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Water scarcity and waste mismanagement are global crises that threaten the health of populations
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worldwide and a sustainable future. In order to help mitigate both these issues, a solar desalination

device composed entirely of fallen leaves and guar - both natural materials - has been developed

and demonstrated herein. This sustainable desalinator realizes an evaporation rate of 2.53 kg m™

2

h~! under 1 sun irradiance, and achieves consistent performance over an extended exposure period.
Furthermore, it functions efficiently under a variety of solar intensities and in high salinity environ-
ments, and can produce water at salinities well within the acceptable levels for human consumption.

Such strong performance in a large variety of environmental conditions is made possible by its excel-

lent solar absorption, superb and rapid water absorption, low thermal conductivity, and considerable

salt rejection abilities. Composed primarily of biowaste material and boasting a simple fabrication

process, this leaf-guar desalinator provides a low-cost and sustainable avenue for alleviating water
scarcity and supporting a green path forward.

1 Introduction

At present, multiple grave environmental issues simultaneously
threaten human society. For one, an average of 40% of the world
population is affected by severe water scarcity annually, driven
by both inadequate water quantity and quality . This water inse-
curity manifests itself not only through human disease and mor-
tality2, but also via disruptions to critical operations in agricul-
ture, energy, and transportation3. In addition, the widespread
mismanagement of solid waste products already presents severe
consequences to both human and environmental health. The two
most commonly utilized solid waste management methods - open
burning and open dumping - have dire consequences, includ-
ing heavy metal pollution in water and plants, the bulk release
of harmful atmospheric pollutants, and serious health risks for
humans and animal species alike*>. Such environmental issues
have rightfully established themselves as severe global risks, and
stand staunchly in the path of sustainable human development.

Methods for obtaining fresh water from saltwater have been
implemented to alleviate water scarcity. Reverse osmosis (RO)
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water desalination is the most widespread technique for obtaining
fresh water from seawater, but is a very energy-intensive process
typically performed in sizeable facilities®-8. While RO is expand-
ing to developing areas via small-scale systems, widespread uti-
lization of this technique in many water-deprived populations is
still hampered by high costs and a lack of sufficient energy avail-
ability?, and its high energy requirement raises further concerns
regarding environmental impact !°,

On the other hand, interfacial solar desalination presents a
promising alternative for accessible clean water. Ordinary solar
desalination simply heats seawater using incident solar energy
to induce vaporization, after which the evaporated liquid is har-
vested for use!!. In contrast, interfacial solar desalination lever-
ages a porous material, ideally with strong spectral absorptance
and water absorbance, to enhance the efficiency of the desalina-
tion process, thereby increasing the amount of attainable fresh
water from a given system. This porous material floats on the
water surface, and is heated by incident solar energy. Simultane-
ously, water is pumped through the porous structure to the sur-
face via capillary pressure. When working in concert, these two
behaviors greatly increase the water temperature at the water-
absorber interface and expand the total evaporation area, thereby
resulting in a more rapid and efficient vaporization process1°.
The process of interfacial solar desalination is shown schemati-
cally in Fig. la. This concept can be easily applied both with
minimal cost and in remote areas which lack reliable energy ac-
cess, providing cheap, effective water access to underdeveloped
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Fig. 1 Qualitative characterization, evaporation mechanism and fabrication process. (a) Schematic illustration of interfacial evaporation mechanism.
Desalinator is heated by incident solar radiation, vaporizing saltwater which is pumped to its top surface due to capillary forces. As the water evaporates,
the salt is left behind and subsequently rejected back to the bulk water supply. (b) Leaf-guar desalinator floating on ocean water in Newburyport, MA
(left) and top view with scale (right). Insets show a raw leaf floating on the same ocean water (left) and cross-sectional porous structure (right). (c)
Fabrication process of leaf-guar desalinator: 1. Raw leaves are obtained; 2. Leaf stems are removed and leaves are blended down to a fine particle
size; 3. Leaf particles are rinsed in water and spun for 2 h to enhance particle uniformity and bonding. The wet mixture is filtered overnight to remove
excess water; 4. Guar is mixed into the filtered leaf by hand to add stability to the mixture; 5. The leaf-guar mixture is hand-pressed in a mold to
compress it and define its shape. Approximately 0.5 mm of material is removed from the side walls with a razor blade to better expose the inner
porous structure; 6. The leaf-guar mixture is carbonized in a vacuum furnace for 1 h at 500°C, after which it is treated in a HNO3 solution for 2 h at
65°C to enhance water absorption.

