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polypropylene membrane for efficient solar-driven
interfacial water evaporation†

Xiayun Huang,a Yi-Hsin Yu,b Oscar L. de Llergo,a Samantha M. Marquezc

and Zhengdong Cheng*abd

We report the fabrication of a polypyrrole-coated interfacial solar membrane using a versatile dip-coating

method, which enables solar vapor generation efficiency of 72% for the purpose of desalination. This next-

generation method of thermal desalination membrane uses solar thermal energy as a heat source to

vaporize salt and brackish water. The polypyrrole thin film is tightly attached to individual non-

conductive polypropylene fibers in a mesh. The dip-coating method can be applied to different types of

membranes, regardless of the wetting property, conductivity, or surface curvature.
Rapid population growth and its attendant demand, climate
change, and environmental pollution drives the increasingly
serious global challenge of freshwater scarcity. Membrane
desalination can play a role in treating non-potable water,
including seawater and brackish groundwater, into potable
water.1,2 Reverse osmosis technology, in which salt or brackish
water is forced under pressure through a semipermeable
membrane to produce fresh water and a brine waste product,3

has emerged as a dominant membrane process for water
desalination.1 High electrical energy input is needed for power
pumps to maintain pressure of >55 bar to overcome the osmotic
pressure of seawater1,2 in a reverse osmosis operation. Our study
explores novel technologies to lower the overall energy by
employing solar thermal energy for the water desalination by
evaporation.

Solar thermal energy, as applied to water desalination,
produces fresh water without the large conventional energy
demand of large pumps and their consequent carbon emis-
sions.4 In nature, water evaporates in the presence of a heat
source, such as solar radiation, and condenses in response to
a temperature gradient. Early-stage thermal desalination
utilized this low-efficiency concept: seawater was heated by
electricity and waste heat to cause evaporation, and then
condensed at a lower temperature to produce fresh water.4
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However, this method consumes a substantial amount of elec-
trical energy. Halas et al.5–7 studied a light-induced water puri-
cation process. Sunlight irradiates a gold nanoparticle in an
aqueous suspension to produce localized heat, and then water
vapor evaporates from the individual particles. In this case, heat
transfer from the traveling steam bubbles in the bulk water
limits evaporation efficiency.8 To more efficiently convert the
solar energy into heat and to achieve a high water vapor evap-
oration rate, an interfacial solar membrane was designed to
enhance the localized temperature at the water–air interface.
This temperature modulation allows more efficient conversion
of solar energy into thermal energy by increasing the water
evaporation rate at the water–air interface.8 The desired
membrane is a hydrophobic porous membrane, a property
allowing it to oat at the water–air interface. At the same time, it
has a solar energy absorber layer on the thermal insulation
matrix.9–11

In this study, we report a versatile thin lm dip-coating
fabrication strategy for a polypyrrole (PPy)-coated interfacial
solar membrane. This material is based on a traditional thermal
desalination membrane material, the porous polypropylene
membrane, which has been used as a thermal desalination
membrane for decades.12 Polypyrrole was selected as a thin lm
coating on the non-conductive polypropylene membrane due to
its broad spectrum absorption (from visible to near-infrared)
and its high photothermal conversion efficiency.9,13 Moreover,
PPy has proven to be stable and inexpensive in bioelectronics
and biomedical applications compared with noble metal
nanoparticles.14 It exhibits good biocompatibility and low long-
term cytotoxicity13 compared with carbon material.15 Further-
more, it is also reported that the coating's hydrophobic uo-
roalkylsilane top layer imbues the PPy coating with a wettability
self-healing property to maintain hydrophobicity.9 This self-
RSC Adv., 2017, 7, 9495–9499 | 9495
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healing property is responsible for the self-migration of uo-
roalkylsilane within the PPy coating under chemical oxidation
(oxidation occurs under water and air and strong radiation from
UV light). Solar vapor generation efficiency is maintained by the
membrane oating at the water–air interface. Herein, we
prepared the uoroalkylsilane surface layer of the PPy coating,
which is expected to maintain a long-term hydrophobicity.
Instead of the electroplated PPy coating technology developed
by Wang et al.,9 which can coat only a conductive substrate (i.e.,
thermal conductive stainless steel mesh used by Wang et al.),
this thin lm dip-coating method enables a facile solution-
based fabrication of PPy coating on a variety of substrates,
including conductive and non-conductive and curved struc-
tures. Herein, we selected thermal insulation polypropylene
(PP) mesh, which has historically been used as a thermal
desalination membrane.16 Our results show that�300 nm thick
PPy thin lm coating on the thermal insulation polypropylene
mesh has a solar vapor generation efficiency of 72%, which is
substantially higher than that of the commercialized solar stills
with typical efficiencies from 24% to 45% (ref. 17) and still has
slightly higher efficiency than the thicker PPy coating on the
thermal conductive stainless steel mesh.9

