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(57) ABSTRACT

An evaporative device has a piece of at least partially-
delignified plant material. The at least partially-delignified
plant material has a modified microstructure including a
plurality of vessels, a plurality of fibers, and a plurality of
engineered micropores. Each vessel can define a first lumen
having a maximum cross-sectional dimension of at least 100
um. Fach fiber can define a second lumen having a maxi-
mum cross-sectional dimension less than or equal to 20 pm.
The engineered micropores can extend through walls of the
vessels or fibers so as to fluidically interconnect the first and
second lumina. In some embodiments, the plant material is
reed or bamboo.
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EVAPORATIVE DEVICES HAVING
DELIGNIFIED PLANT MATERIALS, AND
SYSTEMS AND METHODS FOR
FABRICATION AND USE THEREOF

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] The present application claims the benefit of U.S.
Provisional Application No. 63/013,401, filed Apr. 21, 2020,
entitled “Strong, Delignified Fibers, Methods of Making and
Using the Same,” and U.S. Provisional Application No.
63/065,994, filed Aug. 14, 2020, entitled “Decoupled Fluidic
Transport Materials and Methods of Preparing the Same,”
each of which is incorporated by reference herein in its
entirety.

FIELD

[0002] The present disclosure relates generally to process-
ing of naturally-occurring cellulose-based materials, and
more particularly, to forming and use of plant materials to
make evaporative devices and systems.

SUMMARY

[0003] Embodiments of the disclosed subject matter pro-
vide evaporative devices formed by at least partial deligni-
fication of a natural plant material. The natural plant material
can have a hierarchical cellular structure with macro-sized
vessels and micro-sized fibers. For example, the natural
plant material can be reed, bamboo, or another grass species.
The removal of lignin from the natural plant material can
enlarge diameters of channels or lumina of the cells and can
open more pits or pores to fluidically interconnect the
channels. With this modified hierarchically porous structure,
fast fluidic transport can occur mainly through the
microscale channels and nanoscale channels via capillary
effects. The interconnecting pits and pores enable lateral
transport into the macroscale channels, which have a rela-
tively higher surface area that promotes efficient evapora-
tion. Accordingly, in some embodiments, the evaporative
devices can decouple fluidic transport and evaporation path-
ways.

[0004] In some embodiments, evaporative devices can
achieve greater fluidic transport velocities and evaporation
rates than the original natural plant material. For example,
an evaporative device formed from delignified reed can
demonstrate a fluid transport velocity of 14.7 mm/s and an
evaporation rate of 46.9 kg/(m*h), which are 160-times and
7-times faster, respectively, than the fluid transport velocity
and evaporation rate achieved with natural reed. Embodi-
ments of the disclosed subject matter can be employed in a
wide range of applications, such as, but not limited to,
fragrance distribution (e.g., diffuser), air sterilization,
humidification, water purification, and distillation.

[0005] Any of the various innovations of this disclosure
can be used in combination or separately. This summary is
provided to introduce a selection of concepts in a simplified
form that are further described below in the detailed descrip-
tion. This summary is not intended to identify key features
or essential features of the claimed subject matter, nor is it
intended to be used to limit the scope of the claimed subject
matter. The foregoing and other objects, features, and advan-
tages of the disclosed technology will become more appar-
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ent from the following detailed description, which proceeds
with reference to the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] Embodiments will hereinafter be described with
reference to the accompanying drawings, which have not
necessarily been drawn to scale. Where applicable, some
elements may be simplified or otherwise not illustrated in
order to assist in the illustration and description of under-
lying features. Throughout the figures, like reference numer-
als denote like elements.

[0007] FIG. 1is a simplified diagram illustrating operation
of a delignified reed as an exemplary evaporative device,
according to one or more embodiments of the disclosed
subject matter.

[0008] FIG. 2A is a scanning electron microscope (SEM)
image of a transverse section of a piece of natural reed.
[0009] FIG. 2B is close-up SEM image of the highlighted
portion of FIG. 2A showing various native macrochannels of
the natural reed.

[0010] FIG. 2C is a close-up SEM image of the high-
lighted portion of FIG. 2B showing various microchannels
of the natural reed.

