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Assured access to clean and potable wa-
ter remains a challenge across the globe. 
In 2018, the United Nations estimated that 
1.8 billion people live in regions affected 
by water scarcity due to land degradation 
and drought, and more than 4 billion peo-
ple lack access to safe sanitation [1]. This 
need is expected to become even more 
urgent, given current trends in population 

growth and the consequent need for in-
creased food production [2].

The Department of Defense (DoD) is a ma-
jor producer and consumer of clean water, 
both at home and abroad. In fiscal year 
2017, DoD facilities and bases worldwide 
consumed a total of 82.5 billion gallons of 
potable water (i.e., water purchased from 
utilities and treated freshwater sources) 
[3]. However, domestic installations face 
increasing vulnerability to water scarcity. In 
July 2018, DoD reported that 21 homeland 
military installations are located in areas 

under “severe” or “extreme” drought, as 
identified by the U.S. Drought Monitor of 
the National Drought Mitigation Center [3].

As the United Nations’ global drought sta-
tistics indicate [1], providing clean and po-
table water to DoD forces abroad can be a 
challenge. A major study published in 2010 
surveyed water provision to forward oper-
ating bases (FOBs) in Iraq and Afghanistan 
and found that a base camp size of 1,500 
warfighters requires at least 13.6 million 
gallons of water annually—and potential-
ly twice as much [4]. Many FOBs must be 
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supplied with potable water by transpor-
tation, which is costly and inefficient [4, 
5]. Additionally, the many FOBs that lack 
wastewater treatment facilities must truck 
out their wastewater, and FOBs that have 
treatment facilities often rely on activated 
sludge processing—which is energy inten-
sive [6].

In order to realize sustainable and effec-
tive FOBs, water supply and wastewater 
treatment methods should be dramatical-
ly improved. For these reasons, DoD has 
sought sustainable and energy-efficient 
wastewater treatment processes that re-
quire less frequent maintenance [7].

Photothermal Water Treatment 

Photothermal water treatment has emerged 
as a promising technique to provide drink-
ing water and increase the working life of 
pressure-driven membrane filtration. Pho-
tothermal materials in a membrane convert 
incident light, most typically sunlight, into 
heat by the photothermal effect. Incident 
photons excite electrons in the photother-
mal material, which then release their ab-
sorbed energy as heat and regain initial 
state. The locally high temperature pro-
duced can inhibit membrane biofouling—a 
main concern for pressure-driven mem-
brane processes [8, 9]—and it can also 
promote effective evaporation for clean 
water generation. 

Desirable photothermal membranes exhib-
it broad-band light absorption across the 
solar spectrum; have high photothermal 
conversion rates; and are readily scalable, 
cost effective, and low in environmental 
toxicity [10]. 

This art icle introduces three of our 
research group’s recent developments in 
photothermal water treatment: 

• fouling-resistant photothermal mem-
branes in pressure-driven reverse osmo-
sis (RO) and ultrafiltration (UF) systems

• photothermal solar steam generation 
(SSG) by interfacial evaporators 

• photothermal membrane distillation 
(PMD)

In the anti-fouling membrane, the light-in-
duced high temperature at the membrane 
surface damaged the cell walls of micro-

 

organisms and subsequently inhibited 
the biofilm growth, which improved the 
membrane’s durability and performance. 
In SSG, interfacial solar evaporators 
achieved high evaporation rates by us-
ing engineered nanostructures that are  
scalable and non-toxic. In PMD, simple 
and scalable polymeric photothermal ma-
terials have been optimized to treat even 
highly saline water. 

Photothermally-enabled  
Biofouling Resistance in  

Membranes for  
Pressure-driven Filtration

Pressure-driven membrane filtration pro-
cesses, such as RO and UF, are widely 
used in DoD installations, owing to their 
fast water production and large treatment 
capacities [4, 11]. However, membrane 
fouling is a persistent challenge in these 
processes, decreasing the energy efficien-
cy and life span of the membrane, and in-
creasing the cost of water treatment [12]. 
Among the various types of fouling, biofoul-
ing—microorganism sticking to membrane 
surfaces and forming biofilms—accounts 
for more than 45% of all membrane fouling 
and reduces the membrane performance 
significantly [13]. In the worst case, bio-
fouling contributed to approximately 70% 
of transmembrane pressure increase in 
RO [14]. 

To combat biofouling, we first coupled the 
photothermal effect with pressure-driven 

membrane filtration. A commercial poly-
amide (PA) membrane for RO was sur-
face-modified with gold nanostars (AuNS), 
graphene oxide (GO), and hydrophilic poly-
ethylene glycol (PEG) (see Figure 2B) [9]. 

