
mechanical strength of hollow fiber membranes were highly dependently not only on outer
diameter and wall thickness (Eq. (10)), but also on porosity and the micro-structure of the
membranes.

Liu et al. [96] studied the effect of reinforcing PVDF with PET threads on the mechanical
strength of PVDF hollow fiber membrane using burst test. They reported that the addition of
PET threads had little effect on the membrane burst pressure (Fig. 8). However, the burst
pressure of the membrane increased significantly with increasing PVDF concentration in the
dope solution for both the unreinforced and reinforced membranes due to the tighter stack of
molecule chains in the membrane at a higher PVDF concentration. The addition of PET threads
led to their distribution over the membrane along the axial direction. The diameter of PET
threads was very small compared to the membrane girth and PET threads did not affect the
microstructure of the membrane and consequently having a very small effect on the bursting
pressure.

Bursting test is a useful mechanical testing approach to investigate the failure strength of
wastewater treatment and seawater desalination membranes under planar stress-state. However,
during the bursting test, only the failure pressure of the membranes is recorded. Therefore, the
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relationship between the applied pressure and membrane deflection, which is important to
analyze the microstructure evolution under an increasing applied pressure, cannot be established.
In addition, the measured bursting pressure is highly dependent on the experimental protocol
such as testing devices, data acquisition methods and step pressure. Similar to the effect of strain
rate on the mechanical properties of polymer membranes using uniaxial tensile test, it is expected
that a higher step pressure for the bursting test can yield a higher bursting strength of
membranes[141].

3. Mechanical degradation of water treatment membranes

Mechanical strength plays an important role in reliability and durability of wastewater treatment
and seawater desalination membranes. Mechanical degradation of membrane due to fouling,
physical damage and chemical ageing induced by harsh source water, biological growth, physical
pore blocking, backwashing, chemical cleaning could lead to a decrease of membranes' stiffness
and strength [120], [142], [143], [144], [145],[146] and [147]. More specifically, mechanical
degradation induced failure of membranes can cause a variation of applied pressure, flux,
particle rejection and permeability, consequently, a loss of quality for permeate. Uniaxial tensile
testing is the most used experimental technique to investigate the mechanical degradation of the
membranes.

3.1. Fouling induced mechanical degradation

Membrane fouling is initiated by the accumulation of inorganic, organic, colloidal and biological
species on the membrane surface and/or within its pores. It results in a reduced flux, a rapidly
increased  transmembrane  pressure, and possibly  deterioration of  mechanical
properties [1], [148], [149] and [150].

Nghiem and Schéfer [151] investigated the effect of fouling on the mechanical behaviors of
hollow fiber MF membrane element taken from a water recycling plant by using uniaxial tensile
test. A 200 mm long sample was characterized under a loading rate of 50 mm/min. Fig. 9 shows
the elongation at break for five fouled samples in comparison with the virgin unfouled
membranes. Fouled membranes are more brittle than the unfouled hollow fibers due to the
normal wear and tear during the filtration process and backflush operations although the major
foulant included colloidal particles and organic matters.

Zondervan et al. systematically analyzed the parameters that influenced membrane life-time by
analysis of variance [144]. Mechanical investigation was performed using uniaxial tensile test
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with a 10 N loading cell. They found that the elongation at break of fouled modules was nearly
half of that of the clean modules indicating that fouling significantly influenced the membrane
integrity.

3.2. Chemical cleaning induced mechanical degradation

To deal with membrane fouling, chemical cleaning has been proved as an effective method
towards recovery of the original membrane permeability. Chemical cleaning has been accepted
for  foulant removal from  membrane  cell in large  water  treatment
plants[148], [152], [153], [154], [155] and [156]. However, cleaning with chemical agents may
not only remove foulants but also attack the membrane materials causing its mechanical
degradation.