communities and for disaster-related scenarios12. However, some of the natural materials utilized - wood '8, cotton

yarn1?, and mushrooms?29, for example - are frequently utilized
in other business sectors such as building materials, clothing, or
agriculture, and therefore possess a non-negligible value to these
industries. That being said, an ideal desalination solution would
instead be primarily comprised of a bio-waste material, present-

Interfacial solar evaporation owes its high efficiency to the
porous absorber floating on its surface (herein referred to as the
desalinator), so the effectiveness of the desalinator is of primary
significance to these systems. Several key desalinator properties,
such as strong solar absorptance, low thermal conductivity, great
water absorbance, and effective salt rejection capabilities, all con- .
tribute greatly to a high-performing solar desalinator1%13, tal impact.

ing both a minimal raw material cost and a minimal environmen-

Such a biowaste-derived desalinator, composed of fallen maple
tree leaves and guar powder, is detailed herein and shown in
Fig. 1. Fallen leaves are dominantly characterized as for-
est/residential/urban wastes, often collected and hauled to land-
fills or burned - management strategies which present obvious en-
vironmental and monetary ramifications21-23, However, leaves
consist mainly of cellulose, hemicellulose, and lignin, and as
such can be easily carbonized via high-temperature thermal treat-
ment2425 to enhance solar absorption!”. In addition, their in-
trinsic structures already consist of porous channels which can
aid water absorption 17:24,

Many desalinators which boast these key characteristics have
been designed, possessing highly efficient vaporization capabil-
ities. Using materials such as polydimethylsiloxane (PDMS) !4,
iron oxides!®, and polyimide (PI)16, strong evaporation and re-
liability performances have been achieved. While these materials
do possess strong desalination abilities, alternatives composed of
natural materials would result in far less stress on the parallel
waste mismanagement crisis. Some emerging desalinators make
use of organic raw materials (often carbonizing them to enhance
their photothermal absorption and structural properties), repre-
senting a substantial step towards a sustainable future by alle-

viating both water scarcity and waste mismanagement issues1”. Because raw leaf particles alone demonstrate extremely poor
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structural stability when carbonized, guar powder is added to the
desalinator to promote structural stability. Guar is derived from
the seeds of the legume Cyamopsis tetragonoloba. It is primarily
composed of the sugars galactose and mannose, and is used of-
ten as water-soluble thickening agent in food products2®. This
hybrid leaf-guar desalinator naturally absorbs the majority of in-
cident solar irradiance at a wide range of incidence angles, and
effectually retains this heat during use as a desalinator owing to
its low thermal conductivity. After a one-time treatment in a ni-
tric acid (HNO3) solution, the material also displays rapid water
absorption and strong salt-rejection behaviors. These desalinator
characteristics work in concert to achieve a single-hour evapo-
ration rate of 2.53 kg m~2 h~! under 1 sun, as well as a 12 h
averaged evaporation rate of 2.40 kg m~2 h™! under the same
irradiance. Even when applied to saline solutions with concentra-
tions as high as 10% by weight, there is no salt accumulation on
the top surface of the desalinator. Comprised entirely of environ-
mentally inert materials, boasting a highly efficient evaporation
rate and demonstrating long-term reliability, this desalinator re-
purposes biowaste to simultaneously alleviate the global water
scarcity and waste mismanagement crises without the burdens of
high cost or complex fabrication methods.

2 Experimental Methods

2.1 Materials

Fallen maple tree leaves were gathered at Lincoln Woods State
Park, Rhode Island. Guar, NaCl (99.0%), and HNO3; (70%) were
obtained from Sigma-Aldrich.