GO nanosheets were employed as tem-
plates to grow AuNS in situ, and the AuNS 
was used to photothermally heat up the 
membrane surface, as their branched 
shape can be easily tuned to achieve max-
imum light absorption in solar spectrum. 
The localized surface plasmon resonance 
(LSPR) of AuNS, which involves the col-
lective oscillation of dielectrically confined  
conduction electrons, can be tuned over 
the visible to near-infrared (NIR) wave-
lengths by optimizing the size and aspect 
ratio of the AuNS branches [15].  The  
excited electrons relax to ground state, 
releasing thermal energy (heat). Through 
photothermal conversion, the PA-GO-
AuNS-PEG membrane ach ieved a  
locally high surface temperature (T= 
~70oC) within one minute under 808 nm 
laser irradiation (see Figure 2C). 

This localized heating effectively killed 
bacteria (e.g., E. coli) on membrane sur-
faces. In addition to its bactericidal proper-
ty, the hydrophilic PEG coating on the PA 
membrane further reduced mineral scaling 
(CaSO4 and CaCO3) and organic fouling 
(humic acid), owing to the circumneutral 
charge and hydrophilic nature of PEG. The 
newly developed AuNS-GO-PEG-PA mem-
brane reduced organic-, inorganic-, and 

Figure 1. Possible photothermal membrane utilization in various DoD installations: (A) Foul-
ing resistant photothermal reverse osmosis and ultrafiltration membrane. Reproduced with 
permission [16]. Copyright 2019 American Chemical Society. (B) Fixed military installation. 
(C) Photothermal solar steam generation and photothermal membrane distillation. Repro-
duced with permission [36]. Copyright 2017 Elsevier. (D) Forward operating bases.
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bio-fouling without any drop in membrane 
flux or ion rejection efficiency—showing its 
great promise for adoption in pre-existing 
pressure-driven membrane filtration pro-
cesses.

However, AuNS are expensive, and depos-
ited AuNS can be detached from the mem-
brane under high pressure. To overcome 
this problem, we employed abundant and 
scalably produced reduced GO (RGO) as 
a photothermal material and incorporat-
ed it into bacterial nanocellulose (BNC), 
a scalably produced and environmental 
benign matrix (see Figure 2D) [16]. RGO 
exhibits broad-band light absorption in the 
solar spectrum and has high photothermal 
conversion efficiency due to the facile π-π* 
transition of loosely held electrons [17]. 
Thus, the RGO/BNC membrane reached a 
high surface temperature under simulated 
sunlight with the same spectrum as sun-
light, but three times higher intensity—2.9 
kW/m2. Its high temperature inactivated 
E.coli within three minutes by deteriorating 
the bacterial cell wall (see Figure 2E). 

Moreover, the incorporation of RGO into 
BNC during bacteria growth results in good 
mechanical strength without any discern-
able damage under high pressure (10 bar). 

Our findings clearly demonstrate that the 
photothermal membrane under abundant 
sunlight strongly resisted biofouling, so 
high membrane performance can be main-
tained longer, reducing the frequency of 
membrane replacement. As the DoD pos-
sesses numerous membrane filtration units 
that provide water to warfighters and civil-
ian communities, adapting photothermal 
membranes in these applications could 
save energy and reduce the cost of water 
production.

Non-pressure-driven Drinking 
Water Production Using  

Photothermal Membranes

Although pressure-driven membrane filtra-
tion can treat massive volumes of water 
with high efficiency, it requires large plants 
to be efficient and it consumes consider-
able electricity, which may not be avail-
able in small FOBs. Most potable water is 
transported to FOBs at costs ranging from 
$4.78 to $50.00 per gallon [4]. In this case, 
SSG and PMD are promising alternatives 
for supplying clean drinking water because 
they utilize abundant sunlight as a primary 
energy source, are efficient even in small 
scale setups, and have low installation 
costs [18]. 

Solar Steam Generation 

SSG is direct vaporization of wastewater 
or saline water by thermal energy from 
sunlight. The solar evaporator for SSG is 
composed of a photothermal material with 
broad-band light absorption as a top sur-
face and a heat insulating supporter as a 
base [19, 20]. Unlike traditional solar-driven 
water treatment units, an interfacial solar 
evaporator with a porous support floats—
thus, the heat generated by photothermal 
effect is confined to the evaporative sur-
face (see Figure 3A) [20]. This locore-
gional high temperature, together with the 
controlled amount of water transported by 
capillary action, promotes evaporation as 
the evaporation rate is proportional to the 
temperature at the interface. Considering 
that SSG requires only sunlight to produce 
drinkable water and has a low installation 
cost, it is a promising solution for small 
FOBs where centralized water treatment 
is not available. To create cost-effective 
and efficient solar evaporators, we incor-
porated well-controlled and functionalized 
photothermal materials into membranes, 
making scalable, chemically and mechan-
ically stable, and environmentally-benign 
photothermal membranes.

