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� High performance TiN@PVA-PVDF
photothermal membrane was
fabricated.

� 64.1% of solar energy utilization effi-
ciency were obtained.

� Membrane distillation flux was
elevated to 0.940 kg/m2∙h under
1 kW/m2 irradiation.

� Temperature polarization was allevi-
ated as the interfacial heating.
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a b s t r a c t

To meet the increasing worldwide need for freshwater, it has become critical to exploit non-potable
saline water. Solar membrane distillation (MD) is a promising desalination technique, which does not
require conventional energy and can reduce the cost of water production. We developed a cost-effective
and high-efficiency photothermal membrane that employs TiN nanoparticles as an absorber of sunlight
and energy converter. Due to a strong photothermal effect, the solar energy efficiency significantly
improved. With optimal membrane and MD operating conditions, we obtained an MD flux of 0.940 kg/
m2∙h and a solar efficiency of 64.1% under 1.0 kW/m2 solar irradiation. Compared with a bare poly(-
vinylidene fluoride) (PVDF) membrane, 65.8% more pure water was produced. Furthermore, the tem-
perature polarization encountered in the conventional MD process was relieved on account of the unique
interfacial heating of the photothermal coating, which also contributed to the high solar efficiency. In
addition, the membrane was quite stable and the permeate water was of a high, potable quality. The as-
prepared photothermal membrane demonstrated a good performance and application prospects for solar
MD.
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1. Introduction

Water scarcity has been considered to be one of themost serious
global risks over recent years. Each year, approximately 4.0 billion
people face water scarcity for a period of at least a month, and 500
million people lack freshwater all year round (Mekonnen and
Hoekstra, 2016). The oceans cover more than 70% of the Earth’s
surface and contain ~98% of theworld’s water. Although seawater is
an almost inexhaustible resource for humans, it is too saline to be
used as potable water andmust be treatedwith proper desalination
techniques.

So far, thermal distillation and reverse osmosis (RO) have
occupied most of the global desalination capacity (Bohn et al.,
2009; Elimelech and Phillip, 2011). Thermal distillation (e.g.,
multi-effect distillation and multi-stage flash evaporation) is the
most widely used desalination technique; however, it requires
massive energy and exhausts undesirable carbon dioxide. By
comparison, RO is a much more energy-efficient technique. The
energy consumption rate can be as low as 1.8 kWh/m3 at 50% re-
covery with energy recovery devices, energy saving pumps, and
high-permeability membranes (Elimelech and Phillip, 2011).
Nonetheless, membrane fouling in the RO process leads to frequent
membrane washing and replacement, thus resulting in a less-
efficient desalination. Moreover, the highly saline water dis-
charged from the RO modules is difficult to treat (Qtaishat and
Banat, 2013). Both thermal distillation and RO require large-scale
systems for an energy-efficient desalination, which means the
capital cost is relatively high (Jun et al., 2019). In view of these
drawbacks, there is an urgent need for a desalination technique
that is environmentally friendly and provides more energy savings
and a lower-cost than RO and thermal distillation.

Membrane distillation (MD) is a combined membrane technol-
ogy with conventional thermal distillation, and is considered to be
one of the most promising desalination techniques due to its
unique advantages (Drioli et al., 2015; Khayet and Matsuura,
2011a). Compare with the RO process, MD requires a much lower
operating pressure, thereby resulting in less membrane fouling.
Moreover, MD can handle higher salinity water and realize a near-
zero liquid discharge, thus leading to less waste brine-water
(Alkhudhiri et al., 2012; Tsai et al., 2017). Compared with thermal
distillation, MD requires a much lower temperature and can utilize
low-grade or renewable energies, such as solar energy, geothermal
energy, and low-temperature industrial waste heat. These advan-
tage make MD a more economical and lower-carbon technique
than thermal processes, even RO (Khayet and Matsuura, 2011b;
Meindersma et al., 2006). Among the low-grade or renewable en-
ergies, solar energy is ideal for MD due to its wide distribution, high
abundance, and low-cost, especially for off-grid, remote inland
areas and isolated islands. The key to success in a solar poweredMD
(SPMD) system is the efficient harvesting and transferring of solar
energy (Zhani et al., 2016).

Solar collectors with black panels or tubes are commonly
employed to absorb and transfer of solar energy in SPMD (Zhani
et al., 2016). However, the photothermal transformation efficiency
is undesirable and the heat loss to the surroundings is massive (Ni
et al., 2015). Plasmonic nanoparticles are an emerging optical ma-
terial for high-efficiency solar energy harvesting, and has been
employed in solar-enabled evaporation systems in the form of a
suspension (Ni et al., 2015) and thin film (Ghasemi et al., 2014; Zhou
et al., 2016). In these systems, nanoparticles absorb solar radiation
intensely due to collective oscillations of their delocalized con-
duction electrons. The absorbed energy then dissipates through
Landau damping and transfers to heat, thereby resulting in a
dramatic temperature increase of the nanoparticles and their
adjacent zone (Hogan et al., 2014; Linic et al., 2015; Neumann et al.,
2013). The plasmonic nanoparticles enabled evaporation system
has been proven to be highly efficient, while less research has
considered the application of the nanoparticles on MD. Politano
et al. prepared Ag nanoparticles incorporated into poly(vinylidene
fluoride) (PVDF) membranes for MD. With 23 kW/m2 ultraviolet
irradiation, the flux increased by 11 times compared with that of
pure PVDF (Politano et al., 2017). Huang et al. loaded Sb doped Sn-
oxide nanoparticles into nanofiber PVDF membranes. Under
infrared radiation, the MD flux increased from 8.0 L/m2�h to 27.0 L/
m2�h (Huang et al., 2019). Nevertheless, the aforementioned
membranes were activated by ultraviolet or infrared light only,
which possess approximately 7% and 43% of the total solar energy,
respectively. These membranes are undesirable for SPMD applica-
tion because visible light, which occupies half of the solar energy, is
unutilized. Dongare et al. developed bilayer membranes with SiO2/
Au nano-shells and carbon black nanoparticles by immobilizing
them onto hydrophobic support membranes (Dongare et al., 2017).
Unlike the aforementioned membranes, these membranes were
valid under a broad wavelength range from ultraviolet to infrared
light. The authors determined a solar efficiency of 21.45% for a
small-scale module and 53.8% for a larger-scale module. The study
presented excellent photothermal and localized heating properties,
while the solar efficiency was far below that of the solar-enabled
evaporation system (Zhou et al., 2016).