Using our facile dipping strategy, PPy thin lm coating is
directly deposited by immersing the substrate in a mixture of
dilute aqueous solution of pyrrole as a monomer and FeCl3 as
an oxidant (Fig. 1A). This solution initiates direct polymeriza-
tion on the surface and tightly bonds to the substrate surface to
form a smooth coating, regardless of initial wetting property,
electrical conductivity, and curvature of the substrates.18 PPy
coatings have been reported to have a good adhesion on
a variety of substrates, such as hydrophilic glass (Fig. 1B) and
Fig. 1 The growth of PPy coating. (A) Growth of PPy coating on glass
substrate with increased dipping time from 0.5 h to 12 h (B) PPy
coating on the glass with the increasing dipping time (left to right:
0.5 h, 1 h, 4 h, 8 h, and 12 h). (C) PPy coating on glass and poly-
propylene plastic tube after 12 h.

9496 | RSC Adv., 2017, 7, 9495–9499
hydrophobic polypropylene plastic centrifuge tubes (Fig. 1C);
metal, inorganic and polymer surfaces; as well as on substrates
of various curvatures, such as tubing or brous structures.19,20 In
comparison, electrochemical polymerization of PPy, which has
been used to form interfacial solar membranes, requires the
coating substrate to be able to conduct electricity.9,19 The elec-
trically conductive substrate has, at the same time, high thermal
conductivity as well, which limits the efficiency and spreads out
the localized heat. With the increasing reaction time, the
thickness of PPy coating increases from �50 nm to �300 nm
(Fig. 1A). Correspondingly, the dark color intensies with the
extended dipping time (Fig. 1B from le to right). Two regions
are observed.21 The rst region is an initial linear growth region
that was due to the slow incubation for the deposition in
solutions with low oxidizing agent (FeCl3)/pyrrole ratios. In the
second region, the rate of lm growth slows down. This
decrease in the deposition rate can be explained by the deple-
tion of the reactants in the solution.

Compared with electrochemical polymerization of poly-
pyrrole, our oxidation polymerization approach is simply based
on a facile dipping method that allows for thickness control to
the nanometer scale, as well as affording ease of coating on
a non-conductive curved surface, such as PP mesh (Fig. 2A) as
well as on a conductive curved surface, such as stainless steel
mesh (see ESI†). Scanning electron microscopy images (Fig. 2B)
show PPy uniformly coated on each PP ber in the mesh. At
high magnication, the area indicated by the red rectangle
revealed that uniform PPy coatings are porous and composed of
compacted PPy nanoparticles (�50 nm). This thin PPy coating
(Fig. 2C) exhibits a broad absorption band with a wide range of
light from UV to visible light and near infrared, which matches
the spectrum of sunlight (orange shadowed). Absorbance
increases with the increase in the thickness of the PPy coating.
Absorbance of the coating saturates until reaching the�300 nm
(8 h) PPy deposition. Further increasing the thickness of PPy by
extending the dipping time (from 8 h to 12 h) does allow har-
vesting of more solar energy trapped in the PPy membrane.

