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Abstract: Waterproof breathable membranes (WBMs) characterized by a specific internal structure,
allowing air and water vapor to be transferred from one side to the other while preventing liquid
water penetration, have attracted much attention from researchers. WBMs combine lamination and
other technologies with textile materials to form waterproof breathable fabrics, which play a key role
in outdoor sports clothing, medical clothing, military clothing, etc. Herein, a systematic overview of
the recent progress of WBMs is provided, including the principles of waterproofness and breathability,
common preparation methods and the applications of WBMs. Discussion starts with the waterproof
and breathable mechanisms of two different membranes: hydrophilic non-porous membranes and
hydrophobic microporous membranes. Then evaluation criteria and common preparation methods
for WBM s are presented. In addition, treatment processes that promote water vapor transmission
and prominent applications in the textile field are comprehensively analyzed. Finally, the challenges
and future perspectives of WBMs are also explored.

Keywords: waterproof breathable membranes; electrospinning; textiles; protective clothing

1. Introduction

Skin is a type of human tissue that comes into direct contact with the external envi-
ronment, with functions such as protection, respiration, secretion and the perception of
external stimuli [1]. Skin allows moist vapor to effectively propagate from the inside to
the outer atmosphere, while protecting the human body against the penetration of liquid
water such as rainwater and snow. This special property is defined as “breathability”,
which is of great significance in regulating the function of organisms. Skin has the ability
to regulate body temperature to a certain extent [2], but in extreme environments such as
high temperature and extreme cold, the comfort and safety of the human body cannot be
guaranteed. Therefore, waterproof breathable materials have been developed to ensure
the normal operation of skin. Figure 1 shows the relationship between skin and fabric [3].
Natural fibers were the earliest waterproof breathable materials, but barely meet people’s
needs because of their small variety, strong hydrophilicity and poor adhesion to the skin.
Compared with natural fibers, synthetic fibers occupy the main market of high-quality func-
tional clothing due to their high strength and no deformation [4]. With the development of
science and technology, scientists developed the first waterproof breathable membranes
(WBMs) in the 1970s and combined them with textile materials by laminating composite
methods, while ensuring the waterproof breathable property and strength of the fabric.

At present, commercial WBMs are generally divided into two types, namely hy-
drophilic non-porous membranes and hydrophobic microporous membranes. There is
no pore structure on the surface and inside of hydrophilic membranes, and liquid water
cannot penetrate them. Hydrophobic microporous membranes, more widely used than
hydrophilic non-porous membranes, have an appropriate pore size and high porosity.
These membranes can distinguish between water droplets (diameter > 100 um) and small
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gas molecules (diameter < 1 nm), so as to allow water vapor to transfer from the body to
the outside and prevent water penetration [5], thus forming a “microclimate” between the
skin and fabric. WBMs provide protection and wearing comfort for the human body, and
are widely applied in ski suits, nautical suits [6], military clothing, police jackets [7], etc.
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Figure 1. Representative picture of the skin and wearable clothes [3].

By allowing water vapor to pass through and limiting the entry of liquid water, WBMs
not only can be used as a waterproof breathable layer for clothing to ensure human comfort,
but have also had significant development in fields such as construction materials [8],
batteries [9], water treatment [10] and electronic equipment [11]. For example, in contrast
to relatively expensive proton-exchange membranes, WBMs introduce oxygen and remove
water vapor on the cathode side of membrane fuel cells (MFCs) [12], which are a kind of
gas diffusion layer material with easy preparation, low cost and stable cathode structure. In
addition, with the development of science and technology, mechanical and electronic prod-
ucts have begun to use a large number of WBMs to protect internal electronic components,
as they can block liquid, dust, etc., from entering the interior [13]. More importantly, com-
pared with completely sealing electronic devices to achieve waterproofing, the breathability
of WBMs allows them to remove toxic gases generated by batteries, preventing internal
leakage and affecting use.

Moreover, as the demand for fresh water increases, methods of water treatment are
constantly developing. Among them, reverse osmosis (RO), forward osmosis (FO) and
membrane distillation (MD) are common desalination methods. RO achieves seawater
desalination by driving water molecules and ions through a hydrophilic membrane under
high pressure [14], and its water transport mechanism is explained by the solution-diffusion
model. But recently, Elimelech’s team [15] proposed that the migration of water and solvent
in RO can be predicted by a solution—friction model, in which water molecules travel in
clusters through tiny transient holes within the polymer that exert friction on them as
they pass through. As a permeation-driven membrane process, FO has the characteristics
of low energy consumption, good separation effect and simple operation. Al-Furaiji
et al. [16] prepared a thin-film composite (TFC) membrane with polyacrylonitrile (PAN) as
the supporting layer. PAN-TFC membrane has excellent porosity, water flux and mechanical
properties that are no less than those of the RO membrane. MD technology is a combination
of membrane separation and thermal distillation [17], which utilizes the temperature



Materials 2023, 16, 5339

30f23

difference on both sides of the membrane to generate a vapor pressure difference [18],
enabling WBMs to separate liquid feed from a penetrant.

Common methods of preparation and processing of WBMs mainly include melt
extrusion, biaxial stretching and electrospinning. The melt extrusion method has strong
adaptability and uniform coating, but most processed membranes have poor water vapor
permeability. Microporous membranes can be manufactured by biaxial stretching, but the
preparation process is complicated and pore size adjustment is difficult. Currently, the
electrospinning technique is considered to be the most effective method for fabricating
WBMs. By adjusting the process parameters, electrospinning membranes with suitable
fiber morphology and pore structure can be produced. In order to obtain WBMs with
better comprehensive performance, two modification methods can be applied: doping
modification and post-treatment. In the past few years, WBMs have developed rapidly
in the textile industry, showing promising application prospects in fields such as outdoor
clothing, protective clothing, wound dressing and smart clothing.