In our previous study (Zhang et al., 2018), we developed a
nanofluid enhanced MD technique and tested ten nanomaterials,
including titanium nitride (TiN), carbon black, Ag, carbon nanotube,
graphene amongst others. TiN nanoparticles showed the best en-
ergy utilization performance owing to their efficient and broad-
band solar absorption efficiency (Ishii et al., 2016; Zhang et al.,
2018). In addition, TiN is a cermet material with a high chemical
stability and lowcost. Thesemeritsmake TiN a promising candidate
for solar MD. In the present study, we developed TiN embedded
membranes with a facile electrospinning and thermal crosslinking
method. To obtain a high-performance membrane, membrane
fabrication conditions, including the TiN content and electro-
spinning time, were systematically studied. We discuss the MD
operating conditions (e.g., the feed-water depth and hydraulic
retention time) that can further improve the solar efficiency.
Finally, to understand the influence of the interfacial heating of the
photothermal membranes, the temperature polarization effect was
studied and compared with that of the bare PVDF. This study pre-
sents a low-cost, scalable membrane fabrication process for an
efficient solar energy utilization in MD. The as-prepared photo-
thermal membrane and SPMD technique could offer a promising
solution for worldwide water scarcity.
2. Materials and methods

2.1. Materials

Hydrophobic PVDF (Millipore Sigma, US) flat-sheet membrane
was employed as the support layer of the photothermal membrane.
The mean pore size was 0.2 mm and the water contact angle was
126.4�. TiN (99.9% metals basis, Aladdin, China) nanoparticles were
selected as the solar heat transducer by reason of their remarkably
high photothermal efficiency (Ishii et al., 2016). The average size of
the TiN nanoparticles was 20 nm (provided by the manufacturer).
Other chemicals, including poly(vinyl alcohol) (PVA, type 1799,
98%e99% alcoholysis degree), sodium dodecyl sulfate (SDS, 97%),
and sodium chloride (NaCl, 99.5%) were purchased from Sinopharm
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Chemical Regent Co. All of these regents were used without further
purification.

2.2. Membrane preparation

The photothermal membranes were fabricated with a two-step
method. First, a TiN/PVA suspension was electro-spun onto a hy-
drophobic PVDF membrane to form a primary coating layer. Then,
the as-prepared PVA layer was crosslinked with a heat-pressing
method to achieve a good stability (Vashisth and Pruthi, 2016; Z.
Zhang et al., 2017b).

The spinning solution was prepared with PVA, TiN nano-
particles, and SDS. To begin this process, the TiN nanoparticles and
SDS were added to deionized water. The suspension was stirred for
10 min and ultrasonic concussed for 1 h to ensure that the nano-
particles were well-dispersed. SDS was then added to adjust the
surface tension of the solution such that the electrospinning pro-
cess went smoothly. Then, PVAwas added and stirred at a speed of
400 rpm at 90 �C for 2 h. The PVA and SDS in the solutionwere 8 wt
% and 0.2 wt%, respectively. TiN varied from 0.1 wt% to 1.2 wt% in
the solution, which correspond to 1.25 wt% to 15 wt% in the solid
membrane. For comparison, a solution without TiN was also pre-
pared. The TiN@PVA layer was subsequently fabricated using an
electrospinning set-up (TL-01, Tongli, China) at room temperature
(~20 �C). The injection rate, tip to collector distance, and voltage
were set as 0.4 ml/h, 10 cm, and 15 kV, respectively (Y. Zhang et al.,
2017a). In order to control the coating layer thickness, the elec-
trospinning time was from 3 to 24 h. Finally, to crosslink the PVA
nanofibers and to ensure that the dual layers were firmly attached,
the as-prepared membrane was treated with a heat pressing
method in an oven. The temperature was 150 �C and the treatment
time was 2 h (Z. Zhang et al., 2017b).

2.3. Membrane characterization

The surface morphology of TiN@PVA coating layer was investi-
gated using a scanning electron microscope (SEM) (SU8000, Hita-
chi, Japan). In addition to being used for observation of morphology,
the SEM was also used to measure the membrane thickness. To
investigate the distribution of TiN nanoparticles, an energy
disperse spectrometer (EDS, an accessory of the SEM) was
employed for element analysis. In addition to the SEM, a high-
resolution field-emission transmission electron microscopy (TEM)
(JEM, JEOL, Japan) was also used to observe the nanofiber mem-
brane. To investigate the optical properties of the membrane, the
reflection spectra were measured by a UVeViseNIR spectropho-
tometer with an integrating-sphere accessory. The gray value of the
membrane was measured with a image process software (Image J,
National Institutes of Health, US). The wavelength ranged from 200
to 2000 nm, which covers most of that relevant to solar irradiation.
The contact angles of the membrane surface were measured by an
optical system (OCA15, Dataphysics, Germany) equipped with a
charge-coupled device camera. One microliter of distilled water
was dropped on the membrane surface, and the process was
recorded by a camera. The contact angle was then calculated by the
image processing software of the instrument. The pore size was
determined by a capillary flow porometer (Porolux 1000, Data-
physics, Germany), whereby the pore size was calculated from the
gas flow rate and applied pressure, as based on the Young-Laplace
equation.