Arkhangelsky et al. studied the hypochlorite cleaning effect on the mechanical responses of a
commercially available CA UF membrane using uniaxial tensile tests [157] and [158]. Wet
membrane samples (76 mm x 5 mm x 0.2 mm) were clamped between two aluminum holders. A
pre-stretching step (force 3 N for 5 s) was applied to stabilize the investigated samples. The CA
membranes were then drawn at a constant crosshead speed of 0.001 m/s till break. The exposure
of CA membranes to hypochlorite was found to decrease the ultimate tensile strength, ultimate
elongation and elasticity modulus (Fig. 10). This mechanical degradation was more significant at
higher hypochlorite dosage. The decreased mechanical properties were attributed to polymer
chain breakage during the hypochlorite cleaning process.

Causserand et al. [159] and Rouaix et al.[160] simulated the chemical ageing of a PSF
membranes by soaking them in chlorine solutions and then investigated their mechanical
behaviors via uniaxial tensile test. Wet samples with a length of 200 mm were stretched at a
speed of 200 mm/min and the results are shown in Fig. 11. The behavior of elongation at break
for membranes immersed in hypochlorite is very sensitive to the solution temperature, to the
solution pH value and the soaking time. More specifically, the elongation at break of these PSF

membranes decreased with increasing temperature, and soaking time. The reduced mechanical
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properties of PSF membranes were attributed to the polymer chain breakage during the expose to

sodium hypochlorite.

3.3. Membranes delamination

Membrane delamination and formation of blisters between the layers are common problems in
multi-layer membranes caused by the lack of proper adhesion between the active and supporting
layers of flat sheet membranes [161]. For hollow fiber membranes, delamination possibly
appears during membrane fabrication and it is caused by uneven shrinkages between inner and
outer layers due to their different thermal properties, material incompatibility and different phase
inversion rates [154] and [162]. Delamination during the membrane fabrication phase will result
in macrovoids between different layers affecting the permeate quality. Under this condition, most
studies have focused on improving the interface adhesion and preparing multi-layer membranes
with initial delamination-free structures [163], [164] and [165]. In order to evaluate membrane
resistance to failure, Hoover et al. [166] removed the spacer in their bench-scale laboratory
equipment such that the failure points could be easily achieved with controlled pressure. With a
water cross-flow velocities of 26 cm/s, they found that their wet-laid TFC membrane
delaminated internally at the PET-PSF interface (Fig. 12). This interlayer delamination was
attributed to the cross-flow induced shearing force applied on the membrane. The location of the
delamination revealed that the membrane cell geometry affected the stress-state on the
membranes [166].

4. Stress-state of polymeric membrane under actual condition

Inorganic membranes are typically designed as MF and UF to remove relatively large particles
for water treatment purpose. Due to their inherent mechanical properties, inorganic membranes
have good mechanical integrity during normal water treatment process. In contrast, polymer
membranes with smaller pore size and higher efficiency for particle removal are widely used in
seawater desalination with a high applied pressure. However, polymer membranes are
mechanically weaker and have lower thermal and chemical stability compared to inorganic
membranes. For next generation membranes, the materials should combine high permeability
and high selectivity with sufficient mechanical stability [26]. Therefore, in the next sections,
attention will be mainly focused on polymeric membranes operated under high pressure.

4.1. Flat sheet membranes
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The mechanical performance of membranes depends not only on their material structure and
fabrication method, but also on membrane module configuration. At laboratory-scale, cross-flow
or tangential-flow filtration is commonly employed for flat sheet membranes. Within a single
laboratory-scale cross-flow membrane cell, the solution to be filtered is pumped from the tank to
the inlet of membrane cell with controlled pressure and flow rate. Flow then goes through the
membrane cavity. During this process, the effect of shearing induced by the cross flow on the
membrane can effectively remove the particles, reducing membrane fouling, and then
maintaining a stable flux. The membrane sheet is generally positioned between a feed-side
spacer and a permeate-side spacer. The central cavity between the cell bottom and cell top of the
membrane depends on the thicknesses of the spacers. If the central cavity is too large, the
membrane may wrinkle.