In this review, we focus on analyzing the waterproof and breathable mechanisms of
two types of WBMs: hydrophilic non-porous membranes and hydrophobic microporous
membranes. The advantages and disadvantages of three common WBM preparation meth-
ods are compared, and doping modification and post-treatment methods are introduced
from the perspective of optimizing waterproof and breathable properties. Then, the latest
progress and application of WBMs in the textile field are summarized in detail, including
daily outdoor sportswear, special protective clothing, wound dressings and bionic textiles.
In addition, the future development trends of WBMs are discussed in the hope that this
review can promote a deeper understanding of WBMs and provide more inspiration for its
applications in the textile field.

2. Mechanisms of Waterproofness and Breathability

WBMs can effectively prevent external water from entering the inside and allow water
vapor to transfer from the body to the outside, and are mainly categorized into hydrophilic
non-porous membranes and hydrophobic microporous membranes. The different water-
proofness and water vapor permeability mechanisms of these two membranes are analyzed.
Hydrophilic non-porous membranes prepared by melt extrusion are a kind of continuous
non-porous membrane material processed by hydrophilic polymers, such as polyurethane
(PU) [19], polyacrylonitrile (PAN) [20,21], cellulose [22,23], etc. Hydrophobic microporous
membranes, which apply hydrophobic polymer as the basic raw material and are fabricated
by phase separation, biaxial stretching or electrospinning, have a large number of small,
connected micrometer-level pores. The polymers used in the process usually involve polyte-
trafluoroethylene (PTFE) [24], polystyrene (PS) [25], poly(vinylidene fluoride) (PVDF) [26],
polyimide (PI) [27], polypropylene (PP) [28], etc. In addition, research into WBMs mainly
focuses on hydrophobic microporous membranes.

2.1. Hydrophilic Non-Porous Membranes

Achieving waterproof and breathable effects under specific circumstances, hydrophilic
non-porous membranes, with no pore structure inside, make liquid water completely un-
able to penetrate. Because the non-porous structure does not easily absorb dust and other
foreign bodies, there is no hole blockage and it can be wet for a long time. Hydrophilic
non-porous membranes move water vapor through chemical diffusion. Under a certain
temperature and humidity gradient, water molecules are adsorbed on the side with high
humidity and transferred to the side with low humidity through hydrophilic groups on the
polymer chains for desorption. The diffusion of water vapor is realized by hydrogen bond-
ing of hydrophilic functional groups [29], while the hydrophilic segments (e.g., oxyethylene
groups) or side groups (e.g., -OH, -COOH and —NH>) [30] are responsible for transfer of
water vapor (WV). Fluctuations in polymer chains can accelerate the propagation of water
vapor, thereby promoting higher permeability [31]. Due to the higher heat and humidity
between the human body and clothing system, a pressure difference is created, forcing
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heat and moisture to flow outward. Figure 2a [32] illustrates the waterproofness and water
vapor permeation mechanisms of a hydrophilic non-porous membrane. Water resistance
comes from the continuity and high membrane tension of the hydrophilic non-porous
membranes, in which hydrophobic segments inside the membranes play a role in resisting
the penetration of external liquid water.

However, hydrophilic groups can capture fewer water molecules and cannot conduct
them quickly. Hence, in order to achieve good water vapor permeability, the fabric needs
to be close to the skin and in direct contact with sweat, which greatly reduces the comfort
of the fabric and limits the application of hydrophilic non-porous membranes [33]. At the
same time, after long-term contact with water, the membranes will be thoroughly infiltrated
and cause serious deformation, which will affect the water resistance of the membranes as
well as the smoothness and beauty of the clothing.
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Figure 2. (a) Schematic diagram of water molecular transport in a hydrophilic non-porous mem-

brane [32]; (b) chemical structures and compositions of polyurethane material [34]; and (c) stress and
strain relationship of PAN membrane [16].

Polyurethane (PU) is a typical thermoplastic elastomer applied in hydrophilic non-
porous membranes [35], which has outstanding characteristics such as high mechanical
strength, thermal stability, chemical resistance, wear resistance and simple machining.
However, high surface energy (40 mJ/m?) [36], poor hydrophobicity and low water vapor
permeability of PU provide a poor experience for wearers, thus limiting its application to
a certain extent. Figure 2b [34] illustrates the process principle diagram of PU synthesis.
Isofluorone diisocyanate (IPDI) is dripped into polycarbonate diol (PCDL) and mixed with
dilaurate (DBTDL) catalyst. Then, isophorone diamine (IPDA) is used to extend the chain
to synthesize PU.

Polyacrylonitrile (PAN) with a C=N group possesses good thermal stability, electro-
chemical stability and relatively high hydrophilicity [21], which makes it an important
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material for the manufacture of hydrophilic non-porous membranes. However, PAN has
poor mechanical properties (as shown in Figure 2c [16]) and needs to be combined with
other materials to overcome this defect. Cellulose, as the most abundant polysaccharide, is
a kind of renewable material with hydrophilicity, biocompatibility and biodegradability.
Synthetic cellulose, such as cellulose acetate and cellulose nitrate, is a candidate material
for producing hydrophilic nonporous membranes [23].

2.2. Hydrophobic Microporous Membranes

Hydrophobic microporous membranes are a kind of WBM based on hydrophobic
polymers, while biaxial stretching and electrospinning are the main preparation meth-
ods [37]. The low surface energy groups (such as -CF,, -CF3 and -CH3) of hydrophobic
polymers provide low surface energy (such as PTFE [17] with a surface energy of only
19.1 x 10° N/m?), making their surface hydrophobic [38]. The interior of the membranes
is an irregular network/sponge-like structure with a large number of small, connected
micron-scale pores [3], which can provide channels for water vapor transfer and prevent
external water molecules from entering [39]. Figure 3a—c describes the waterproofness and
water vapor permeation mechanisms of hydrophobic microporous membranes. In use, hy-
drophobic microporous membranes do not need direct contact with the sweat generated by
the human body, so membranes will not adhere to the human skin, effectively ensuring the
comfort of the human body. However, the pore structure inside the microporous membrane
is prone to pollution and blockage, leading to a significant reduction in the water vapor
permeability of clothing. It is usually necessary to use a multi-layer composite method
of separating it from dust, etc., to guarantee long-term waterproofness and water vapor
permeability. Due to their high comprehensive performance, hydrophobic microporous
membranes have been widely used in various fields such as protective clothing, medical
care [40] and packaging [41].