Surface wetting, another important parameter, inuences
interfacial solar membrane performance. A hydrophobic
surface with excellent water droplet roll-off is the desired
property, which depends not only on the chemical nature but
also on the hierarchical structure of the surface.22–24 Herein, the
deposited PPy coating is hydrophilic with a contact angle of
nearly 60� with the at surface (Fig. 2D).19,20,25,26 The hydro-
phobicity of the PPy coating persists with the increase in the
coating thickness from around 50 nm to 200 nm. To tune the
wettability from hydrophilic to hydrophobic, silanization of
uoroalkylsilane by chemical vapor was chosen to uniformly
penetrate through the coating, including both the surface layer
and the polymer and to voids inside.9,22 Aer chemical vapor
silanization, the PPy coating becomes hydrophobic on the at
surface (Fig. 2E) with good hydrophobicity, as well as enables
excellent water droplet roll-off on PP mesh. This desired change
in the property is due to the introduction of microscale and
nanoscale hierarchical roughness.22 A water droplet rolls off
from the modied mesh surface easily within 0.1 s, whereas
a water droplet of the same volume remains on the hydrophobic
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 The morphology, water wetting behaviour and solar absorption of PPy coating. (A) Optical image of PPy-coated PP mesh (�300 nm in
thickness) with an area of 861 mm2. (B) SEM images of PPy coating (dipping time, 12 h) on the polypropylene mesh (76 mesh with 24% open pore
area and 161 mm fiber diameter). The low magnification image (left) shows the PPy coating uniformly coated on each PP fiber. At high
magnification (right), the coating is made of the stacked PPy nanoparticles. (C) The absorption of the PPy coating matches the solar spectral
irradiance. (D) Water contact angle of hydrophilic PPy coating on glass with increased dipping time from 0.5 h to 12 h. (E) Static contact angles of
a 5 mL water drop on the PPy-coated flat surface before and after (F) chemical vapor silanization of fluoroalkylsilane.
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PP mesh. (A demonstration video can be found in the ESI.†) The
modied PP mesh has much better water droplet roll-off
property, enabling the modied mesh to oat on the water
surface, compared with using PPmesh alone. Likewise, it can be
deposited on various substrates such as stainless steel mesh.
The modied stainless steel mesh also exhibits the same
excellent water roll-off property. (A demonstration video can be
found in the ESI.†) The hydrophobicity of the coating and water
repellency persisted for an extended length of time, enabling
the various modied mesh, including PP mesh and stainless
steel mesh, to spontaneously oat on the water–air interface.
The oating mesh prevents itself from sinking into the water.

The oating mesh ensures that the pores of the PPy-coated
mesh are unblocked to allow continuous optimized ow ux
of water vapor (Fig. 3A). The photothermal property of the PPy-
coated PP mesh was evaluated by in situ temperature mapping
using an IR camera under simulated sunlight with a light
intensity of 1000 W m�2 (Fig. 3B). Under solar irradiation, the
temperature of PPy-coated PP mesh gradually increased,
reaching an equilibrium temperature of �50 �C aer �600 s. In
darkness, recovery back to 22 �C, roughly room temperature, is
achieved in another �600 s. In comparison, the PP mesh
without PPy coating remains at 20 �C under 20 minutes of solar
irradiation without increase in temperature. The in situ
temperature increase clearly demonstrated the efficient photo-
thermal conversion property of PPy-coated PP mesh due to the
contribution of the �300 nm PPy coating on the PP mesh. Due
to the low thermal conductivity and low specic heat capacity of
This journal is © The Royal Society of Chemistry 2017
PPy and PP material, the PPy-coated mesh forms a heat barrier,
enhancing heat localization.27