First, we developed a RGO/BNC bilayer 
aerogel as a solar evaporator, composed 
of a porous BNC supporter and a RGO/
BNC layer on top as the solar absorb-
er (see Figure 3B). Owing to broad-band 
light absorption of RGO and the heat  
localization by the thermally insulating BNC  
layer, the RGO/BNC aerogel achieved 
high solar evaporation efficiency (~83%) 
under 10 kW/m2 [20]. Furthermore, the  
mechanically-interlocked RGO with BNC 
showed good chemical and mechanical 
stability. The easy fabrication of these 
robust RGO/BNC interfacial evapora-
tors makes SSG attractive for real-world  
applications.

For cost effectiveness and scalability, we 
introduced two different approaches, using 
either inexpensive and abundant support 
(wood) or environmentally-benign photo-
thermal materials (polymerized dopamine 
[PDA]) [21, 22]. GO was deposited on 
natural wood by drop casting (see Fig-
ure 3C). The hydrophilic vessels in wood 
transported water from the bottom to the 
top surface, where the water was effective-
ly vaporized by the photothermal effects of 
GO under simulated sunlight [21]. These 

Figure 2.  (A) Working principle of photothermal membrane with bio-fouling resistance. Re-
produced with permission [16]. Copyright 2019 American Chemical Society. (B) SEM images 
of PA and PA-GO-AuNS-PEG membranes and TEM image of AuNS. (C) NIR camera images of 
photothermal membrane under 808 nm laser irradiation (4 kW/m2), showing locally high sur-
face temperature. (B) and (C) are reproduced with permission [9]. Copyright 2015 American 
Chemical Society. (D) Fabrication of RGO/BNC membrane and its SEM images and photo-
graphs. (E) Bactericidal activity against E.coli bacteria on photothermal membrane observed 
in fluorescence (left) and SEM images (right). (D) and (E) are reproduced with permission 
[16]. Copyright 2019 American Chemical Society.
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results clearly demonstrated that abundant 
and inexpensive wood can be used as a 
supporting layer for solar evaporators. 

PDA is a mussel-inspired polymeric mate-
rial that exhibits strong light absorption and 
high photothermal conversion efficiency. In 
PDA synthesis, the monomer, dopamine, 
can be self-polymerized under alkaline 
conditions (pH > 7.5) at room temperature 
without any complicated instruments—
making its synthesis scalable and cost 
effective [23]. Synthesized PDA particles 
have been incorporated into BNC, similar 
to RGO/BNC aerogel, and served as a so-
lar evaporator. The fabrication of PDA/BNC 
aerogel is highly scalable, and the mate-
rials are completely biodegradable at the 
end of its functional life [22]. 

Molybdenum disulfide (MoS2) has emerged 
as an attractive 2D photothermal material 
owing to its high light absorptivity in the so-
lar spectrum and its low toxicity [24]. For 
the first time, we examined the effects of 
MoS2 phases on light absorption and so-
lar evaporation efficiency [19]. During Li 
intercalation of the synthesis process, the 
naturally existing trigonal prismatic crystal 
phase of MoS2 is transformed to the octa-
hedral phase of MoS2—called chemically 
exfoliated (ce-) MoS2. The crystal phase 
change by Li intercalation narrowed the 
bandgap of MoS2, increasing its solar 
evaporation efficiency. In addition, the cell 
toxicity of 2D MoS2 was found to be lower 
than that of GO with a similar size. Low 
toxicity and good photothermal conversion 
efficiency make the ce-MoS2 a promising 
photothermal material for solar-enabled 
water treatment and biomedical applica-
tions.   