The original hydrophobic microporous membrane is made of polytetrafluoroethylene
(PTFE) resin [18] by unidirectional /biaxial mechanical stretching, which has the commer-
cial name Goretex™. Figure 3d [3] compares the water vapor permeability of common
commercial WBMs in two different relative humidity conditions (RH = 30% and 70%).
The WVRT of the PTFE membrane was higher than that of other WBMs in both humidity
conditions, and the WVRTs of the latter four membranes in a wet environment were sig-
nificantly higher than those in a dry environment. Due to the existence of fluorine atoms
in the PTFE molecular chain [42], the surface tension of the polymer is low, making it an
excellent waterproof material. In addition, the presence of fluorocarbon chains makes PTFE
non-degradable and polluting [43], which is not environmentally friendly.

As a common non-polar thermoplastic polymer, polystyrene (PS) is polymerized from
styrene as a monomer [25]. Owing to its long carbon-hydrogen chain and low surface
energy, PS can be used as a hydrophobic material for the manufacture of WBMs, but unfor-
tunately, its poor barrier ability to water vapor restricts its development. Poly(vinylidene
fluoride) (PVDF) is widely used in waterproof materials because of its thermal stability,
excellent chemical resistance and good waterproof ability [44]. However, due to the in-
herent low surface energy of PVDF, it easily absorbs organic matter and causes pollution
during the application process. Therefore, hydrophilic modification is generally carried out
to improve the anti-fouling performance of PVDF membranes.
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Figure 3. (a) Waterproof mechanism; (b) breathable mechanism of hydrophobic porous mem-
branes [39]; (c) four different mechanisms of water vapor transport through WBMs [45]; and (d) com-
parison of WVRT through commercial membranes in two different relative humidity conditions
(RH = 30% and 70%) [3].

3. Evaluation Criteria for WBMs

The water resistance and water vapor permeability of WBMs are typically character-
ized by three parameters, namely hydrostatic pressure, water contact angle (WCA) and
water vapor transfer rate (WVTR).

3.1. Evaluation Criteria for Water Resistance
3.1.1. Hydrostatic Pressure

Hydrostatic pressure is an omnidirectional force evenly applied to all parts of the
surface, which is the force required for an object to resist water penetration. It is an
important index for observing the water resistance of materials. Increasing hydrostatic
pressure will reduce the volume of the object under stress but will not change its shape.
Thus, the greater hydrostatic pressure the membrane can withstand, the better the water
resistance or leakage resistance.

In theory, the hydrostatic pressure AP of a membrane can be calculated according to
the Young-Laplace equation [46]:

AP :4’)/LGCOS Gadv (1)

dmax

where ;¢ is the surface tension of water, dmay is the maximum pore diameter of the WBM,
and 0,4y is the front influent contact angle of the capillary wall, which is related to the
hydrophobicity of the material.

3.1.2. Water Contact Angle (WCA)

Wetting phenomena depend on the ability of a liquid to spread on the surface, which
also plays a key role in membrane waterproofness. The degree of wetting (W) is expressed
as a function of surface energies [47]:

W=vysv — (YsL +YLv) )

where gy is the surface free tension between solid and vapor phase, gy, is the surface
free tension between solid and liquid phase, and -1y is the surface free tension between
liquid and vapor phase. Positive values of wetting (W > 0) mean high hydrophilicity, whilst
negative values (W < 0) are typical of a hydrophobic surface.
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Based on the Young-Laplace equation, it is obvious that the waterproof performance
of porous membranes not only depends on dmax but is also related to the wettability (8 ,4y).

The WCA is defined by the contact area between solid and water, as exhibited in
Figure 4 [48]. Interfacial energies play a major role in determining the contact angle
between liquid droplets and solid surfaces. The formula for measuring the water contact
angle (WCA) is as follows [47]:

o8 0,q, = 1SV VsL @)

YLV

Advancing
Advancing Rer:“:\:e: ing Receding CA

CA CA

Sliding angle

{Tilting plate method} {Volume Change method}
(e)

Figure 4. Schematic definition of hydrophilicity, hydrophobicity and super-hydrophobicity: (a) inter-
facial tensions of all three phases that co-exist and static contact angle; (b) hydrophilic surface contact
angle () < 90°; (c) hydrophobic surface contact angle(f) > 90°; (d) super-hydrophobic surface contact
angle(f) > 150°; and (e) dynamic contact angles for measurement of contact angle hysteresis [47].

According to the Young-Laplace equation, the wettability of liquid droplets on a
solid surface can be quantified numerically—by the WCA. For smooth surfaces, the WCA
increases when 7ysy decreases or 71y increases. For WCAs less than 90°, a wet surface is
more energy favorable than a dry solid surface and is therefore considered hydrophilic.
When the WCA is greater than 90°, the surface energy of a dry solid can be more stable, so
it is known as hydrophobic. If the WCA is greater than 150°, the surface is identified as
super-hydrophobic.

3.2. Evaluation Criteria for Water Vapor Permeability

Another undeniable characteristic of WBMs is water vapor permeability, generally
quantified by water vapor transfer rate (WVTR). Under steady-state conditions, the flux
obeys Fick’s first law and is related to the permeability(]) by the following equation [49]:

]:P(Ph_Pl) (4)

I

where I, is the membrane thickness, py, is the upstream pressure (high pressure) and p; is
the downstream pressure (low pressure).

Water vapor transport in porous membranes is driven by vapor concentration gradi-
ents that allow water vapor to flow freely through membrane channels from high relative
humidity (RH) to low relative humidity [11]. In a porous hydrophobic membrane, water
vapor transport is mainly achieved through pores. The higher the water vapor transmission
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rate (WVTR), the better the water vapor permeability of the membrane. The WVTR can be
calculated by the following formula [50]:

Am

SxtX24 (5)

WVTR =

where Am is the mass variation of test cups during testing, S is the testing area and ¢ is the
testing time.