2.2 Fabrication Process

The fabrication process of the leaf-guar desalinator is shown vi-
sually in Fig. 1c. First, raw leaves are harvested. Leaf stems are
removed, while the remainder of the leaves are blended for 30
seconds to obtain a fine particle size. The blended leaf particles
are rinsed in water and spun for 2 h at 500 rpm to enhance par-
ticle uniformity and bonding ability. The wet leaf-water mixture
is filtered overnight (roughly 18 h) to remove excess water and
obtain a saturated mixture. Guar is mixed into this mixture by
hand to add stability to the mixture, at a ratio of 1 g of guar to 9
g of saturated leaf-water mixture. 20 g of the leaf-guar mixture is
hand-pressed in a 45 mm x 45 mm mold to compress it and de-
fine its shape. Approximately 0.5 mm of material is removed from
the side walls with a razor blade to better expose the inner porous
structure. The leaf-guar mixture is placed in an oven at 60°C for
24 h, then carbonized in a vacuum furnace for 1 h at 500°C. A
500 g mass is placed on top of the sample during carbonization
to apply a compressive force, used to achieve relatively smaller
pore diameters and a more homogeneous internal porous struc-
ture. After carbonization, a solution of HNO3 and water at a ratio
of 1 g HNOj3 to 5 g water is prepared. This solution is raised to
65°C and covered with plastic wrap to prevent evaporation of the
solution. The carbonized sample is treated in the solution under
magnetic stirring at 800 rpm for 2 h to enhance water absorption.

It should be noted that the guar was added to enhance the
structural stability of the desalinator. Upon carbonization at var-
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ious temperatures ranging from 300°C to 800°C, the filtered leaf
mixture alone was reduced to an ashy substance with very little
structural stability. The carbonized leaf would fall apart when
handled, making it unsuitable for use as a desalinator (Fig. S19).
In contrast, when the guar is added prior to carbonization, the
desalinator displays excellent structural stability, capable of with-
standing sizeable compressive loads on its top and side faces (Fig.
s29).

In addition to this final version of the leaf-guar desalinator sam-
ple, samples were also prepared at various stages of the fabrica-
tion process to enable comparison and illustrate the importance
of each fabrication step. Raw samples were fabricated by press-
ing 20 g of the filtered leaf mixture (without adding guar) into
shape, and subsequently drying them at 60°C for 24 h. Uncar-
bonized samples were prepared by following all fabrication steps
up until carbonization, and untreated samples were prepared by
following all fabrication steps up until the chemical treatment.
While the recyclability of finalized samples is not studied in the
context of this work, recyclability with comparable carbonized
natural materials has been demonstrated?”. Similar methods are
expected to be easily applicable to the leaf-guar material based
on material and fabrication method similarities 7.

2.3 Material Characterizations

Absorbance data (300 — 2500 nm) was obtained by measur-
ing the reflectance spectra of samples with the Jasco V770 spec-
trometer, using the Jasco ISN-923 integrating sphere at an an-
gle of 6°. As samples are opaque, transmittance was assumed
to be zero, and absorbance was obtained by subtracting the re-
flectance values from 1. The normalized absorbance values at
various angles of incidence were obtained using the same equip-
ment with the addition of angled wedges to modify the incidence
angles. The FTIR transmissivities were obtained using the Jasco
FTIR 6600. Thermal conductivities were measured using the Hot-
Disk TPS 2500s. Porosities were measured by analyzing the SEM
images using ImageJ. High-speed camera images were obtained
from the Chronos 2.1-HD camera. The contact angle measure-
ment was performed using the SINDIN SDC-350 contact angle
meter. SEM images were obtained using the Supra 25 SEM at an
acceleration voltage of 5 kV. Chemical surface characterizations
were performed using the Bruker Quantax EDS under an acceler-
ation voltage of 15 kV. All samples were coated with 10 nm of a
gold/palladium mixture prior to imaging with the SEM and EDS
characterization. Temperature data and thermal camera images
were taken using the FLIR A655C thermal camera with a reso-
lution of 640 x 480 using a 25° lens. Evaporated water salinity
was evaluating using the Extech EC400 ExStik salinity meter. The
three-point bending test was performed with a gap of 10 mm us-
ing the TA Instruments RSA-G2 at a rate of 0.01 mm/s.