She et al. [167] studied the effect of spacer geometry on the performance of flat sheet membrane
for PRO using a lab-scale cross-flow setup. They found that the spacer geometry had a
significant effect on the membrane deformation. More specifically, the spacer with large mesh
size could induce more severe membrane deformation at high pressure affecting the flow
properties. Similar results were reported by Kim et al. [168]using a laboratory membrane cell to
investigate the effect of feed channel spacer on the performance of PRO membranes. The results
showed that the membrane was subjected to a tensile stress and with increasing tension induced
by pressure, the active layer of the membrane would begin to crack and finally result in rupture
of the membrane.

Cortés-Juan et al. [169] simulated the laminar fluid flow in a lab-scale flat circular filtration cell
using computational fluid dynamics (CFD). The simulation results indicated that the flow
direction, the velocity and the wall shear stress were strongly influenced by the membrane cell
configuration. The addition of grooves on the top of the cell permitted to obtain intense velocity
and wall shear stress fluctuations.

Flat sheet membranes for spiral wound configuration are sandwiched between feed channel
spacers and permeate collection materials and rolled around a central collection permeate tube.
The influence of spacer thickness on the permeate flux for seawater RO systems was
experimentally investigated by Sablani et al. [170]. They found that the different geometry of the
spacer might affect the turbulence at the membrane surface and a small thickness of spacer had
less turbulence. The effect of spacer geometry on the flow properties for spiral-wound membrane
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modules was also theoretically investigated by CFD simulations. The predictions revealed that
the spacer filament configurations, mesh size, filament diameter and Reynolds number had
complex effect on the flow direction, velocity and wall shear-stress [171] and [172]. The
membranes are not only under simple shearing-stress condition induced by laminar flow but also
under complex stress-state induced by turbulence flow [173] and [174]. The distribution of the
shear-stress within spiral-wound membrane modules is fairly non-uniform because the spacer
filaments create constrictions to the flow path [175]. For composite membrane used in a spiral
wound configuration, high applied pressure can result in compaction of the polymer layer and
membrane surface damage by the feed channel spacer, especially if the spacer moves relative to
the membrane, which occurs each time when the system is pressurized and de-pressurized.

4.2. Hollow fiber membranes

Hollow fiber membrane configuration is mainly used for wastewater treatment applications and
less commonly used in RO desalination processes, Nevertheless, when hollow fiber membranes
are used for RO applications, they are usually housed into tubes and tightly bundled together
with high packing density and therefore with less degree of freedom. Feed solution can be
introduced in the center of fiber side or on the tube shell side. The permeate is withdrawn in a co-
current or counter-current manner depending on the configuration of membrane module.

Kaya et al. [176] analyzed the wall shear-stress of an outside-in hollow fiber membrane modules
by CFD simulation. The modeling results showed that the inlet and outlet of the membrane
module could cause fluctuations in local velocity and on wall shear stress. The tangential inlet
and outlet enabled rotational flow, providing slightly better wall shear stress on the fiber
surfaces. The distribution of the shear-stress within hollow fiber membrane modules is
inhomogeneous and the two ends have more complex stress-state induced by the multi-direction
flow.

Therefore, flat sheet and hollow fiber membranes for wastewater treatment and seawater
desalination operate under complex stress-state that depends not only on pressure and velocity
distribution but also on the membrane cell configurations. The conventional methods to study the
mechanical properties of the membranes do not represent the actual loading conditions.
Therefore, advanced mechanical testing techniques should be developed to investigate the
membranes under similar stress-state as that experienced in water treatment applications. A good
start is to design and build a membrane mechanical testing cells that allow subjecting the
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membrane to loading conditions similar to actual loading conditions at different scales and
different cell configurations. The next challenge that requires to be overcome is to find an
adaptable technique to continuously record the three-dimensional shape of the membranes under
pressure and to correctly analyze the obtained load-deflection behaviors.