4. Preparation Methods of WBMs

Depending on the material and structure, waterproof breathable membranes can be
fabricated in different ways. There are three main manufacturing methods of WBMs: melt
extrusion, biaxial stretching and electrospinning.

4.1. Melt Extrusion

Melt extrusion can achieve an effect of melting thermoplastic polymer materials into
a membrane through heating and extrusion stretching [51]. It has advantages of low
cost, high efficiency, strong material adaptability, good processing continuity, uniform
coating and solvent-free application [52], and it is the most widely used processing molding
method in the field of polymer processing. Melt extrusion can accurately control the
thickness of a membrane through the extrusion speed of the molten polymer and can
adjust the orientation direction and crystallinity of the polymer molecular chain in the
membrane by changing the ratio of the stretching rate between the warp and the zonal
after extrusion. Therefore, the structure and properties of the membrane can be effectively
regulated [53]. Figure 5a [54] demonstrates the preparation process of melt extrusion. The
water vapor permeability of the hydrophilic non-porous membranes is not limited by the
physical structure of the membrane materials, but depends on the hydrophilic groups in
the molecular structure of the polymer raw materials used, so melt extrusion is the most
suitable way for the production of hydrophilic non-porous membranes [55]. However,
there are some limitations to melt extrusion, such as the need for coating weight to reach
certain limits, polymer melt instability, coating speed restrictions, etc.
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Figure 5. (a) Technical diagram of melt extrusion [54]; (b,c) technical diagram of biaxial stretching
method [45,54]; (d) technical diagram of electrospinning [54]; and (e) the characteristics, structures
and applications of electrospinning fibers with different structural designs [56].
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4.2. Biaxial Stretching

Biaxial stretching, in which a suitable polymer is extruded on a casting drum to
form a membrane that is stretched bidirectionally under optimal conditions [57], is a
common method for the manufacture of non-porous polymer membranes and PTFE porous
membranes. Polymer precipitation can be induced by solvent exchange, thermal gradient or
steam diffusion [58]. Figure 5b,c [45,54] depicts the processing flow of the biaxial stretching
method. WBMs manufactured by this method have a large number of “island” structures
inside [59], and connected microporous structures are formed through lots of nanofibers,
which have higher glass transition temperature and dimensional stability. Microporous
membranes fabricated by biaxial stretching have excellent mechanical strength, and the
processed clothing fabrics are flat and upright [60], exhibiting excellent aesthetics. However,
due to their high tensile strength, they are difficult to deform, resulting in the poor elasticity
of clothing. Additionally, this method not only has a complicated machining process and
high cost, but is also not conducive to adjusting pore size well, seriously limiting the
development of WBMs.

4.3. Electrospinning

Another method of fabricating WBMs is electrospinning, the apparatus for which
is depicted in Figure 5d [54]. Process parameters involved in electrospinning mainly
include concentration, viscosity, conductivity, voltage, diameter of spinneret hole, humidity,
temperature, etc. [61-63]. Electrospinning fibers have a variety of morphological structures,
such as multichannel fibers, fibers with Janus, etc., and are widely used in different fields
(Figure 5e [56]). Solution properties have great influence on the fiber morphologies and pore
structures of electrospinning membranes, which are the key factors affecting its waterproof
and breathable properties. By introducing metal salt to increase the conductivity of the
spinning solution, finer fibers can be produced. The porous structures of the membranes
can be controlled by adjusting the fiber diameter and packing density [64].

The equipment required by electrospinning technology is simple and low-cost, has
good compatibility with materials and can directly produce nanoscale fibers. Furthermore,
it is the most commonly used and effective method for obtaining WBMs in recent years.
The prepared fibers have the advantages of small fiber diameter, large specific surface
area and good structural adjustability [65,66]. Electrospinning membranes have abundant
micron-scale pore structures, which allow water vapor to pass through and prevent external
water from entering, achieving a waterproof and breathable effect. However, due to the
instability of the jet during the electrospinning process, the fibers formed are randomly
arranged [67], which leads to poor mechanical properties of electrospinning membranes.
Generally, the mechanical properties of electrospinning membranes can be improved by
adding a filler with good mechanical properties or post-treatment.

5. Treatment for Enhancing Water Resistance and Water Vapor Permeability
5.1. Doping Modification

In addition to the methods of directly preparing WBMSs with hydrophilic polymers or
hydrophobic polymers mentioned above, the surface hydrophobicity of nanofibers can be
improved by doping low surface energy materials [68,69]. Doping modification changes the
wettability of the main polymer nanofibers from hydrophilic to hydrophobic [70], thereby
obtaining better waterproof breathable properties. Low surface energy materials are usually
modified by post-coating or polymer chain modification of the membrane to improve water
resistance and water vapor permeability [71]. Common types involve fluorinated polymers
and hydrophobic nanoparticles.

5.1.1. Fluorinated Polymers

As a type of low surface energy material, fluorinated polymers can effectively trans-
form hydrophilic materials into hydrophobic ones. By introducing fluorine groups onto
the surface to modify the substrate, the surface energy can be reduced, making the mate-
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rial hydrophobic. Direct fluorination [72] is one of the common methods for introducing
fluorine groups on textile surfaces in the presence of fluorine gas or plasma. Fluorinated
polymers have many interesting properties, including low surface free energy and good
resistance to water and oil. Unfortunately, the synthesis process of WBMs fabricated by
fluorination is complex, and the fluorine groups also cause environmental pollution [73].