2.4 Solar Evaporation Rate Experiment

The evaporation rate and desalination experiments employed the
Newport 94801a solar simulator to drive evaporation. The dis-
tance between the desalinator top surface and the solar simulator
optical lens was set to apply a solar irradiance of 1000 W m—2
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Fig. 2 Desalinator characterizations. (a) Water absorption ratio of leaf-guar desalinator compared with samples at other stages in the fabrication
process (untreated desalinator, uncarbonized desalinator, and raw leaf sample (without guar)). (b) Visible and near-IR absorbances of leaf-guar
desalinator versus those of samples at other fabrication stages, all in both wet and dry states. The normalized 1.5 air mass solar irradiance spectrum
is shown for comparison. (c) FTIR transmittance spectra of leaf-guar desalinator, as well as samples at other fabrication stages. (d) Thermal
conductivities of leaf-guar desalinator versus samples at other fabrication stages, in both wet and dry states. (e) Dry densities of leaf-guar desalinator
compared with samples at other steps in the fabrication process. (f) Top surface, macro-scale, and micro-scale porosities of untreated and treated
leaf-guar desalinators. Arrows denote the respective axes for each group of measurements. Unit depth is assumed to calculate the porosity. (g)
Spectral absorption of wet and dry leaf-guar desalinators at various angles of incidence, normalized with respect to the solar irradiance spectrum in
the wavelength range of 300 — 2500 nm. (h) High-speed camera images capturing the lack of water absorption for the untreated desalinator (left)
as well as the rapid water absorption for the treated desalinator (right). (i) Contact angle measurements for leaf-guar desalinator samples at various

stages of the fabrication process.

to the desalinator. This value was verified using the TES 132
Solar Power Meter before each experiment to confirm the irradi-
ance value. For other solar irradiance values employed for the
solar output variation tests, the power of the solar simulator was
adjusted, and the irradiance was also measured using the same
solar power meter prior to the experiment. The mass of water
was measured using the RADWAG PS 1000 electronic scale, with
a resolution of 0.001 g. These experiments were conducted in the
laboratory under ambient conditions (20°C, 1 atm).

3 Results and Discussion

3.1 Material Properties

Figures 2 and S37 illustrate the mechanical, material and spectral
properties which enable the leaf-guar desalinator to function as
a highly effective water evaporation device. The treated sample

4| Journal Name, [year], [vol.], 1-10

is extremely stable in water, showing no visible degradation af-
ter extended exposure to water (Figs. S3 and S4). In contrast,
the uncarbonized form of this sample begins to degrade in water
within 10 min, and the raw sample demonstrates even less resis-
tance to diffusing into the water. The sample also shows excellent
mechanical stability in response to three-point bending, with a
fracture stress of over 600 kPa (Fig. S57). This greatly enhances
the ease of handling and real-world feasibility of this design. The
water absorption of this leaf-guar-derived desalinator is relatively
quick, with the sample reaching its fully swelled state in less than
5 min, as shown in Fig. 2a. In addition, the sample is able to
absorb nearly 150% of its original mass at peak capacity. While
the uncarbonized sample does display fair water absorption, its
long-term stability in water is inadequate. On the other hand,
the untreated sample is stable in water, but displays barely any
water absorbance. This sample does have a well-defined internal
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porous structure (Fig. 2f) brought on by pyrolysis. However, the
untreated sample also displays a low polar surface energy typical
of activated carbon structures 1928 which limits its water absorp-
tion capabilities. The chemical treatment remedies this by both
increasing the surface oxygen content and by generating macro-
pores on the surface 28, resulting in a greatly enhanced water ab-
sorption performance for the treated sample.

In addition to strong water absorbance, the leaf-guar desali-
nator also displays extremely strong spectral absorbance. At an
incidence angle of 6 degrees, as shown in Fig. 2b, the wet de-
salinator maintains an absorbance well over 0.9 across nearly the
entire range of solar radiation. The performance is slightly worse
in its dry state, which is largely inconsequential considering its
intended application as an absorbent evaporator floating on wa-
ter. Both the treated and untreated carbonized samples show
much stronger spectral absorbance curves over the solar wave-
length region than the uncarbonized samples, as expected based
on the known spectral absorbance benefits for many natural ma-
terials due to carbonization!”. Specifically, spectral absorption
in the near-infrared region experiences the greatest benefit from
the carbonization process. In addition, the spectral absorbance of
the desalinator is largely angle-independent (Fig. 2g), retaining
wet absorbance values well over 90% at incidence angles as high
as 60 degrees when normalized with respect to the AM 1.5 solar
irradiance data 2.