Photothermal Membrane  
Distillation 

Membrane distillation (MD) is a thermal-
ly-driven membrane separation process 
[18]. Unlike pressure-driven membrane fil-
tration, MD can purify water containing high 
total dissolved solids by using low-grade 
heat at low pressures, making it less ener-
gy intensive [25]. In MD, the temperature 
difference (∆T) between two sides of a hy-
drophobic membrane drives vapor-phase 
water to transport across the membrane 
[26]. Recently, to utilize solar energy as 
the main energy source for desalination, 
MD has been implemented with the aid 
of photothermal membranes, called PMD 

Figure 3. (A) Working principle of SSG. Reproduced with permission [36]. Copyright 2017 
Elsevier. (B) Fabrication of bilayer solar evaporator using BNC as supporting layer. Repro-
duced with permission [22]. Copyright 2017 Royal Society of Chemistry. (C) Fabrication of 
bilayer solar evaporator based on wood. Reproduced with permission [21]. Copyright 2017 
American Chemical Society. (D) (Left) Photograph and SEM image of BNC based solar evap-
orator, AFM and TEM images of photothermal materials (RGO, ce-MoS2, and PDA), and (Right 
Bottom) photograph of steam generation. Reproduced with permission [19, 20, 22]. Copy-
right 2018 Elsevier, 2016 Wiley-VCH, and 2017 Royal Society of Chemistry.

Figure 4. (A) Working principle of photothermal membrane distillation (PMD) process. (B) 
Light extinction of FTCS–PVDF, PDA–PVDF, and FTCS–PDA–PVDF membranes. Inset: optical 
image of FTCS–PDA–PVDF membrane. (C) IR camera images of the FTCS–PVDF membrane 
under irradiations of 7.0 kW m-2 (i) and 0.75 kW m-2 (ii), and the FTCS–PDA–PVDF membrane 
under 7.0 kW m-2 (iii), and 0.75 kW m-2 (iv), all after 600 seconds illumination. (D) Collected 
clean water flux of FTCS–PVDF and FTCS–PDA–PVDF membranes when treating 0.5 M NaCl 
solution at 0.75 kW m-2 and 7.0 kW m-2 using a PMD system. Reproduced with permission 
[32]. Copyright 2018 Royal Society of Chemistry.
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[27–29]. In PMD, photothermal materials 
are coated on the membrane surface (see 
Figure 4B). The generated heat is localized 
on the membrane’s top surface, resulting 
in a higher temperature gradient across the 
membrane. Furthermore, localized heating 
by photothermal materials alleviates the 
temperature polarization that decreases 
the system efficiency in conventional MD 
systems [30–32]. 

To develop an efficient PMD membrane, we 
synthesized a PDA-coated polyvinylidene 
fluoride (PVDF) membrane [32]. Facilitated 
by the outstanding light absorption (Figure 
4B) and photothermal conversion proper-
ties of PDA (Figure 4C), the membrane 
achieved high solar conversion efficiency 
(45%) and a clean water generation flux 
of 0.49 kg/m2•h when treating highly saline 
water (0.5 M NaCl) in a solar-driven direct 
contact membrane distillation system (Fig-
ure 4D) [32]. A simple and easy synthesis 
method, in situ oxidative polymerization of 
dopamine on PVDF, makes the membrane 
highly suitable for potable water genera-
tion. Meanwhile, the high salt rejection (> 
99.9%) and long-term stability of the mem-
brane make it promising for real-world ap-
plications. 

Compared to conventional thermal water 

treatment, our SSG and PMD systems 
can obtain thermal energy from abundant 
sunlight to treat wastewater or saline wa-
ter, making them attractive in FOBs where 
electricity and potable water are limited. 
Furthermore, the simple, low-cost setups 
for SSG and PMD are desirable for small 
FOBs where drinking water is currently 
supplied by costly transportation. Thus, 
these techniques benefit supplying pota-
ble water to FOBs by treating gray water 
produced on site, reducing the amounts of 
wastewater.

Conclusion

The newly-developed photothermal mem-
branes are an appealing way to provide 
safe, clean drinking water. They can be 
used in both large-scale water treatment 
plants for fixed military installations and 
small-scale water treatment facilities at 
FOBs. However, translating these labora-
tory scale studies into portable devices and 
utility-scale plants without compromising 
efficiency remains a challenge. 

To exploit the anti-biofouling property of 
photothermal membranes, the convention-
al spiral-wound shape modules in closed 
RO/UF systems will need to be redesigned 
for sunlight accessibility [16]. In SSG, wa-

ter droplets formed on the condensation 
surface can reflect and scatter light, reduc-
ing the light absorption by the evaporator 
[33]. In the future, improved steam con-
densation and collection systems should 
be developed to maximize the clean wa-
ter generation rate. Future PMD systems 
should achieve improved water generation 
rates and solar conversion efficiencies. 
New modules with multilayer heat recovery 
setups can improve the overall energy ef-
ficiency of PMD [34, 35]. Combining PMD 
with low grade heat energy sources, (e.g., 
engine cooling waters and waste incinera-
tion), can further increase its water produc-
tion rate. For both SSG and PMD, portable 
and modular devices need to be developed 
to generate potable water for FOBs.
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