For example, Yu et al. [34] developed fluorosilane modified silica (F-SiO,) by hy-
drophobic modification of nanoSiO, with fluorosilane and then added it to synthesized
polyurethane to obtain WBM (F-5iO, /PU) by electrospinning (Figure 6a,b). The water
contact angle of the composite nanofiber membrane increased with an increase in the
amount of modified silica. When the amount of F-SiO, was set at 5 wt.%, the water contact
angle reached 135°, while the water contact angle of pure PU is only 95°. At the same time,
the composite nanofiber membrane had excellent water resistance (hydrostatic pressure
of 50 kPa) and water vapor permeability (WVTR of 10.4 kg m 2 d~!). By constructing a
multilevel porous structure, Cui et al. [69] produced an electrospinning fiber membrane
with ultra-high waterproof and excellent breathable performance. PVDF concentration
regulation produced an optimized fluffy porous structure, good hydrophobicity, moderate
hydrostatic pressure of 109 kPa and high WVTR of 12.3 kg m~2 d~!. In addition, through
layer-by-layer combination of polyurethane/fluorinated (PU/FPU) membrane and PVDF
membrane, PVDF/PU composite membrane has high hydrostatic pressure (140 kPa) and
WVTR (11.3 kg m~2 d 1), as well as low air permeability of 5.7 mm s~!, demonstrating
good wind resistance (Figure 6¢—f). This excellent waterproof/breathable performance
stems from establishment of a new optimization method for WBMs due to the different
pore sizes and porosity of the two membranes.

5.1.2. Hydrophobic Nanoparticles

The introduction of hydrophobic nanoparticles is considered a common method
for constructing the rough surface structures of non-toxic, harmless and environmen-
tally friendly membranes [74] to improve hydrophobicity. The addition of hydrophobic
nanoparticles not only enables nanofibers to have lower surface energy, but also forms a
layered roughness on the surface, which is very important for the wetting resistance of
the nanofibers. So far, frequently used nanoparticles mainly include organosilicon [75]
and silica [76]. The rough structure of the surface of WBMs has a great positive influence
on hydrophobicity. However, direct incorporation of nanoparticles into the electrospin-
ning membranes by blending or coating methods often leads to uneven dispersion on the
membranes, which limits the improvement of hydrophobicity [77].

5.2. Post-Processing

Although the process of direct preparation of WBMs is simple, there are still some
limitations. For example, some materials are insoluble in the precursor, making elec-
trospinning difficult; doping modification has a limited effect on improving waterproof
performance, etc. In this case, post-treatment is particularly important. Currently, the
commonly used post-treatment methods for WBMs include dip coating, vapor deposition
and heat treatment [54], which can control the pore structure and improve the performance
of WBMs.

5.2.1. Dip Coating

As a practical coating technology, dip coating immerses nanofiber membranes in a
modified solution to form a uniform hydrophobic layer on the surface of nanofibers [78].
Dip-coating technology has the advantages of easy operation, uniform coating and a wide
source of raw materials [79], and has been widely used in the manufacture of WBMs, filtra-
tion membranes and ion exchange membranes. However, the weak interaction between
hydrophobic agent and nanofibers leads to unsatisfactory durability of WBMs.
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Figure 6. (a) Schematic diagram of electrospinning to prepare F-SiO, /PU nanofiber membrane [34];
(b) experimental demonstration of waterproof and moisture permeability of fiber membrane (It
refers to water drops for the red circle.) [34]; (¢) dmax and porosity of PVDF fibrous membranes
obtained from different solution concentrations [69]; (d) illustration of the preparation of composite
PVDEF/PU fibrous membranes with multilevel porous structure; (e) porosity; (f) waterproof breathable
performance and permeability of PVDF/PU membranes; and (g) multilevel porous structured
polyvinylidene fluoride/polyurethane fibrous membranes for ultra-high waterproof and breathable
applications [69].

Using PA-6 fiber membrane as a substrate, Zhao et al. [80] coated fluorine-free water-
based alkyl acrylate (WBA) containing long hydrocarbon chains on the fiber membranes
with a stepwise dip-coating method to construct a highly hydrophobic surface (Figure 7). Ti-
tanium dioxide nanoparticles (TiO; NPs) endow the fiber membranes with the required UV
resistance and antibacterial properties, thus successfully fabricating PA-6@WBA /TiO; mem-
branes. With small pore size and high porosity, PA-6@WBA /TiO, membranes exhibited su-
perior performance, with hydrostatic pressure of 106.2 kPa, WVTR of 10.3 kg m~2 d !, UPF
of 430.5 and bactericidal efficiency > 99.9%. This environmentally friendly WBM provides
a valuable reference for the engineering and manufacturing of multifunctional materials.
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Figure 7. (a) Schematic illustration of the preparation procedures of PA-6@WBA /TiO; fluorine-
free multifunctional fibrous membranes; (b) FE-SEM images of PA-6@WBA-2/TiO,-3 membranes;
(c) elemental mapping image of Ti on the PA-6@WBA-2/TiO,-3 membrane; (d) pore size distribution;
(e) dmax and porosity; (f) tensile strength and elongation; (g) demonstration of breathable performance;
(h) hydrostatic pressure and WVTR; and (i) comparison of hydrostatic pressure and WVTR of PA-
6@WBA-2/TiO, membranes with various TiO, NP concentrations [80].

5.2.2. Vapor Deposition (VD)

The technology of deposition on solid surfaces, called vapor deposition (VD), provides
a simple and convenient way for nanofibers to form hydrophobic surfaces without altering
the porous structure [81]. VD can be divided into physical vapor deposition (PVD) and
chemical vapor deposition (CVD) according to whether chemical reactions occur during
deposition [82]. The reaction raw materials required for VD membrane formation are
generally relatively easy to obtain, which facilitates controlling the composition and char-
acteristics of the membranes. When the substrate of CVD requires local deposition of a
membrane or deposition on a certain surface, CVD is not as convenient as PVD.

Recently, Chang et al. [83] reported a hydrophobic SiO,—~PDMS membrane by VD,
which exhibited good oil absorption performance with an oil/ water mixture (Figure 8a—c).
The PDMS coating had no effect on the porous structure of the fiber membrane but gave the
silica nanofibers good hydrophobicity and lipophilicity. At 240 °C, the heated PDMS was
converted into steam and deposited onto the surface of silica fibers, forming a hydrophobic
layer with a water contact angle of 135°. In addition, SiO,-PDMS membranes displayed
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both good water resistance and water vapor permeability due to their appropriate pore size
and hydrophobic surface, making them suitable for use in fields such as filtration mem-
branes, self-cleaning materials and protective clothing. A super-hydrophobic nanofiber
membrane with silicon nanoparticles attached was fabricated by Dizge et al. [84], who
coated fluoroalkyl silane onto cellulose acetate membrane by CVD. Compared with com-
mercial hydrophobic PVDF membranes, these modified ones exhibit excellent hydrophobic,
oleophobic, wettability and stable water vapor flux properties, which could be applied in
the field of direct-contact membrane distillation.