Figure 2c provides insight into the chemical bonds present
within the various desalinator fabrication stages, as well as the
raw guar. Many of the spectra peaks occur at similar locations,
indicating similar bond structures through the fabrication pro-
cess. All materials display peaks near 3450 cm~!, 2850 cm~!,
and 2350 cm !, corresponding respectively to the hydroxyl group
(O—H), C—H stretching vibrations, and C=0 stretching vibra-
tions39-33, There are also a variety of vibrations due to C—H
and O—H groups in the 900 - 600 cm~! range 303>, though their
intensity is lesser compared with other peaks. In addition, a C=C
band is notable amongst all materials with relatively comparable
intensity near 1650 cm~!30-33, Two notable spectral differences
are apparent through the various fabrication stages: the emer-
gence of the peak near 1450 cm~! after carbonization, as well
as the increase in the peak near 1700 cm™! after the chemical
treatment. The former of the two is attributed to the formation
of C=C—O0 groups as a result of the breakdown of organic com-
pounds (such as benzene) at the carbonization temperature3! as
well as the increase in oxygen levels introduced from the pyrol-
ysis process28. The latter peak increase near 1700 cm~! (black
arrow) is due to increases in surface oxygen levels due to the
chemical treatment28. The enhancement of surface oxygen lev-
els brought on by the chemical treatment is corroborated using
energy dispersive spectrometry (EDS) to characterize the propor-
tions of elements on the sample surfaces. Prior to the HNOj treat-
ment, the surface of the carbonized sample contains roughly 20%
oxygen by mass. After this treatment, the surface oxygen levels
increase to over 27%, illustrating a notable change in the sur-
face oxygen levels of the sample and aiding water absorbance
as a result. In addition, the surface oxygen distribution of the
treated sample is far more uniform, providing more consistent
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absorbance performance. These results are shown in Fig. S67.

Figure 2d illustrates how the leaf-guar desalinator fulfills the
low thermal conductivity requirement necessary for strong evap-
oration performance. Samples in all fabrication stages display
relatively low thermal conductivities, attributable to the low elec-
trical conductance of cellulose-heavy materials3°. In addition,
the carbonized structures have even lower thermal conductivities
than the uncarbonized structures, brought on by the porous struc-
ture that emerges after carbonization which introduces air gaps
to the internal structure3’, as is seen in Fig. 3. Relative to its
dry state, the wet desalinator does experience a notable rise in
thermal conductivity in its soaked state. This is a result of the
absorbed water present in the structure, raising its thermal con-
ductivity closer to the value of water.37. Even so, this wet thermal
conductivity is still extremely low, and helps to limit heat loss to
the bulk water supply during operation.

The density and porosity of various samples are displayed in
Figs. 2e and 2f, respectively. Porosity is determined by treating
the SEM images of the desalinator cross-section as a representa-
tive average of the internal structure. The carbonization process
greatly reduces the density of the samples, in part due to the in-
troduction of the porous structure. The internal porosities of the
carbonized samples remain largely unchanged before and after
the chemical treatment. However, there is a significant change
in the top surface porosity which allows water to penetrate the
sample surface down to the internal porous structure, greatly en-
hancing the water absorption of the treated sample. The impact
of this chemical treatment is further elucidated in Figs 2h and
2i. The high-speed camera images show that while the untreated
sample does not appear to absorb any of an interfacing water
droplet after 167 milliseconds, leaving the entire drop on its sur-
face, the treated sample is observed to absorb the droplet nearly
immediately. Further high-speed images are included for raw and
uncarbonized samples in Fig. S7%. In addition, the contact an-
gle measurement in Fig. 2i strongly supports the data of Fig. 2a.
All samples besides the treated one resist water absorption, made
clear by their large contact angles, while the treated sample ab-
sorbs water immediately, with a contact angle of zero.

The SEM images (Fig. 3) clearly display the microscopic
changes brought on by both the carbonization and chemical treat-
ment processes. While the uncarbonized sample does not display
pores on its top surface nor in its internal structure, both the un-
treated and treated carbonized samples have very obvious pores.
Material decomposition and volumetric shrinkage are the main
drivers of pore formation during the carbonization process42. As
indicated earlier via Fig. 2f, the cross-sectional porosities of both
untreated and treated carbonized samples are very similar. How-
ever, the chemical treatment greatly increases the top surface
porosity, allowing for significantly more water absorption.