2.4. Membrane distillation experiment

The MD performance was tested with an air gap MD (AGMD)
configuration. The experimental setup mainly consisted of a
customized membrane module, a solar simulator, a cooling loop,
and a feed-water loop (see the Supplementary material for details).
To begin the MD experiment, the feed water was injected into the
membrane module from the bottom inlet with the peristaltic
pump. Then, the weight and temperature recording software were
opened on the computer. Finally, the solar simulator was opened
before the radiation power was carefully checked. In the experi-
ment, 35 g/L NaCl aqueous solutionwas employed as the feed water
and the effective membrane area was 19.625 cm2. In addition, the
radiation power was fixed at 1.0 kW/m2. For each test, a 3-h
experiment was conducted under room temperature (~20 �C). The
MD flux and salt rejection were calculated according to the
collected permeate water. The flux (J) was calculated from the
weight data for a range from 120 to 180 min by Eq. (1):

J¼ Dm
A,Dt

(1)

where Dm, A, and Dt were the permeate water mass, membrane
effective area, and sampling time, respectively. The salt rejection
ratio (R) was calculated from Eq. (2):

R¼Cf � Cp
Cf

(2)

where Cf and Cp were the salt concentration of the feed and
permeate waters, respectively.

3. Results and discussion

3.1. Characterization of photothermal membranes

Fig. 1A presents a schematic of the photothermal membrane,
whereby the membrane consisted of a TiN@PVA coating layer and a
PVDF support membrane. The coating layer was composed of
nanofibers with TiN nanodots, and was used as the solar absorber
and heat converter. The PVDF membrane provided a high me-
chanical strength and membrane distillation interface. The SEM
image in Fig. 1B shows the surface structure of the TiN@PVA
coating. Massive PVA nanofibers were stacked on top of each other,
thus causing the highly porous and interconnected pore structure.
This unique structure was beneficial to the mass transfer of water
and salt molecules between the bulk water and evaporation surface
(PVDFmembrane), which contributed to a highmembrane flux and
solar efficiency. The PVA in this study was employed not only as a
structural material of the porous coating layer, but also as a binder
of the TiN nanoparticles. The TEM image in Fig. 1C illustrates how
the TiN nanodots were firmly fixed onto the PVA nanofibers, which
prevented the loss of nanoparticles. Fig. 1D shows that the C and Ti
were uniformly distributed on the surface; thus, the TiN nano-
particles were evenly embedded into the membrane.

The key fabrication conditions, TiN content in the membrane,
and electrospinning time were studied in detail in order to prepare
a desirable photothermal coating (membrane). As shown in Fig. 2A,
the PVDF support membrane was white with a gray value of 13.62.
In contrast, the pure PVA coating membrane turned slightly yellow
owing to the thermal post-treatment (Vashisth and Pruthi, 2016).
After adding the TiN nanoparticles, the membrane turned to gray
and then to black with increased TiN content. The membranes with
10 wt% and 15 wt% TiN nanoparticles were dark black with gray
values of 211.35 and 217.11, respectively. These digital photographs
indicate that most of the visible light could be absorbed by the
membranes with a high TiN content.

The solar absorption performance from ultraviolet to infrared
wavebands was evaluated with UVeViseNIR reflection spectra. As



Fig. 1. (A) Schematic diagram of electrospinning; (B, C) scanning electron microscope (SEM) and transmission electron microscopy (TEM) images of TiN@PVA electrospinning
membrane; (D) carbon and titanium distribution of the TiN@PVA membrane. (Tested with PM-10%: 10 wt% TiN content and 12 h of electrospinning time).

Fig. 2. (A, D) Image and gray value of membranes with varied TiN content and electrospinning time; (B, E) UVeViseNIR reflection spectra of membranes with varied TiN content
and electrospinning time; (C) X-ray diffraction patterns of TiN powder and membranes with varied TiN content; (F) water contact angles of PVDF, PVA-PVDF, and TiN@PVA-PVDF
membranes (10 wt% TiN content and 12 h of electrospinning time).
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light transmission is ignored for solid membranes, we were able to
easily determine the solar absorption property from the reflection
spectra. Fig. 2B shows that the reflection rate decreased (absorption
rate increased) with the increased TiN content. Membranes with
10 wt% and 15 wt% TiN nanoparticles exhibited a great absorption
property at all wavebands. This property, given by the TiN nano-
particles (see Supplementary material S2), implies an excellent
solar efficiency for MD. In addition, XRD patterns confirmed the
existence of TiN nanoparticles in the membranes. As presented in
Fig. 2C, crystallization peaks at 36.4� and 42.2� were detected for
the high TiN content membrane, whereas no obvious peak was
observed for membranes with <5 wt% nanoparticles as this was the
detection limit of the method.
As the PVA coating layer was highly porous with stacked
nanofibers, the surface density of TiN nanoparticles was low. The
coating should be of a certain thickness to absorb solar irradiation
as much as possible. In this study, we prepared a series of mem-
branes with different coating thicknesses by adjusting the elec-
trospinning time. Table 1 lists the coating thicknesses of 3.72, 5.50,
19.65, 28.78, and 37.94 mm with a 3, 6, 12, 18, and 24 h spinning
time, respectively. It can be seen from Fig. 2D and E that the gray
value and solar absorption rate increased with increased spinning
time (i.e., thickness). For the membranes with 12e24 h spinning
time, the gray values and reflection curves were similar to each
other; hence, the 20-mm-thickness coating (12 h spinning time) is
satisfactory for solar absorption.



Table 1
Membrane properties with varied fabrication conditions.