To fabricate spiral wound modules, multi-layer flat sheet membranes are rolled and the rolling
radius could be small (the central permeate tubes may have a diameter of 2 cm). This small
rolling radius may lead active polymer or functional coating layer to crack and bringing an
earlier membrane failure. Bending test may be suitable to simulate the rolling process. Moreover,
the study of the adhesion force between hollow fiber ends and resin by using pull out testing is
also important to the mechanical integrity of hollow fiber membranes with tube
configuration [120] and [156].

5. Advanced techniques for mechanical properties testing
5.1. Environmental effects on the mechanical properties of membranes

The mechanical behavior of polymers IS very sensitive to
temperature [104], [177], [178],[179] and [180]. More specifically, the yield stress and the
Young's modulus decrease dramatically with increasing of temperature. Temperature effect on
particle rejection[181] and [182], scaling [183], fouling [184], and permeate flux [185] of the
water treatment membranes have been studied. However, investigation of the temperature effect
on the mechanical properties of membranes is less reported. The middle-east, seawater
temperature is higher than that of other countries [186]. Under these circumstances, the
mechanical investigations of the membranes for seawater water RO application with temperature
effects are especially important.

The pressure rate which depends on the duration required for the pressure to increase from zero
to the maximum working pressure is also an important factor to study the mechanical responses
of wastewater treatment and seawater desalination membranes. This effect is similar to the strain
rate effect on the mechanical behavior of polymer where increased strain rate leads to material
hardening to lower molecular chain mobility at large strain rates. More specifically, an increased
pressure rate may influence the yield stress and the elastic modulus of the membranes resulting
in an earlier material failure. Mechanical testing with high pressure rate can also use to simulate
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the pressure shock on the mechanical responses of the membrane induced by operation or by
system disturbances [187].

5.2. Membrane fatigue behavior

Membrane backwashing is an essential stage to remove foulants remaining membranes permeate
and selectivity. During backwashing, the filtration process is reversed in which permeate is
flushed through the membrane to the concentrate side. Backwashing can be done either by
reducing the operation pressure below the osmotic pressure of the feed solution or by increasing
the permeate pressure [188]. For the second case, the feed solution pressure should reduce to
zero and then the permeate pressure is applied. Consequently, the water flux direction will be
reversed, resulting in an opposite pressure loading and shearing applied to the membrane induced
by tangential-flow. The frequency of backwashing, which could be high, depends on the type
and rate of foulants build up on the membranes. In order to simulate the backwashing process,
mechanical fatigue analyses should be conducted. To the best of our knowledge, no investigation
about the fatigue behavior of wastewater treatment and desalination membranes under multi-
axial loading conditions has been reported. Therefore, it is recommended to study the fatigue
properties of the membranes under uniaxial loading state as well as bi-axial loading state with
controlled environmental conditions and at various frequencies. Moreover, because some fouling
particles need additional chemically enhanced backwash to remove, the fatigue tests can be
conducted at different temperatures while the membrane sample is immersed in a cleaning
solution medium. By using this approach, the mechanical fatigue and chemical ageing of the
membrane could be collectively accessed. In addition, the home-design membrane testing cells
can also be used to conduct the fatigue test of water treatment membranes by changing the flow
direction at low frequencies. Using the continuous recorded pressure (strength) — deflection
behaviors, the microstructure evolution of the membranes can be studied. Moreover,
environmental effects can also be coupled with the home designed membrane testing cells to
study the fatigue properties of the membrane.

5.3. Real-time micromechanical investigations

As discussed in Section 3.3, the mechanical behaviors of membranes are highly dependent on
pore morphology, pore size distribution and microstructure. In order to study the mechanical
integrity of nanoporous graphene as desalination membrane, Cohen-Tanugi and
Grossman [14] conducted a molecular dynamic simulation. In their simulation, the pore size
increased with increasing bi-axial strain with the stress concentration around the nanopores. The
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failure in nanoporous graphene was characterized by a brittle manner initiated at the nanopores
starting from a nucleated defect. Although the simulation was well conducted to predict the
physique and mechanical properties of the desalination membranes, laboratory in-situ
experiments would eventually be able to characterize the mechanical behavior of these
membranes with underlying mechanisms for next generation desalination membranes [14].