5.2.3. Heat Treatment

This is a convenient method to improve the hydrophobicity of WBMs by blending or
coating nanoparticles directly onto the electrospinning membrane. However, the uneven
dispersion of nanoparticles on the membrane [85], the unstable adhesion between the
modifier and the substrate, and the complex preparation process [86] greatly limit their
further practical applications. Heat treatment is a simple and effective way to control the
structure and properties of WBMs, which can generate a cohesive structure between the
fibers, form attractive dense membranes and improve the mechanical properties of WBMs.

When the concentration of silica nanoparticles reached 7.3 wt.%, Liang et al. [87] fabri-
cated a bead-like SiO,@PTFE nanofiber membrane showing a super-hydrophobic surface
(Figure 8d,e), a water contact angle of 155°, and moderate WVTR (9.7 kg m~2d~!) and
air permeability (4.8 mm s~1). However, the potential toxicity and low elasticity of PVDF
and PTFE limit their use in clothing, requiring greater safety, comfort and deformation
resistance during wear and washing.
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Figure 8. (a) Scheme for fabricating hydrophobic SiO,—PDMS fibrous membranes [83]; (b) SEM
images of SiO,—PDMS fibers [83]; (c) water contact angles with different pH values on SiO,—-PDMS
membrane [83]; (d) schematic illustration of the BLNFMs [87]; (e) various 0,4, with different PH
solutions [87]; (f) stress—strain curves of PAN-8/FPU-10 fibrous membranes fabricated with different
thermal treatment temperatures [88]; (g) porosity and WVTR of as-prepared PAN-8/FPU-10 fibrous
membranes with different thermal treatment temperatures [88]; and (h) comparison of hydrostatic
pressure and WVTR among conventional waterproof-breathable materials and PAN-8/FPU-10
macro-porous membranes after heated at 140 °C [88].
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Recently, Sheng et al. [88] produced polyacrylonitrile (PAN)/fluorinated polyurethane
(FPU) nanofiber composite membranes with enhanced waterproof and breathable proper-
ties through the combination of electrospinning and hot reprocessing (Figure 8f-h). The
introduction of FPU enriches the nanofiber membrane with a super-hydrophobic surface,
water contact angle of 151°, and optimized pore size and porosity. By thermal reprocessing,
the original PAN/FPU composite membrane was given a physically adhesive structure,
significantly improving its water resistance, breathability and mechanical properties. Due
to these effects, the heat-treated PAN/FPU composite membranes exhibited high hydro-
static pressure (114.6 kPa), WVRT (10.1 kg m2d 1) and good tensile strength (9.4 MPa),
so they can be used as functional materials for manufacturing filters, outdoor sports clothes
and military combat uniforms.

6. Applications of WBMs in the Textile Field

The application of WBMs in the textile field is generally realized by compounding them
with fabrics and forming waterproof breathable fabrics through lamination technology [89].
The market value of waterproof breathable fabrics was USD 1.43 billion in 2015 and is
expected to grow at a rate of approximately 6% per year to USD 2.3 billion by 2024 [3],
making them a promising textile material. There are three types of waterproof breathable
fabrics [90]: high-density waterproof fabrics, waterproof-coating finished fabrics and WBM
composite fabrics. High-density waterproof fabric is made of absorbent and hydrophilic
yarn or microfiber synthetic yarn, resulting in a small aperture to maximize the resistance
to wind and rain but poor water penetration; waterproof-coated fabrics have excellent
water resistance but poor water vapor permeability [91]. Due to excellent water resistance
and water vapor permeability, WBMs are laminated onto the fabric support layer and
fixed under high temperature and pressure, displaying superior waterproof and breathable
properties. Therefore, WBM composite fabrics have become the mainstream product for
waterproof breathable textiles in the current market. Recent research progress on WBMs is
summarized in Table 1. Waterproof breathable textiles make functional clothing with both
water resistance and water vapor permeability, playing an indispensable role in outdoor
sports [92], special protection [93], medical conservation [94] and self-cleaning [95] fields.

Table 1. Summary of WCA, hydrostatic pressure and WVRT of WBMs.

Materials WCA (°) Hydrostatic Pressure (kPa) WVRT (kgm~2d~!) Refs.
F-SiO, /PU 135 50 10.4 [34]
PVDE/PU / 140 11.3 [68]
PVDF 148 109 12.3 [68]
PA-6@WBA /TiO, 129.8 106.2 10.3 [79]
SiO,@PTFE 155 / 9.7 [86]
PAN/FPU 151 114.6 10.1 [87]
FPU/PU/CNTs / 108 9.2 [93]
PU/FPU 117 86 11.9 [96]
(PU/F-SiO,)/PAN  137.2 / 10.3 [97]
PVB/PDMS 133.16 54.32 8.98 [98]
TPU/PM 137 2.81 19.3 [99]
PU/SSNPs/TEOS 138 23.5 5.91 [89]

6.1. Daily Outdoor Sportswear

To protect waterproof breathable membranes from physical damage and mechanical
wear, they are usually sandwiched between layers of fabric [45]. However, if punctured,
their performance and water resistance will be greatly reduced. Outdoor sportswear and
casual wear are relatively common waterproof and breathable materials in daily life, which
need to provide a higher level of comfort as well as weather protection, because consumers
pay more attention to comfort when wearing such high-performance clothing [92]. It is
worth mentioning that a hydrostatic pressure of 9.8 kPa and WVTR of 5 kg m 2 d ! are
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the minimum acceptable levels for sportswear and raincoats; otherwise, wearers may
experience heat stress.