[0011] FIG.3Ais an SEM image of a transverse section of
a piece of reed after delignification, according to one or
more embodiments of the disclosed subject matter.

[0012] FIG. 3B is close-up SEM image of the highlighted
portion of FIG. 3A showing various macrochannels of the
delignified reed.

[0013] FIG. 3C is a close-up SEM image of the high-
lighted portion of FIG. 3B showing various microchannels
of the delignified reed.

[0014] FIGS. 4A-4B are SEM images of a longitudinal
cross-section showing lateral surfaces of the macrochannels
and the microchannels, respectively, of the natural reed.
[0015] FIG. 4C is a graph showing size distribution of
channels in the natural reed.

[0016] FIGS. SA-5B are SEM images of a longitudinal
cross-section showing lateral surfaces of the macrochannels
and the microchannels, respectively, of the delignified reed,
according to one or more embodiments of the disclosed
subject matter.

[0017] FIG. 5C is a graph showing size distribution of
channels in the delignified reed, according to one or more
embodiments of the disclosed subject matter.

[0018] FIG. 6A is a graph comparing size distribution of
nanopores in the natural reed and delignified reed.

[0019] FIG. 6B is a graph comparing diameter and volume
of nanopores in the natural reed and the delignified reed.
[0020] FIG. 7A is a simplified partial cut-away view of a
natural bamboo segment that may be used to form an
evaporative device, according to one or more embodiments
of the disclosed subject matter.

[0021] FIG. 7B is a top view image of a cross-section of
a natural bamboo segment.

[0022] FIG. 7C is a magnified image of the culm of the
natural bamboo segment of FIG. 7B.

[0023] FIG. 7D is a further magnified SEM image show-
ing the hierarchical microstructure of the culm wall of FIG.
7C.

[0024] FIG. 8A is a simplified schematic diagram illus-
trating an evaporative system employing partially or fully
delignified plant material, according to one or more embodi-
ments of the disclosed subject matter.
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[0025] FIG. 8B is a simplified schematic diagram illus-
trating another evaporative system employing partially or
fully delignified plant material, according to one or more
embodiments of the disclosed subject matter.

[0026] FIG. 9 is an exemplary process flow diagram for a
method of fabricating an evaporative system employing
partially or fully delignified plant material, according to one
or more embodiments of the disclosed subject matter.
[0027] FIG. 10A compares the initial contact angles for
fluid on a transverse cross-section of natural and delignified
reeds.

[0028] FIG. 10B compares the initial contact angles for
fluid on a longitudinal cross-section of natural and deligni-
fied reeds.

[0029] FIG. 11A is a graph comparing contact angles
versus time for fluid on transverse cross-sections of natural
and delignified reeds.

[0030] FIG. 11B is a graph comparing contact angles
versus time for fluid on longitudinal cross-sections of natural
and delignified reeds.

[0031] FIG. 12A is a graph comparing fluid transport
height versus time for natural and delignified reeds.

[0032] FIG. 12B is a graph comparing evaporation versus
time for evaporators employing natural and delignified
reeds.

[0033] FIG. 12C is a graph comparing evaporation versus
time for evaporators employing natural and delignified reeds
at various relative humidity levels.

[0034] FIG. 12D is a graph comparing evaporation versus
for evaporators employing natural and delignified reeds over
several days of operation.

[0035] FIG. 13A is a graph comparing evaporation versus
time for evaporators employing natural reed, delignified
reed, natural wood, delignified wood, and polyester.
[0036] FIG. 13B is a graph comparing evaporation rates
for evaporators employing natural reed, delignified reed,
natural wood, delignified wood, and polyester.

DETAILED DESCRIPTION

General Considerations

[0037] For purposes of this description, certain aspects,
advantages, and novel features of the embodiments of this
disclosure are described herein. The disclosed methods and
systems should not be construed as being limiting in any
way. Instead, the present disclosure is directed toward all
novel and nonobvious features and aspects of the various
disclosed embodiments, alone and in various combinations
and sub-combinations with one another. The methods and
systems are not limited to any specific aspect or feature or
combination thereof, nor do the disclosed embodiments
require that any one or more specific advantages be present,
or problems be solved. The technologies from any embodi-
ment or example can be combined with the technologies
described in any one or more of the other embodiments or
examples. In view of the many possible embodiments to
which the principles of the disclosed technology may be
applied, it should be recognized that the illustrated embodi-
ments are exemplary only and should not be taken as
limiting the scope of the disclosed technology.