In addition, not only the mechanical deformation can results in membrane microstructure
evolution, cleaning and ageing effect can also lead to the change of the membrane microstructure
affecting flux and permeate properties [189] and [190]. Therefore, in-situ/real-time
characterization is an effective method to reveal the relationship between the membrane
microstructure and its macroscopic behavior. To accomplish that, digital imaging techniques can
be a useful tool to study the strain-induced microstructure evolution. At micrometer scale, strain
field measurement can be achieved using 2D/3D digital image correlation (DIC) technique.
Strain-induced failure initiation and failure propagation can be recorded in a real time manner
and correlated to the macroscopic responses of the membranes. In addition, 3D imaging based
approaches such as X-ray tomography using both synchrotron and laboratory sources is also
potential techniques for studying pore shape evolution, pore orientation, pore size distribution,
and neighboring pore interaction during the deformation of the porous
membranes[191] and [192]. This technique has been used for imaging and reconstructing the
porous structure of water treatment membranes without deformation [193], [194] and [195].
Recently, Viguié et al. [196] used this technique with a resolution of one micron to reconstruct
the 3D structure of their hollow fiber membranes. However, the acquisition time was in hour
range. In order to investigate the strain-induced (uniaxial and biaxial) microstructure evolution of
membranes, it is therefore expected to use an ultrarapid (subsecond time-resolution) X-ray
tomography at submicron (nano)-scale. In addition, time resolved X-ray diffraction, including
wide-angle X-ray scattering (WAXS) and small-angle X-ray scattering (SAXS) is also an
effective technique for investigating the structure—property relationship of materials. WAXS
detects chain orientation, orientation-induced crystallization and crystal destruction for polymer
samples [197] and SAXS investigate phase structures and cavitation up to ~ 100 nm depending
on the wavelength, the sample-to-detector distance and the detector resolution [198] and [199].
Similar to the 3D imaging approaches, the acquisition time, resolution and data treatment
technique are the main challenges for the real-time investigations.

6. Conclusions
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Uniaxial tensile test, bending test, dynamic mechanical analysis, nanoindentation, and bursting
tests are the most widely used approaches to investigate the mechanical behaviors of water
treatment membranes. In this, most of the studies are conducted at room temperature, the sample
geometry, and the loading rate are quite different. Attention has focused on the mechanical
properties of the membranes with the effects of processing conditions, the composite
composition or filler content. Normal wear, tear and polymer chain breakage induced by fouling
and chemical ageing are the main causes of the membrane mechanical degradation. There are
very few studies that investigate the underlying deformation mechanisms of water treatment
membranes and there are no study that analyzes the difference in the mechanical properties of
water treatment membranes when assessed by different testing methods.

The distribution of the shear-stress induced by the flow is non-uniform. The membranes are not
only under simple shearing-stress condition induced by laminar flow, but also under complex
stress-state induced by turbulence and rotational flow depending on the flow pressure and
velocity as well as membrane cell configurations. Therefore, the conventional methods for
studying the mechanical properties of the membranes do not represent their actual loading
conditions. Advanced mechanical testing techniques should be developed to investigate the
membranes under similar stress-state as that experienced in water treatment applications. Home-
designed mechanical testing cells are expected to be developed to investigate the mechanical
behavior of the membranes under similar loading states.