The waterproof jacket is one of the most widely used and well-known waterproof
breathable fabrics in daily life. The main purpose of these jackets is not only to protect
people from water and wind, but also to maintain comfort while wearing, which largely
depends on the “breathability” of the outer shell. At present, both hydrophilic non-porous
and hydrophobic microporous membranes can be used to fabricate waterproof jackets [100].
Elise et al. [101] designed a climbing waterproof jacket specifically developed for women,
which combined hydrophilic PU membranes with a lining through lamination technology
and waterproofing the edges. The jacket has waterproof protection while still maximiz-
ing airflow through the clothing, ensuring the comfort of wearing. Then, hydrophobic
microporous membranes, represented by PTFE membranes (such as Gore-Tex) [102], are
constructed to act as a filter to block pollutants. A major breakthrough in WBM fabrics
is the development of self-sealing fabrics [103], which can solve the problem of reduced
waterproofness and breathable performance caused by internal WBM damage after sewing
on coats, tents, etc.

In order to ensure that the cloth has high permeability, waterproofing, anti-pollution
and antibacterial properties, Liu et al. [104] proposed a multifunctional fabric with cot-
ton fabric as the raw material, one side with a super-hydrophobic treatment and the
other side with a porous membrane coating. The super-hydrophobic layer is coated with
5i0;, /polydimethylsiloxane (PDMS), resulting in a water contact angle of 161° and a sliding
angle of less than 5°, effectively preventing the entry of external water. The porous layer is
cellulose acetate film with micropores, and the high porosity ensures the breathability of
the fabric. Then, a metallic silver network deposited on the porous layer achieves the triple
effect of infrared reflection, flexible heating and antibacterial properties. The fabric is likely
to be widely used in fields such as clothing and outdoor sports.

6.2. Special Protective Clothing

As a waterproof and breathable layer of protective clothing, WBMs also play a great
role in the field of protection [105], helping staff who need to work at high temperatures to
effectively discharge surface sweat and reduce the occurrence of heat stress [106]. Heart
failure caused by heat stress is one of the most common causes of death of fire personnel,
so the WVTR of firefighting clothing should be around 10 kg m~2 d~! to ensure the safety
of high-temperature operation. In military operations and terrorist attacks, soldiers are at
high risk of being harmed by toxic substances [93]. To ensure the life safety of workers in
dangerous environments, there are high requirements for the anti-liquid permeability of
fabrics, which can be achieved by improving the waterproof and corrosion resistance of
WBMs. As protective clothing, it is necessary to have good elasticity and wear resistance to
prevent puncturing with sharp objects from the outside. Membranes based on inorganic
chalcogenide nanotubes and metal oxide nanoparticles [3] are excellent candidates for
bulletproof vests.

Li et al. [96] proposed an easy method to produce a novel electrospinning composite
fiber membrane with high waterproof and breathable properties, which is composed of
polyurethane (PU), end-fluorinated polyurethane (FPU) and carbon nanotubes (CNT)
(Figure 9a—e). Based on the use of FPU and CNT, more rough structures were formed on the
fiber surface, resulting in a hydrostatic pressure of up to 108 kPa and a WVRT exceeding
9.2 kg m~2 d~!, with good bursting strength (47.6 kPa) and tensile strength (12.5 MPa).
The results showed that the FPU/PU/CNT fiber membrane was a promising candidate
material for protective clothing.

Furthermore, using PU and FPU as raw materials, Li et al. [98] obtained a hydropho-
bic fiber membrane with breathable and waterproof properties through electrospinning
(Figure 9f-h). The porous structure of the membrane was adjusted by modulating rela-
tive humidity (RH) and electrospinning time. When the RH reached 60%, the membrane
showed 60% porosity and 1.2 pm pore size. The composite fiber membrane was waterproof
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and breathable, and had good mechanical properties (tensile strength: 10 MPa; elongation:
353%), so it could be used as a new material for the manufacture of protective clothing.
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Figure 9. (a) Waterproof and breathable properties of FPU/PU fibrous membranes [96]; (b) FE-
SEM images of FPU/PU/CNTs—0.75% fibrous membranes [96]; (c) fiber diameter distribution
of FPU/PU/CNT fibrous membranes containing 0% and 0.75% CNTs [96]; (d) bursting strength
and elongation; (e) tensile stress—strain curves of the FPU/PU/CNT fibrous membranes contain-
ing different contents of CNT [96]; (f) porosity; (g) pore size of the PU/FPU flat film and fibrous
membranes [98]; (h) FE-SEM images of the 60% RH PU/FPU fibrous membranes [98].

6.3. Wound Dressing

For occupations that must resist fluid penetration, such as medical personnel and fire-
fighters, protective clothing requires a higher degree of waterproofing [94]. Because of the
long-term use of surgical gowns, it is important to ensure the safety and comfort of doctors
during an operation [107]. Therefore, WBMs play a crucial role not only in preventing a
patient’s blood from infecting the doctor but also in maintaining the doctor’s comfort and
dryness during surgery. Excellent WVTR is also important for wound healing [108] as it
controls the moisture content of the wound to promote the proliferation of epidermal cells
and fibroblasts. Therefore, one way to create the ideal microenvironment around a wound
is to apply WBM s as a wound dressing. In addition, patients often need to recover in bed
for a long time after receiving treatment. Traditional hospital sheets and hospital gowns
are made of cotton fabric, but cotton fabric generally has good hydrophilicity and poor
sweat release [97], which can easily cause bacteria and viruses to multiply on the sheets
and hospital gowns, which is also not conducive to the postoperative recovery of patients.
Consequently, the development of medical supplies with good protection and water vapor
permeability to protect the common health of medical workers and patients is an urgent
demand in the medical health field.