Enhanced water evaporation was then evaluated by oating
hydrophobic PPy-coated PP mesh at the water–air interface
inside the beaker. Sunlight irradiated the water at an intensity
of 1000 W m�2. The mass loss of water due to evaporation was
monitored by an analytical balance. As a control, the mass loss
of water with the oating unmodied PP mesh at the air–water
interface and the mass loss of water in the absence of mesh on
the water surface were alsomeasured. Seawater evaporation rate
follows the same trend. Using PPy-coated PPmesh enhances the
rate of the seawater evaporation. Solar vapor generation effi-
ciency is dened as the ratio of enthalpy change in the gener-
ated vapor divided by total incoming solar ux, which is
evaluated based on the water evaporation rate,

h ¼ Q(water evaporation)/Qlight ¼
(water evaporation rate � He)/Qlight

where Qlight is the incident light intensity (1000 W m�2) and He

is the heat of evaporation of water (2260 kJ kg�1).9 As calculated,
the solar vapor generation efficiency of the PPy-coated PP mesh
is higher than that when using PP mesh or pure solution for
both water and seawater evaporation. The PPy-coated PP mesh
has a solar vapor generation efficiency of 72%, which is slightly
higher than that achieved with stainless steel mesh with PPy
coatings in micrometer thickness9 and much higher than that
of commercialized solar stills with typical efficiencies from 24%
RSC Adv., 2017, 7, 9495–9499 | 9497
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Fig. 3 Interfacial solar membrane for water evaporation. (A) Illustration of interfacial solar membrane for water evaporation. Solar irradiation
increases localized temperature on the mesh, causing the water vapor to form clouds of condensed fresh water. (B) Photothermal heating and
cooling of PP and PPy-coated PPmesh under 30min irradiation. Inset image is the temperature distribution of PP and PPy-coated PPmesh after
2 min irradiation. The radiation was turned off and the temperature was allowed to gradually decrease. (C) Excellent water repellency of water
droplets on the hydrophobic PPy-coated PPmesh. (Video in the ESI.†) The water droplet rolls off the surface within 0.1 s. (D) Solar evaporation of
pure water and (E) solar evaporation of seawater (35 000 ppm NaCl) without mesh as well as with floating PP mesh and floating PPy-coated PP
mesh. (F) Evaporation rate and solar vapor generation efficiency under different conditions (left to right: pure water, floating PP mesh, and
floating PPy-coated PP mesh on the water, pure seawater (without mesh), floating PP mesh, and floating PPy-coated PP mesh on the seawater).
The light intensity was fixed at 1000 W m�2. The mesh area is 861 mm2.
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to 45%.17 The higher efficiency achieved in our experimental
mesh is because the efficiency in harvesting solar energy is
conferred by the�300 nm PPy coating as well as the heat barrier
property of the bulk PPy-coated PP mesh. The heat barrier is
attributable to low thermal conductivity and low specic heat
capacity of both PPy coating and PP mesh. Moreover, the PPy
thin lm coating is robust under mild stirring in water and
seawater (35 000 ppm NaCl). It is stable when oating or
immersed in water and seawater under mild stirring for 7 days.
The FTIR spectra of the selected solutions do not show any
characteristic peaks from PPy or possible decomposed structure
(see ESI†), which indicates that neither distinguishable
detachment and release from the PPy coating nor the decom-
position of the PPy coating occurred.
Conclusions

In conclusion, we have developed a new kind of interfacial solar
thermal membrane based on PPy thin lm coating on PP mesh
with potential application as a thermal desalination membrane
that uses solar energy as a heat source to vaporize seawater and
brackish water. First, PPy was selected due to its broad spec-
trum absorption, which is closely matched to the solar radiation
spectrum, high photo-to-thermal conversion efficiency, and
outstanding stability. PPy is inexpensive compared to noble
metal nanoparticles and exhibits good biocompatibility and low
9498 | RSC Adv., 2017, 7, 9495–9499
long-term cytotoxicity as compared to carbonmaterials. Second,
the PPy thin lm fabrication technology requires a low energy
input, is environmentally friendly, allows a PPy thin lm to
tightly coat regardless of the curvature and conductivity, and
a variety of substrates, such as non-conductive exible PP mesh,
which has been previously used in thermal desalination. Aer
coating �300 nm PPy thin lm on PP mesh, the solar vapor
generation efficiency was measured to be 72%, which was much
higher than that of the commercialized solar stills, with typical
efficiencies from 24% to 45%. Moreover, the polypyrrole thin
lm retains good adhesion under mild ow of water and
seawater. This membrane opens doors to the next generation of
thermal desalination membrane utilizing solar energy.
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