3.2 Desalination Performance

The leaf-guar desalinator displays consistent evaporation perfor-
mance under 1 sun of irradiation even after long-term use. The
desalinator evaporation rate testing setup is schematically illus-
trated in Fig. 4b. The sample is placed within a plastic beaker of
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Cross-section

Fig. 3 Surface characterizations of leaf-guar desalinator. SEM images of uncarbonized sample (a) top view and (b,c) cross-section view. SEM
images of carbonized, untreated sample (d) top view and (e,f) cross-section view. SEM images of carbonized, treated sample (g) top view and (h,i)
cross-section view. The figure illustrates that the uncarbonized sample lacks the porous structure of the carbonized samples, in addition to the fact
that the chemical treatment greatly increases the top surface porosity, thus allowing for increased water absorption.

DI water, held in contact with the top water surface using a tight-
fitting piece of 12.7 mm-thick polyethylene (PE) foam. The foam
also prevents evaporation effects that are not due to interfacial
interactions with the desalinator. With a measured thermal con-
ductivity of 0.068 W m~! K~!, the foam inhibits heating of the
bulk water by the solar simulator and simultaneously produces a
tight seal with the beaker to restrict water outflow from the outer
beaker edge. This beaker is placed on an electronic scale, while
the solar simulator is used to supply 1 sun (1000 W m~2) of ir-
radiation to the top sample surface. The solar output is verified
with a solar intensity meter. As the sample heats up, water in con-
tact with the desalinator begins to evaporate, and the associated
mass changes are recorded over time and used to calculate the
evaporation rate. In Fig. 4a, the individual and averaged evapo-
ration rates over 12 h are obtained from four 3.5 h trials, with the
first 30 min of data being set aside in order to obtain a consistent
solar flux. The first hour of this experiment yields an evaporation
rate of 2.53 kg m~2 h~!, with an average rate of 2.40 kgm 2 h~!
over the entire 12 h period - more than three times the measured
evaporation rate of water alone tested under identical conditions.

6| Journal Name, [year], [vol.], 1-10

This performance far exceeds that of other biomass-derived evap-
orators with comparable fabrication methods presented in recent
literature, as seen in Table 1. Fig. 4c displays the consistent level
of mass change over a 6 h period, indicating the stability of the
leaf-guar desalinator for a long-term application. In a dark envi-
ronment at ambient temperature and pressure (20°C, 1 atm), the
rate of mass change from the desalinator is significantly greater
than that of pure water. This results in a lower evaporation en-
thalpy for the sample as compared with water, indicating that the
evaporation efficiency of the leaf-guar desalinator is greater than
that of water alone*3.

Figures 4d and 4e elucidate both the excellent solar absorbance
and rapid water transport of this desalinator. Under an irradiance
of 1 sun, the desalinator rises from the ambient temperature of
20°C to nearly 70°C in one minute, and reaches its peak temper-
ature within about 10 min. This short ramp-up time is critical for
a solar desalinator, as it allows full advantage to be taken of daily
sunlight. Furthermore, when water is supplied to the desalinator,
the peak temperature drops by roughly 50°C as the consistent
water supply cools the device through convective heat transfer as
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Fig. 4 Evaporation rates and thermal responses. (a) Hourly evaporation rates of leaf-guar desalinator for long-term use under 1 sun irradiation. Four
extended trials of 3.5 h each were performed, with the evaporation rate calculation beginning after the first 30 min. The sample displays relatively
consistent performance as an efficient desalinator, far exceeding the evaporation rate of water alone. (b) Schematic of experimental setup used for
solar desalination testing. (c) Long-term mass changes of the leaf-guar desalinator in water under 1 sun, as well as dark environment mass changes
for the desalinator and pure water. Thermal camera images of (d) the desalinator alone and (e) the desalinator on the water surface at various times
under 1 sun. (f) Temperature responses of the desalinator alone, the desalinator on the water surface, and pure water under 1 sun. The associated
inset displays the first five minutes of data to illustrate the rapid thermal response of the desalinator.

Table 1 Comparison of recent all-biomass desalination device performances

Material Fabrication method Evaporation rate (1 sun) (kg m—> h~")
Rice straw *° Freeze drying + carbonization 1.20
Mushroom 20 Carbonization 1.48
Towel-gourd ° Carbonization 1.53
Loofah 40 Carbonization 1.72
Carbon fiber + cotton yarn? Weaving 1.87
Basswood 4! Hydrothermal treatment + carbonization 2.20
Leaf + guar (this work) Carbonization 2.53

the colder water flows through the internal porous structure. This
further emphasizes the excellent water transport abilities of this
desalination device.