Membrane TiN
content

Electrospinning
time

Thickness of PVA
coating

Bubble pore size of PVA
coating

Mean pore size of PVA
coating

Water contact angle of PVA
coating

MD flux* Salt rejection
rate *

wt% hour mm mm mm � kg/m2∙h %

PM-PVA 0 12 18.98 ± 2.14 1.11 ± 0.02 0.81 ± 0.09 24.33 ± 1.31 0.492 ± 0.021 99.93 ± 0.03
PM-1.25% 1.25 12 20.66 ± 3.68 1.24 ± 0.09 0.80 ± 0.07 24.93 ± 2.63 0.592 ± 0.013 99.91 ± 0.02
PM-2.5% 2.5 12 18.93 ± 1.97 1.02 ± 0.08 0.81 ± 0.06 21.83 ± 1.50 0.683 ± 0.012 99.93 ± 0.05
PM-5.0% 5.0 12 17.86 ± 0.77 1.02 ± 0.08 0.80 ± 0.07 23.98 ± 4.42 0.766 ± 0.031 99.93 ± 0.05
PM-10% 10 12 19.65 ± 3.28 1.07 ± 0.01 0.82 ± 0.02 24.00 ± 1.27 0.772 ± 0.036 99.94 ± 0.01
PM-15% 15 12 19.57 ± 0.45 1.00 ± 0.09 0.79 ± 0.06 22.80 ± 0.42 0.764 ± 0.007 99.93 ± 0.02
PM-3h 10 3 3.72 ± 0.33 1.20 ± 0.01 0.98 ± 0.01 19.95 ± 1.40 0.602 ± 0.009 99.89 ± 0.03
PM-6h 10 6 5.50 ± 0.85 1.07 ± 0.05 0.83 ± 0.03 22.40 ± 0.28 0.707 ± 0.029 99.92 ± 0.03
PM-18h 10 18 28.78 ± 1.82 1.05 ± 0.01 0.79 ± 0.01 19.15 ± 0.07 0.765 ± 0.011 99.90 ± 0.02
PM-24h 10 24 37.94 ± 2.28 1.04 ± 0.01 0.75 ± 0.02 23.83 ± 5.48 0.778 ± 0.003 99.91 ± 0.02

*Test conditions: 15 mm stagnant feed water (35 g/L NaCl aqueous solution); 1.0 kW/m2 solar irradiation.
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Surface wettability is a significant property for photothermal
MD. Fig. 2F illustrates that the PVDF support membranedat the
water vapor interfacedhad a contact angle of 126.4�. The hydro-
phobic property may have been favorable for preventing mem-
brane wetting. In contrast, the PVA coating was highly hydrophilic
with a contact angle that ranged from 19.15� to 24.93� (Table 1),
which contributed to reducing the water transfer resistance. The
as-prepared composite membrane with two sides of adverse wet-
ting properties met both the needs of water and heating transfer in
the hydrophilic coating layer and the evaporation of the hydro-
phobic interface. In addition, the pore size of the coating layer was
also measured. As shown in Table 1, all of the membranes (except
for ‘PM-3h’, i.e., 3 h of electrospinning time) had amean pore size of
~0.8 mm. The coating was comprised of nanofibers and the pore size
was determined by the space between them.With only a few layers
of nanofibers, the membrane (PM-3h) had a relatively large pore-
size. The PVA coatings possessed a large pore-size, which also
helped to reduce the water diffusion resistance. The aforemen-
tioned properties of the TiN@PVA-PVDF membrane suggest a high
MD flux and solar utilization efficiency.
3.2. Membrane distillation performance

As shown in Fig. 3, the feed water temperature increased with
the irradiation time and reached near-steady state after 120 min. In
this state, the sum of evaporation heat and lost energy (via heat
conduction and radiation) was approximately equal to the absor-
bed solar energy, and the feed water temperature remained almost
unchanged. Fig. 3A shows that the steady-state temperature
increased with increased TiN content. The feed water was only
47.79 �C for the PVDF membrane, whereas it was elevated to
58.73 �C for PM-10%. Accordingly, thewater production rate (Fig. 3B
and C) increased as the vapor pressure difference across the
membrane increased. The MD flux also rose from 0.498 kg/m2∙h
(PVDF membrane) to 0.772 kg/m2∙h (PM-10%), which means that
55.0% more pure water was produced with the photothermal
membrane. In addition, as shown in Fig. 3D to F, the feed water
temperature and water production rate increased with increased
electrospinning time (coating thickness). The membranes with 12,
18, and 24 h of electrospinning time exhibited a similar MD flux,
which means that the photothermal coating layer was sufficiently
thick after 12 h of electrospinning time.

In summary, the membrane with more TiN nanoparticles had a
higher gray value, lower light-reflection rate, higher feed-water
temperature, and higher MD flux. However, when TiN was suffi-
cient little improvement was found with the addition of further
nanoparticles. The optimal conditions were determined to be 10 wt
% TiN in the coating layer and 12 h of electrospinning time. More-
over, all of the membranes exhibited an excellent salt rejection rate
of >99.87%. The resultant permeate water satisfied the World
Health Organization’s (WHO’s) drinking water quality standard for
total dissolved solids (<1000 mg/L) as it containing < 45.5 mg/L.
This result demonstrated that the photothermal MD might be a
promising technique to acquire high quality drinking water for
water scarce regions.

Apart from the membrane properties, the performance of MD is
also strongly affected by the operating conditions, including hy-
draulic retention time and feed water depth. As presented in Fig. 4A
and B, by increasing the flow rate of the feed water (decreasing the
hydraulic retention time), the effective heating time was lowered
and more thermal energy flowed out of the system with the
discharge water. Thus, the energy efficiency worsened and the
near-steady-state temperature and permeate flux decreased
accordingly. However, when 60 min hydraulic retention time was
employed, no obvious difference between the flow and stagnant
systemwas found, thereby indicating that the energy flow out was
negligible. In addition, the feed water on the top of the membrane
would have scattered the photons passing through. This would
have reducing the number of photons absorbed by the system and
led to a lower water temperature and membrane flux (Wu et al.,
2018). In order to improve the energy efficiency, we decreased
the feed water depth from 15 mm to 2 mm. As shown in Fig. 4C and
D, the feed water temperature increased from 58.73 �C to 64.80 �C
and the permeate flux increased from 0.772 kg/m2∙h to 0.940 kg/
m2∙h, respectively.