[0038] Although the operations of some of the disclosed
methods are described in a particular, sequential order for
convenient presentation, it should be understood that this
manner of description encompasses rearrangement, unless a
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particular ordering is required by specific language set forth
below. For example, operations described sequentially may
in some cases be rearranged or performed concurrently.
Moreover, for the sake of simplicity, the attached figures
may not show the various ways in which the disclosed
methods can be used in conjunction with other methods.
Additionally, the description sometimes uses terms like
“provide” or “achieve” to describe the disclosed methods.
These terms are high-level abstractions of the actual opera-
tions that are performed. The actual operations that corre-
spond to these terms may vary depending on the particular
implementation and are readily discernible by one of ordi-
nary skill in the art.

[0039] The disclosure of numerical ranges should be
understood as referring to each discrete point within the
range, inclusive of endpoints, unless otherwise noted.
Unless otherwise indicated, all numbers expressing quanti-
ties of components, molecular weights, percentages, tem-
peratures, times, and so forth, as used in the specification or
claims are to be understood as being modified by the term
“about.” Accordingly, unless otherwise implicitly or explic-
itly indicated, or unless the context is properly understood
by a person of ordinary skill in the art to have a more
definitive construction, the numerical parameters set forth
are approximations that may depend on the desired propet-
ties sought and/or limits of detection under standard test
conditions/methods, as known to those of ordinary skill in
the art. When directly and explicitly distinguishing embodi-
ments from discussed prior art, the embodiment numbers are
not approximates unless the word “about™ is recited. When-
ever “substantially,” “approximately,” “about,” or similar
language is explicitly used in combination with a specific
value, variations up to and including 10% of that value are
intended, unless explicitly stated otherwise.

[0040] Directions and other relative references may be
used to facilitate discussion of the drawings and principles
herein, but are not intended to be limiting. For example,
certain terms may be used such as “inner,” “outer,” “upper,”
“lower,” “top,” “bottom,” “interior,” “exterior,” “left,”
right,” “front,” “back,” “rear,” and the like. Such terms are
used, where applicable, to provide some clarity of descrip-
tion when dealing with relative relationships, particularly
with respect to the illustrated embodiments. Such terms are
not, however, intended to imply absolute relationships,
positions, and/or orientations. For example, with respect to
an object, an “upper” part can become a “lower” part simply
by turning the object over. Nevertheless, it is still the same
part and the object remains the same.

[0041] As used herein, “comprising” means “including,”
and the singular forms “a” or “an” or “the” include plural
references unless the context clearly dictates otherwise. The
term “or” refers to a single element of stated alternative
elements or a combination of two or more elements, unless
the context clearly indicates otherwise.

[0042] Although there are alternatives for various compo-
nents, parameters, operating conditions, etc. set forth herein,
that does not mean that those alternatives are necessarily
equivalent and/or perform equally well. Nor does it mean
that the alternatives are listed in a preferred order, unless
stated otherwise. Unless stated otherwise, any of the groups
defined below can be substituted or unsubstituted.

[0043] Unless explained otherwise, all technical and sci-
entific terms used herein have the same meaning as com-
monly understood to one of ordinary skill in the art to which
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this disclosure belongs. Although methods and materials
similar or equivalent to those described herein can be used
in the practice or testing of the present disclosure, suitable
methods and materials are described below. The materials,
methods, and examples are illustrative only and not intended
to be limiting. Features of the presently disclosed subject
matter will be apparent from the following detailed descrip-
tion and the appended claims.

Overview of Terms

[0044] The following explanations of specific terms and
abbreviations are provided to facilitate the description of
various aspects of the disclosed subject matter and to guide
those of ordinary skill in the art in the practice of the
disclosed subject matter.