While a strong evaporation performance in pure water has been
demonstrated, an ideal desalinator must also exhibit comparable
performance in a variety of environmental conditions. Incident
sunlight may vary by hour or by day in practice, so a reliable de-
salinator must conform to these conditions while still outputting
the maximum quantity of evaporated water. In Fig. 5a, the per-
formance of the leaf-guar desalinator is shown under a variety
of irradiation levels common for clear and cloudy days44. Un-
der an irradiation of 1.2 suns, the leaf-guar desalinator evapora-
tion rate rises to 3.25 kg m~2 h~!, a highly efficient performance
which shows that the aforementioned key desalinator character-
istics scale with an increased thermal input. At lower irradiation
values of 0.8 and 0.6 suns, the desalinator performance drops

below 2.00 kg m~2 h™!, as is expected due to the reduced en-
ergy input. However, the desalinator does not see a steep perfor-
mance decline; rather, the performance drop between all intervals
is nearly consistent, indicating its usefulness as a solar desalina-
tion device even in cloudy environments.

As the leaf-guar desalinator is intended to produce clean wa-
ter from salt water, characterizing the evaporation performance
in various saline solutions is essential. When the DI water is re-
placed with a salt water solution, the performances of solar desali-
nators tend to suffer due to the accumulation of crystallized salt
within the water pathways 7. While this trend is apparent within
this work, the leaf-guar desalinator still displays an exemplary
evaporation rate of 2.09 kg m~2 h™! in a solution comparable to
ocean water?® (3.5 wt% NaCl) (Fig. 5b). As the salt concentra-
tion increases up to 10.0 wt% NacCl, the evaporation rate shows
only a slight decline in performance, indicating its capability to
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Fig. 5 Environmental variation, salt rejection and fabrication variation. Evaporation rate of leaf-guar desalinator (a) under various irradiance values,
and (b) with various concentrations of saline water. (c) Salt-rejection ability of the leaf-guar desalinator. (d) Water absorption ratios and (e)
absorbances of leaf-guar desalinators with various ratios of guar gum and several carbonization temperatures. (f) Salt concentration of ocean water
obtained from Revere Beach, Massachusetts, before and after evaporation via the leaf-guar desalinator.

operate not only on typical ocean water, but also on higher salin-
ity brines without too considerable a drop in the evaporation rate.
In addition, no salt accumulation was observed on the top surface
of the desalinator during any of the saline evaporation rate tests.
This strong performance in salt water owes itself to the excellent
salt-rejection abilities of the leaf-guar desalinator, which are ex-
emplified in Fig. 5c. In this experiment, 0.5 g of NaCl is deposited
on the top surface of the leaf-guar desalinator while its bottom
surface remains in contact with ocean water. The setup is kept at
ambient temperature and pressure and sees no solar irradiation.
Within 4 h, most of the desalinator surface is unobstructed by the
salt, and after 8 h, barely any salt remains. The small amount of
salt remaining after 8 h is fully rejected to the water supply after
11 h, as shown in Fig. S8'. While this does not represent espe-
cially rapid salt rejection, this level of performance would easily
allow any accumulated salt to be rejected to the water supply over
the course of one night (approximately 12 h), providing a clean
top surface for continual solar absorption without any operator
interaction. Furthermore, because no salt accumulates on this
surface under 1 sun even for brines as high as 10.0 wt% NaCl,
no issues with salt accumulation are anticipated for this leaf-guar
desalinator.

Figures 5d and 5e provide support for the selected fabrication
guar ratios and carbonization temperatures. The water absorp-
tion ratios of samples carbonized at 400°C and 600°C are weaker
than that of samples at 500°C. Increasing the ratio of guar powder
to filtered leaf from 1:9 to 1:6 also has a detrimental effect on the

8| Journal Name, [year], [vol.], 1-10

water absorption ratio. While the inclusion of the guar is essential
for structural stability and endurance of the elevated carboniza-
tion temperatures, it also appears to limit the water absorption
abilities of the desalinator. This is further supported by the data
from the 1:12 ratio sample, which displays a water absorption ra-
tio comparable to that of the standard 1:9 sample. While the 1:12
sample displays commensurate water absorption performance, its
spectral absorbance is lacking in comparison with other samples.
The chosen 1:9, 500°C-carbonized sample displays a strong spec-
tral absorbance in the solar irradiance wavelength region, second
only to its 600°C-carbonized counterpart. However, since the lat-
ter exhibited poor water absorption, it is not a suitable candidate
for the desalinator. Thus, as the 1:9 sample carbonized at 500°C
boasts formidable water and solar absorbances as compared to
samples with modified fabrication characteristics, it is identified
as the strongest performer for a desalination device.