To quantify the solar energy efficiency, we subsequently
employed the gain-out ratio (GOR), which represents the propor-
tion of energy obtained by the generated water vapor and total
solar energy input, as expressed by Eq. (3):

GOR¼ JwDHw

I
(3)

where Jw denotes the MD flux, DHw is the latent heat for water
vaporization at 1 atm (2.257 MJ/kg), and I is the solar energy input
power. Under the optimal conditions (2 mm stagnant feed-water
on the top of the PM-10% membrane), we obtained a solar effi-
ciency of 64.1% (Fig. 4E), which is among the higher performances
reported by previous studies (Dongare et al., 2017; Fujiwara and
Kikuchi, 2017; Huang et al., 2018; Jun et al., 2019; Wu et al., 2017,
2018) (Table S1). The superior solar efficiency can be mainly
attributed to the following three factors: (1) excellent solar ab-
sorption and heat conversion ability of the TiN nanoparticles, (2)
optimal membrane with a high density of TiN nanoparticles, and



Fig. 3. Membrane distillation performance of various membranes. (A) feed water temperature, (B) accumulated permeate water weight, (C) flux and salt rejection of membrane
with varied TiN content, (D) feed water temperature, (E) accumulated permeate water weight, and (F) flux and salt rejection of membrane with varied electrospinning time.

Fig. 4. (AeB) Feed water temperature and accumulated permeate-water weight with varied hydraulic retention time (15 mm feed water depth); (CeD) feed water temperature and
accumulated permeate-water weight with varied feed water depth (stagnant feed water); (E) flux and gain-out ratio of the varied feed water depth; (F) long-term performance of
the TiN@PVA-PVDF membrane (60 min hydraulic retention time). Experiments were conducted with a membrane prepared from 10 wt% TiN in PVA aqueous solution and 12 h of
electrospinning time.
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(3) suitable membrane configuration and operating conditions that
reduced the heat loss.

In addition, to verify the durability of the photothermal mem-
brane, a long-term experiment was performed. Fig. 4F shows that
the MD flux remained almost unchanged after the 240 h desali-
nation experiment with 35 g/L of NaCl aqueous solution. The
photothermal coating layer was in perfect condition and no
nanoparticle loss was detected during the experiment. The salt
rejection was always >99.62%, thus indicating a successful MD
process. As presented in Fig. 1, the nanoparticles were firmly fixed
onto the PVA nanofibers, and the PVA nanofibers were crosslinked
to ensure the stability. On the other hand, the high hydrophobicity
PVDF support membrane provided an excellent MD interface.
These factors ensure that the membrane had a good durability
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during the long-term MD test.

3.3. Temperature polarization analysis

In conventional direct solar MD, feed-water absorbs solar en-
ergy and transfers the energy to the membrane via convection. In
contrast, in the presence of TiN nanoparticles, both the feed water
and membrane participate in the energy absorption process in the
photothermal MD (Fig. 5A). Thus, the energy flow and temperature
profile near the membrane surface would have been strongly
affected by the interfacial heating of the photothermal coating.

According to the principle of energy conservation (Fig. 5B), the
sum of the heat flux obtained by the feed water (qw) and the
membrane (qn), as well as the net inflow heat flux through the feed
stream (qi), balances the heat loss flux bymeans of conduction (qc),
evaporation (qv), and heat loss via radiation (ql) (Ali et al., 2013;
Olatunji and Camacho, 2018; Politano et al., 2017) as per Eq. (4):

qw þ qn þ qi ¼ qc þ qv þ ql (4)

In this study, no stream flows out of the MD system. Thus, the
net inflow heat flux (qi) is evaluated by the feed flow rate (mq) and
the temperature change of the feed stream.

qi ¼mqcpðTf ;in � Tf Þ (5)

where cp, Tf ;in, and Tf are the specific heat coefficient, temperature
of the feed stream in the tank, and temperature of the MD module,
respectively.

The conduction heat transfer through the membrane, air gap,
and cooling wall are the same and can be calculated using the
temperature difference, thermal conductivity, and thickness (see
details in S5), as defined by Eq. (6):
Fig. 5. Temperature polarization analysis. (A) Schematic diagram of membrane heating w
distillation; (C) temperature profiles of the membranes with and without photothermal laye
and electrospinning time.
qc ¼ km
dm

ðTf ;m � Tm;aÞ ¼ ka
da

ðTm;a � Ta;cÞ ¼ kw
dw

ðTc;w � Tw;cwÞ (6)

where km, ka, and kw are the thermal conductivities of the mem-
brane, air gap, and cooling wall, respectively. dm, da, and dw are the
thicknesses of the membrane, air gap, and cooling wall, respec-
tively. Tm;a, Ta;c, Tc;w, and Tw;cw are the interface temperatures of the
membrane and air gap, air gap and condensation, condensation and
condensation wall, and condensation wall and cooling water wall,
respectively (as shown in Fig. 5C).

The evaporation heat flux (qv) can be evaluatedwith theMD flux
(Jw) and enthalpy of vaporization (DHw), whereby the radiation
heat loss (ql) is ignored.

qv ¼ JwDHw (7)

The heat flux obtained by water (qw) is evaluated by the MD test
with an unloaded membrane (qn ¼ 0).

qw ¼ qc þ qv � qi (8)

While the heat flux obtained by the membrane is composed of
heat convection from the bulk feed-water and heat absorbed by the
nanoparticles. Thus, the energy balance of the membrane can be
expressed by Eq. (9). Where hf is the heat transfer coefficient (see
details in S5).

hf ðTf � Tf ;mÞþ qn ¼ qc þ qv (9)

By using Eqs. (4)e(9), the energy flow and temperature profile
for varied photothermal membranes can be solved. The results are
listed in Tables 2 and S2, and evidence that the heat flux absorbed
by the nanoparticles increased with increased TiN content and
ith TiN nanoparticles; (B) energy balance analysis of the photothermal membrane
r; (DeE) temperature polarization coefficient of membranes with a varied TiN content



Table 2
Temperature polarization anlysis of the photothermal membrane distillation.