Yu et al. [109] mixed fluorosilane-modified silica nanoparticles (F-SiO,) with syn-
thetic polyurethane (PU) solution, then compounded it with polyacrylonitrile (PAN) solu-
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tion, and obtained a new hydrophobic microporous nanofiber membrane by electrospin-
ning (Figure 10b—d). The obtained PAN/(F-5iO, /PU) nanofiber microporous membrane
achieved strong tensile strength (19.5 MPa), good WVRT (10.3 kg m~2 d~!), good wa-
ter contact angle (137.2°), and excellent thermal stability and mechanical properties. It
is believed that the enhanced PAN/(F-5iO, /PU) nanofiber composite membranes have
potential application prospects in medical products such as chemical protective clothing,
military combat clothing and self-cleaning materials.
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Figure 10. (a) A double-layered wound dressing composed of a CMC membrane and PVB WPBL on
top of it [108]; (b) SEM images of (PU/F-SiO;)/PAN nanofiber membranes; (c) porosity; (d) TGA
curves of PAN, PU nanofiber membranes and (PU/F-SiO,)/PAN nanofiber membranes with dif-
ferent feeding speed ratios [109]; (e) water contact angles; (f) hydrostatic pressure and WVTR;
(g) stress—strain curves of PVB/PDMS fibrous membranes with different PDMSs [94]; (h) pho-
tographs of PVB/PDMS—45% fibrous membranes applied on a finger knuckle [94].

In view of the green manufacturing method, Guo et al. [94] developed a skin-like
waterproof breathable polyvinyl butyral (PVB) embedded polydimethylsiloxane (PDMS)
fiber membrane (Figure 10e-h). The addition of hydrophobic agent PDMS enhanced the
surface hydrophobicity of the fiber membrane, with a maximum hydrostatic pressure
of 54.32 kPa, a WVRT of 8.98 kg m 2 d~! and an increase in mechanical strength of
4.95 MPa. The developed fibrous membrane provided functions similar to human skin and
allowed for adequate stretching at the joint location, enabling better design of waterproof,
breathable and stretchable wound dressings. Of course, there are also many studies on
cellulose membranes in the field of wound healing. Shi et al. [110] synthesized a cross-
linked cellulose membrane (CEM) constructed with epichlorohydrin (EP) crosslinking
agent, which has high fracture strength (137.4MPa), adaptive permeability and excellent
biocompatibility. Compared with the original cellulose membrane, the light transmittance
and water repellency of the crosslinked membrane have been improved to some extent.
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6.4. Bionic Textiles

In recent years, bionic intelligent textiles have gradually entered the vision of people
with the development of bionics [111]. Because the damage caused by washing to a fabric’s
waterproof and breathable properties is permanent, self-cleaning waterproof breathable
textiles have become a popular research direction [112]. Researchers have noticed that
the waxy surface structure of lotus leaves has a low adhesion to water droplets, thus
possessing good waterproofing and self-cleaning capabilities, which is known as the “lotus
effect” [99,113]. In addition, the wings and scales of many animals, as well as the leaves of
plants, exhibit cleaning properties (Figure 11a [47]). By controlling the assembly of carbon
nanotubes, silicon and polymer [114], the special rough structure of the lotus surface is
imitated, so that the water contact angle is greater than 150° and the purpose of self-cleaning
is achieved. Figure 11b,c [45] demonstrate the stomatal structure of simulated leaves, as
well as the WBMs that can automatically adjust water vapor permeability by closing or
opening their stomata according to the prepared environment.
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Figure 11. (a) Schematic illustration of water flow on natural super-hydrophobic surfaces [47];
(b) scheme showing a stomata-inspired membrane with reversible self-actuated thermo-responsive
pores; (c) the respirational pore structure of a leaf (stomata) that can open and close in response to
light, temperature and humidity for gas exchange [45]; (d) WCAs and MCAs; (e) hydrostatic pressure;
(f) air permeability; and (g) WVTRs of pristine TPU and TPU-PMx NFMs [115].

Introducing photochromic microcapsules (PM) into an electrospinning thermoplastic
polyurethane (TPU) membrane, a new waterproof and breathable membrane with good
photochromic properties was prepared by Liu et al. [115] (Figure 11d—g). Compared with
the original TPU samples, the composite TPU/PM membrane had reversible photochromic
properties. In addition, the composite membrane not only had a water contact angle of
137° and milk contact angle of 130°, but also had moderate comprehensive properties:
for instance, WVRT of 19.3 kg m~2 d~!, high air permeability of 962 mm s~!, low water
resistance of 2.813 kPa and tensile strength of 12.08 MPa. The convenience and efficiency
of the manufacturing process will allow the mass production of multifunctional fibrous
membranes, which can also be applied to photochromic skin, “chameleon” tablecloths and
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protective clothing, among other materials. Furthermore, Liu et al. [104] created a wearable
multifunctional textile by combining antibacterial material with waterproof, breathable
membranes. In consequence, the combination of waterproof, breathable, photochromic,
antibacterial, heat insulation, electronics and other aspects provides new inspiration for
the structural design of intelligent textiles, which will also be the development trend of the
textile industry in the future.

7. Conclusions and Perspectives

In general, improvement of the comprehensive performance of WBMs has made the
development of large-scale production technology possible. WBMs are usually classified
as hydrophilic non-porous membranes and hydrophobic microporous membranes, but
due to the lack of pore structure in hydrophilic non-porous membranes, hydrophobic
microporous membranes are more widely applied. Compared with traditional pure WBMs
(such as PU membranes), composite membranes have developed rapidly in recent years,
possessing multi-functional modification and environment-friendly characteristics. In
addition to obtaining composite WBMs with better performance by combining different
polymers, the waterproof and breathable properties of WBMs can also be enhanced through
doping fluorinated polymers or inorganic nanoparticles and post-treatment methods. At
present, WBMs are widely used in many waterproof and breathable scenes, such as fire
protection, aviation, food packaging, seawater desalination, gas-liquid separation and
especially the textile field as described in this paper. Although the research results achieved
by WBMs cannot be ignored, many issues related to energy and health still need to be
solved. For example, the commonly used lamination technology combining WBMs with
textile materials still has many defects, such as the inability to control the durability of
the material, wearing comfort, etc. At the same time, WBMs prepared by electrospinning
have poor mechanical properties, are easy to break, or wear, which seriously affects their
service life. Moreover, most WBMs are prepared with organic solvents, such as N, N-
dimethylformamide (DMEF), tetrahydrofuran (THF), etc., causing serious environmental
pollution. In short, although there are still many challenges, the development of WBMs in
the textile field is still exciting and demonstrates great potential. If issues related to health
and energy can be solved, this may make our lives more convenient.
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