Evaporated water was also harvested using the leaf-guar desali-
nator in order to evaluate its salinity. Ocean water gathered from
Revere Beach, Massachusetts was used as the starting solution for
this test. Upon vaporization via this desalinator, water salinity de-
creases by three orders of magnitude - well below the maximum
salinities for drinking water set by both the World Health Orga-
nization (WHO) and the Environmental Protection Agency (EPA)
(1000 mg L~! and 250 mg L~!, respectively 46:47).

Finally, to explicitly demonstrate the benefit of the leaf-guar
desalinator within a solar evaporation system, an outdoor exper-
iment is performed (Fig. S9). Two identical evaporation cham-
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bers made from transparent polycarbonate (PC)“*® are used to
construct the chambers. Both chambers are supplied with ocean
water, and one chamber uses the leaf-guar desalinator to promote
rapid evaporation. These chambers are placed on the rooftop
of Snell Engineering Center at Northeastern University, Boston,
MA, USA on September 3, 2021. Condensed fresh water is col-
lected from both chambers after a test period of 6 h. The chamber
employing the leaf-guar desalinator devices yields approximately
3.40 times as much fresh water as the chamber with only wa-
ter, illustrating the evaporation rate enhancement offered by this
desalinator. Similarly, the 12 h averaged evaporation rate of the
desalinator in fresh water determined earlier (2.40 kg m2hh
is approximately 3.33 times higher than that of the fresh water
alone (0.72 kg m~2 h~!). This indicates strong continuity be-
tween the lab and outdoor evaporation experiments, and provides
further justification that this device will function well in salt wa-
ter. As such, this leaf-guar desalinator, with its exceptional evap-
oration performance, is absolutely capable of helping to mitigate
the global water crisis.

4 Conclusions

A desalination device composed entirely of biomass, incorporat-
ing both fallen tree leaves and guar, has been designed, char-
acterized, and demonstrated within this work. A simple fabri-
cation method is combined with renewable natural materials to
realize a highly efficient evaporation rate of 2.53 kg m—2 h~! for
a single hour and 2.40 kg m~2 h™! for an elongated exposure
of 12 h under 1 sun. This performance is maintained via the
well-established characteristics which constitute a strong solar de-
salinator, including exceptional solar absorbance, rapid water up-
take, low thermal conductivity, and excellent salt rejection. These
attributes also promote the versatility of the leaf-guar desalinator,
enabling robust performance under a variety of solar irradiance
values and in brines with concentrations as high as 10 wt% NaCl.
The demonstration of these key performance metrics proves that
this device is suitable for deployment as a practical desalination
device, capable of efficiently producing fresh water in a variety
of environments. This is further supported by an outdoor evap-
oration experiment, which clearly exemplifies the benefit of the
leaf-guar desalinator in a practical use case.

Design choices and fabrication techniques which contribute to
critical desalinator properties are discussed within this work as
well. Special attention is paid to the effects of pyrolysis and chem-
ical treatment on the porous structure and water absorbance ca-
pabilities of the material, due to significant transformations of
these aspects throughout the fabrication process. This allows for
the facile application of these methods to similar raw biomass
and biowaste materials, supporting the creation of additional
renewably-sourced evaporation devices. While guar itself is not a
bio-waste product like fallen leaves, it can be incorporated within
this desalinator design for less than $12/m?, greatly compliment-
ing the low cost of this device. Natural desalinators such as the
leaf-guar device outlined herein have the capability to alleviate
the global water crisis plaguing society in a sustainable manner.
With such simple and cost-effective fabrication, large-scale pro-
duction of such devices could provide relief to populations world-
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wide without simultaneously exacerbating the waste mismanage-
ment crisis.
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