In addition, it is important to evaluate the temperature and pressure effects on the mechanical
responses of the membranes. Moreover, the cyclic pressure condition of the membranes could be
simulated by fatigue testing at different frequencies under various environmental conditions. In
order to probe the continuous three-dimensional structural changes induced by strain and to
correctly analyze the obtained load-deflection behavior, it is required to develop an advanced
measurement system. Furthermore, real-time 3D imaging based techniques are potential
experimental tools to reveal the relationship of the microstructure evolution—macromechanical
property of the membranes. Using rapid, high-resolution, real-time imaging technique, the
mechanical behavior of the membranes can be studied with the underlying mechanisms at
different scales.
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Fig. 1. Effect of cellulose content on the elastic modulus, tensile strength and elongation at break of
cellulose/electrospum polyvinylidenefluoride-co-hexafluoropropylene (PVDF-HFP) composite membranes.
Source [110].
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Fig. 2. (a) 3-point and (b) 4-point flexure tests for membranes.
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Fig. 3. Open porosity and bending strength as a function of the weight percentage of y-alumina nanopowder in the
powder mixture; (a) and (b) ceramics prepared by the simple mixing in the shear mixer sintered at 1500 °C and
1600 °C, respectively; (c) and (d) ceramics prepared by the addition of the ball milling step prior to shear mixing
sintered at 1500 °C and 1600 °C, respectively. (m) Porosity; (o) bending strength. Source [66].
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Fig. 10. Uniaxial tensile curves for the pristine CA membrane (1) and CA membranes cleaned with hypochlorite
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Fig. 11. Relative elongation at break of PSF membranes immersed in hypochlorite solutions at 100 ppm HCIO,
pH 7, and various temperature, Ely = 37%. Source [160].
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Damage viewed from the top
surface: membrane has internally
delaminated, with the polyamide -
polysulfone composite pulling away,
creating ridge-shaped blisters that
protrude toward the camera.

Damage viewed from the bottom
surface: the wiPET remained flat
while the polyamide — polysulfone
composite pulled away, creating the
areas seen to be in shadow in this
photograph, with the shapes
mirroring the ridges seen in the
upper photograph.

Fig. 12. Digital photographs of wet-laid thin film composite membrane after test for response to shear stress induced
by moderate cross-flow velocity. Delamination at the PET-PSF interface is seen from (A) the top surface and (B)
the bottom surface. The delamination shown occurred in a cell with counter-current flow of deionized water at
cross-flow velocities that were gradually increased up to 26 cm/s. Source [166]
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List of Tables:

Table 1. Summary of the applications, materials, configurations of water treatment membranes and typical test
methods for assessment of their mechanical properties.

Membrane Membrane Typical mechanical ~ Membrane mechanical
Application materials configurations test methods investigation used for
Drinking water ~ Metal Tubular Uniaxial tensile test ~ Membrane design
treatment
Wastewater Ceramic Plate and frame Bending test Diagnosing performance
treatment
Desalination Polymer Hollow fiber Dynamic Durability/degradation
mechanical analysis  evaluation
Spiral wound Nanoindentation Membrane integrity
Bursting test Fouling/scaling evaluation

Table 2. Tests used for mechanical characterization of water treatment membranes and the
reported mechanical properties.
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Approaches
Uniaxial tensile test

Bending test

Dynamic
mechanical analysis

Based
materials

PVDF
PAN
CA
PES
PSF
PAI
PVA
PP
Chitosan
Al203
Kaolin
Nickel
ZrO2
PES

PVA

References
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[46,47]
[48]
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[54-59]
[22]

[60]
[61-63]
[64,65]
[66-70]
[71-75]
[76]

[77]
[50,53,78-
80]

[81,82]

Reported Mechanical properties

Stress—strain curve, Young's modulus,
yield stress, ultimate stress, elongation
at break, fracture toughness

Bending strength, fracture toughness

Storage modulus, loss modulus
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Approaches

Nanoindentation

Bursting test

Based
materials

PVDF
PET
SPES
PU
Clay
PES
PS
PAN
Carbon
AQPz
PVDF
PES
CMS
PLA
PSF
PEI

References
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[85]
[86]
[87]
[80,88]
[89]
[90]
[91]
[92]
[93-96]
[97]
[98]
[99]
[100]
[101]

Reported Mechanical properties

Young's modulus, hardness

Bursting strength