Membrane qn qc qv Tf Tf ;m Tf � Tf ;m TFC

Heat flux absorbed by
nanoparticles

Heat
conduction

Vaporization
heat

Bulk feed
temperature

Membrane surface
temperature

Temperature
difference

Temperature polarization
coefficient

J/m2∙s J/m2∙s J/m2∙s �C �C �C %

PVDF 0.00 129.39 330.62 47.79 46.79 1.00 95.90
PM-1.25% 95.41 158.21 390.06 54.57 53.63 0.94 96.76
PM-2.5% 166.88 165.61 449.64 56.29 55.37 0.92 96.93
PM-5.0% 230.38 171.34 503.22 57.61 56.71 0.90 97.08
PM-10% 239.77 176.21 506.52 58.73 57.83 0.90 97.18
PM-15% 236.19 177.85 501.27 59.11 58.21 0.90 97.20
PM-3h 93.27 149.70 397.49 52.58 51.63 0.95 96.55
PM-6h 190.98 172.68 464.46 57.92 57.01 0.91 97.09
PM-18h 238.18 179.26 501.50 59.44 58.54 0.90 97.21
PM-24h 246.77 178.54 510.45 59.27 58.37 0.90 97.21
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coating thickness (i.e., electrospinning time). The membrane sur-
face temperature and feed-water temperature also increased
accordingly. Due to the interfacial heating of the photothermal
membrane, the temperature increase of the membrane surface was
larger than that of the bulk feed. The temperature difference be-
tween the membrane surface and the bulk feed was 1.00 �C for the
PVDFmembrane, whereas it decreased to 0.90 �C for the PM-10%. In
a MD system, with the latent heat removal of water evaporation,
the membrane surface temperature decreases, thus causing a
negative phenomenon called “temperature polarization”. As a
result, the temperature difference across the membrane decreases.
To quantify and compare this phenomenon, the temperature po-
larization coefficient (TPC) was used according to the definition in
Eq. (10):

TPC¼ Tf ;m � Ta;c
Tf � Tc;w

(10)

As presented in Fig. 5 and Table 2, the TPC increased with
increased TiN content and coating thickness, which means that a
greater temperature difference between the bulk feed-water and
cooling wall was effective. Although the membrane surface tem-
perature and TPC increased with the presence of the TiN nano-
particles, no temperature inversion was found in this study. As
reported in previous studies (Huang et al., 2019; Politano et al.,
2017), the TPC could be higher than 100% for the photothermal
MD system, thereby suggesting the occurrence of heat flow from
the membrane surface to the bulk water. However, in the present
study, as the bulk feed-water was stagnant, the heat energy accu-
mulated and flowed to the membrane in all conditions. Thus, only
97.21% of the TPC was achieved for the best membrane. We can
expect a higher TPC or even temperature inversion by adjusting the
operating conditions.

4. Conclusions

This study set out to develop high-performance photothermal
membranes for a solar powered MD. Using a facial two-step
method, electrospinning coating followed by heat crosslinking,
we fabricated stable dual-layer membranes with a TiN@PVA pho-
tothermal coating layer and PVDF support layer. The coating layer
was highly porous with large, interconnected pores and had a good
hydrophilicity, which contributed to reducing the mass and heat
transfer resistances. On the other hand, the PVDF support layer
with good hydrophobicity prevented the membrane from wetting.
Different membranes with a varied TiN content and coating thick-
ness were prepared and evaluated upon 1 kW/m2 simulated sun-
light. The use of 10 wt% TiN nanoparticles in a solid membranewith
12 h of electrospinning time were finally selected as the optimal
fabrication conditions based on the optical properties and MD
performance. The operating conditions were also discussed in
terms of improving the MD flux. With a 2 mm stagnant feed-water
on the top of the aforementioned optimal membrane, a MD flux of
0.940 kg/m2∙h and a solar efficiency of 64.1% were achieved, which
were 65.8% higher than those of the PVDFmembrane. Furthermore,
the TPC improved from 95.90% to 97.21%, thus indicating that a
greater portion of the temperature difference was utilized as the
MD driving force. In addition, the membrane performance was
highly stable after 240 h of MD. The permeate water was potable
and of a high quality far beyond the WHO’s standard for total dis-
solved solids. These advantages suggest that the photothermal
membrane and the direct solar MD process are promising tech-
niques that could be used to alleviate water shortages, especially in
remote, off-grid and less-developed areas.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

CRediT authorship contribution statement

Yong Zhang: Conceptualization, Investigation,Writing - original
draft. Kuiling Li: Investigation. Lie Liu: Investigation. Kunpeng
Wang: Investigation. Jun Xiang:Methodology, Investigation.Deyin
Hou: Methodology, Writing - review & editing. Jun Wang: Super-
vision, Writing - review & editing, Funding acquisition.

Acknowledgments

The authors wish to thank the financial support given by the
National Natural Science Foundation of China ((No. 51978651 &
51578533).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.chemosphere.2020.127053.

References

Ali, A., Macedonio, F., Drioli, E., Aljlil, S., Alharbi, O.A., 2013. Experimental and
theoretical evaluation of temperature polarization phenomenon in direct con-
tact membrane distillation. Chem. Eng. Res. Des. 91, 1966e1977. https://doi.org/
10.1016/j.cherd.2013.06.030.

https://doi.org/10.1016/j.chemosphere.2020.127053
https://doi.org/10.1016/j.cherd.2013.06.030
https://doi.org/10.1016/j.cherd.2013.06.030


Y. Zhang et al. / Chemosphere 256 (2020) 127053 9
Alkhudhiri, A., Darwish, N., Hilal, N., 2012. Membrane distillation: a comprehensive
review. Desalination 287, 2e18. https://doi.org/10.1016/j.desal.2011.08.027.

Bohn, P.W., Elimelech, M., Georgiadis, J.G., Mari~nas, B.J., Mayes, A.M., Mayes, A.M.,
2009. Science and technology for water purification in the coming decades.
Nanoscience and Technology: A Collection of Reviews from Nature Journals,
pp. 337e346. https://doi.org/10.1142/9789814287005_0035.

Dongare, P.D., Alabastri, A., Pedersen, S., Zodrow, K.R., Hogan, N.J., Neumann, O.,
Wu, J., Wang, T., Deshmukh, A., Elimelech, M., Li, Q., Nordlander, P., Halas, N.J.,
2017. Nanophotonics-enabled solar membrane distillation for off-grid water
purification. Proc. Natl. Acad. Sci. Unit. States Am. 114, 6936e6941. https://
doi.org/10.1073/pnas.1701835114.

Drioli, E., Ali, A., Macedonio, F., 2015. Membrane distillation: recent developments
and perspectives. Desalination 356, 56e84. https://doi.org/10.1016/
j.desal.2014.10.028.

Elimelech, M., Phillip, W.A., 2011. The future of seawater desalination: energy,
technology, and the environment. Science 84 333, 712e717. https://doi.org/
10.1126/science.1200488.

Fujiwara, M., Kikuchi, M., 2017. Solar desalination of seawater using double-dye-
modified PTFE membrane. Water Res. 127, 96e103. https://doi.org/10.1016/
j.watres.2017.10.015.

Ghasemi, H., Ni, G., Marconnet, A.M., Loomis, J., Yerci, S., Miljkovic, N., Chen, G.,
2014. Solar steam generation by heat localization. Nat. Commun. 5, 4449.
https://doi.org/10.1038/ncomms5449.

Hogan, N.J., Urban, A.S., Ayala-Orozco, C., Pimpinelli, A., Nordlander, P., Halas, N.J.,
2014. Nanoparticles heat through light localization. Nano Lett. 14, 4640e4645.
https://doi.org/10.1021/nl5016975.

Huang, L., Pei, J., Jiang, H., Hu, X., 2018. Water desalination under one sun using
graphene-based material modified PTFE membrane. Desalination 442, 1e7.
https://doi.org/10.1016/j.desal.2018.05.006.

Huang, Q., Gao, S., Huang, Y., Zhang, M., Xiao, C., 2019. Study on photothermal PVDF/
ATO nanofiber membrane and its membrane distillation performance.
J. Membr. Sci. 582, 203e210. https://doi.org/10.1016/J.MEMSCI.2019.04.019.

Ishii, S., Sugavaneshwar, R.P., Nagao, T., 2016. Titanium nitride nanoparticles as
plasmonic solar heat transducers. J. Phys. Chem. C 120, 2343e2348. https://
doi.org/10.1021/acs.jpcc.5b09604.

Jun, Y.S., Wu, X., Ghim, D., Jiang, Q., Cao, S., Singamaneni, S., 2019. Photothermal
membrane water treatment for two worlds. Acc. Chem. Res. 52, 1215e1225.
https://doi.org/10.1021/acs.accounts.9b00012.

Khayet, M., Matsuura, T., 2011a. Introduction to membrane distillation. In:
Khayet, M., Matsuura, T. (Eds.), Membrane Distillation. Elsevier, Amsterdam,
pp. 1e16. https://doi.org/10.1016/b978-0-444-53126-1.10001-6.

Khayet, M., Matsuura, T., 2011b. Economics, energy analysis and costs evaluation in
MD. In: Khayet, M., Matsuura, T. (Eds.), Membrane Distillation. Elsevier,
Amsterdam, pp. 429e452. https://doi.org/10.1016/b978-0-444-53126-1.10015-
6.

Linic, S., Aslam, U., Boerigter, C., Morabito, M., 2015. Photochemical transformations
on plasmonic metal nanoparticles. Nat. Mater. 14, 567e576. https://doi.org/
10.1038/nmat4281.

Meindersma, G.W., Guijt, C.M., de Haan, A.B., 2006. Desalination and water
recycling by air gap membrane distillation. Desalination 187, 291e301. https://
doi.org/10.1016/j.desal.2005.04.088.

Mekonnen, M.M., Hoekstra, A.Y., 2016. Sustainability: four billion people facing
severe water scarcity. Sci. Adv. 2, 1e7. https://doi.org/10.1126/sciadv.1500323.

Neumann, O., Urban, A.S., Day, J., Lal, S., Nordlander, P., Halas, N.J., 2013. Solar vapor
generation enabled by nanoparticles. ACS Nano 7, 42e47. https://doi.org/
10.1021/nn304948h.

Ni, G., Miljkovic, N., Ghasemi, H., Huang, X., Boriskina, S.V., Lin, C. Te, Wang, J., Xu, Y.,
Rahman, M.M., Zhang, T.J., Chen, G., 2015. Volumetric solar heating of nano-
fluids for direct vapor generation. Nanomater. Energy 17, 290e301. https://
doi.org/10.1016/j.nanoen.2015.08.021.

Olatunji, S.O., Camacho, L.M., 2018. Heat and mass transport in modeling membrane
distillation configurations: a review. Front. Energy Res. 6 https://doi.org/
10.3389/fenrg.2018.00130.

Politano, A., Argurio, P., Di Profio, G., Sanna, V., Cupolillo, A., Chakraborty, S.,
Arafat, H.A., Curcio, E., 2017. Photothermal membrane distillation for seawater
desalination. Adv. Mater. 29, 1603504. https://doi.org/10.1002/
adma.201603504.

Qtaishat, M.R., Banat, F., 2013. Desalination by solar powered membrane distillation
systems. Desalination 308, 186e197. https://doi.org/10.1016/j.desal.2012.01.021.

Tsai, J.H., Macedonio, F., Drioli, E., Giorno, L., Chou, C.Y., Hu, F.C., Li, C.L., Chuang, C.J.,
Tung, K.L., 2017. Membrane-based zero liquid discharge: myth or reality?
J. Taiwan Inst. Chem. Eng. 80, 192e202. https://doi.org/10.1016/
j.jtice.2017.06.050.

Vashisth, P., Pruthi, V., 2016. Synthesis and characterization of crosslinked gellan/
PVA nanofibers for tissue engineering application. Mater. Sci. Eng. C 67,
304e312. https://doi.org/10.1016/j.msec.2016.05.049.

Wu, J., Zodrow, K.R., Szemraj, P.B., Li, Q., 2017. Photothermal nanocomposite
membranes for direct solar membrane distillation. J. Mater. Chem. 5,
23712e23719. https://doi.org/10.1039/c7ta04555g.

Wu, X., Jiang, Q., Ghim, D., Singamaneni, S., Jun, Y.S., 2018. Localized heating with a
photothermal polydopamine coating facilitates a novel membrane distillation
process. J. Mater. Chem. 6, 18799e18807. https://doi.org/10.1039/c8ta05738a.

Zhang, Y., Xia, Y., Li, Q., Qi, F., Xu, B., Chen, Z., 2018. Synchronously degradation
benzotriazole and elimination bromate by perovskite oxides catalytic ozona-
tion: performance and reaction mechanism. Separ. Purif. Technol. 197, 261e270.

Zhang, Y., Yang, B., Li, K., Hou, D., Zhao, C., Wang, J., 2017a. Electrospun porous
poly(tetrafluoroethylene-co-hexafluoropropylene-co-vinylidene fluoride)
membranes for membrane distillation. RSC Adv. 7, 56183e56193. https://
doi.org/10.1039/c7ra09932k.

Zhang, Z., Wu, Y., Wang, Z., Zhang, X., Zhao, Y., Sun, L., 2017b. Electrospinning of Ag
Nanowires/polyvinyl alcohol hybrid nanofibers for their antibacterial proper-
ties. Mater. Sci. Eng. C 78, 706e714. https://doi.org/10.1016/j.msec.2017.04.138.

Zhani, K., Zarzoum, K., Ben Bacha, H., Koschikowski, J., Pfeifle, D., 2016. Autonomous
solar powered membrane distillation systems: state of the art. Desalin. Water
Treat. 57, 23038e23051. https://doi.org/10.1080/19443994.2015.1117821.

Zhou, L., Tan, Y., Wang, J., Xu, W., Yuan, Y., Cai, W., Zhu, S., Zhu, J., 2016. 3D self-
assembly of aluminium nanoparticles for plasmon-enhanced solar desalina-
tion. Nat. Photon. 10, 393e398. https://doi.org/10.1038/nphoton.2016.75.

https://doi.org/10.1016/j.desal.2011.08.027
https://doi.org/10.1142/9789814287005_0035
https://doi.org/10.1073/pnas.1701835114
https://doi.org/10.1073/pnas.1701835114
https://doi.org/10.1016/j.desal.2014.10.028
https://doi.org/10.1016/j.desal.2014.10.028
https://doi.org/10.1126/science.1200488
https://doi.org/10.1126/science.1200488
https://doi.org/10.1016/j.watres.2017.10.015
https://doi.org/10.1016/j.watres.2017.10.015
https://doi.org/10.1038/ncomms5449
https://doi.org/10.1021/nl5016975
https://doi.org/10.1016/j.desal.2018.05.006
https://doi.org/10.1016/J.MEMSCI.2019.04.019
https://doi.org/10.1021/acs.jpcc.5b09604
https://doi.org/10.1021/acs.jpcc.5b09604
https://doi.org/10.1021/acs.accounts.9b00012
https://doi.org/10.1016/b978-0-444-53126-1.10001-6
https://doi.org/10.1016/b978-0-444-53126-1.10015-6
https://doi.org/10.1016/b978-0-444-53126-1.10015-6
https://doi.org/10.1038/nmat4281
https://doi.org/10.1038/nmat4281
https://doi.org/10.1016/j.desal.2005.04.088
https://doi.org/10.1016/j.desal.2005.04.088
https://doi.org/10.1126/sciadv.1500323
https://doi.org/10.1021/nn304948h
https://doi.org/10.1021/nn304948h
https://doi.org/10.1016/j.nanoen.2015.08.021
https://doi.org/10.1016/j.nanoen.2015.08.021
https://doi.org/10.3389/fenrg.2018.00130
https://doi.org/10.3389/fenrg.2018.00130
https://doi.org/10.1002/adma.201603504
https://doi.org/10.1002/adma.201603504
https://doi.org/10.1016/j.desal.2012.01.021
https://doi.org/10.1016/j.jtice.2017.06.050
https://doi.org/10.1016/j.jtice.2017.06.050
https://doi.org/10.1016/j.msec.2016.05.049
https://doi.org/10.1039/c7ta04555g
https://doi.org/10.1039/c8ta05738a
http://refhub.elsevier.com/S0045-6535(20)31246-7/sref28
http://refhub.elsevier.com/S0045-6535(20)31246-7/sref28
http://refhub.elsevier.com/S0045-6535(20)31246-7/sref28
http://refhub.elsevier.com/S0045-6535(20)31246-7/sref28
https://doi.org/10.1039/c7ra09932k
https://doi.org/10.1039/c7ra09932k
https://doi.org/10.1016/j.msec.2017.04.138
https://doi.org/10.1080/19443994.2015.1117821
https://doi.org/10.1038/nphoton.2016.75

	Titanium nitride nanoparticle embedded membrane for photothermal membrane distillation
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Membrane preparation
	2.3. Membrane characterization
	2.4. Membrane distillation experiment

	3. Results and discussion
	3.1. Characterization of photothermal membranes
	3.2. Membrane distillation performance
	3.3. Temperature polarization analysis

	4. Conclusions
	Declaration of competing interest
	CRediT authorship contribution statement
	Acknowledgments
	Appendix A. Supplementary data
	References