[0045] Longitudinal growth direction: A direction along
which a plant grows from its roots or from a trunk thereof,
with cellulose nanofibers forming cell walls of the plant
being generally aligned with the longitudinal growth direc-
tion. In some cases, the longitudinal growth direction may
be generally vertical or correspond to a direction of its water
transpiration stream. This is in contrast to the radial growth
direction, which extends from a center portion of the plant
outward and may be generally horizontal.

[0046] Natural plant material: A portion (e.g., a mechani-
cally cut portion) of any photosynthetic eukaryote of the
kingdom Plantae in its native state as grown. In some
embodiments, the natural plant material is a section from a
species of natural grass, such as reed or bamboo. In other
embodiments, the natural plant material is a section from
any type of fibrous plant that has a naturally-formed (e.g., as
grown) combination of macro-sized and micro-size lumina.
[0047] Delignification: The removal of some (e.g., at least
10%) or substantially all (e.g., at least 90%) of naturally-
occurring lignin from the natural plant material. In some
embodiments, at least 50% of the naturally-occurring lignin
is removed in the delignification process. Lignin content
within the plant material before and after delignification can
be assessed using known techniques in the art, for example,
Laboratory Analytical Procedure (LAP) TP-510-42618 for
“Determination of Structural Carbohydrates and Lignin in
Biomass,” Version 08-03-2012, published by National
Renewable Energy Laboratory (NREL), and ASTM E1758-
01(2020) for “Standard Test Method for Determination of
Carbohydrates in Biomass by High Performance Liquid
Chromatography,” published by ASTM International, both
of which are incorporated herein by reference.

[0048] Reed: Any of common reed (Phragmites australis),
giant reed (Arundo donax), Burma reed (Neyraudia reynau-
diana), reed canary-grass (Phalaris arundinacea), reed
sweet-grass (Glyceria maxima), small-reed (Calamagrostis
species), paper reed (Cyperus papyrus), bur-reed (Sparga-
nium species), reed-mace (Typha species), cape thatching
reed (Elegia tectorum), and thatching reed (Thamnochortus
insignis).

[0049] Bamboo: Any of Bambusoideae, such as but not
limited to Moso, Phyllostachys vivax, Phyllostachys viridis,
Phyllostachys bambusoides, and Phyllostachys nigra.

Introduction

[0050] A high-performance and pump-free evaporative
device can be formed by at least partial delignification of a
natural plant material. The natural plant material can have a
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hierarchical cellular structure with macro-sized vessels and
micro-sized fibers. Each macro-sized vessel can extend
parallel to a longitudinal growth direction of the plant
material and can have a maximum cross-sectional dimension
(e.g., diameter) in a plane perpendicular to the longitudinal
growth direction that is at least 100 um, for example,
200-400 pum. Fach micro-sized fiber can also extend parallel
to the longitudinal growth direction of the plant material and
can have a maximum cross-sectional dimension (e.g., diam-
eter) in the plane perpendicular to the longitudinal growth
direction that less than or equal to 20 um, for example, 10-20
pum. For example, the natural plant material can be reed,
bamboo. or another grass species.

[0051] The removal of lignin from the natural plant mate-
rial can enlarge diameters of lumina (also referred to herein
as channels) of the cells. The removal of lignin can also open
pits, micropores, and/or nanopores within the cell walls that
were naturally narrowed or closed off. These engineered
pores resulting from delignification can fluidically intercon-
nect the lumina. With this modified hierarchically porous
structure, fast fluidic transport can occur mainly through the
microscale channels and nanoscale channels via capillary
effects. At the same time, the engineered pores enable lateral
transport into the macroscale channels, which have a rela-
tively higher surface area that promotes efficient evapora-
tion.

[0052] As a result, evaporative devices can achieve greater
fluidic transport velocities and evaporation rates than the
original natural plant material. Embodiments of the dis-
closed subject matter can be employed in a wide range of
applications, such as, but not limited to, fragrance distribu-
tion (e.g., diffuser), air sterilization, humidification, water
purification, and distillation.

Reed Implementations

[0053] FIG. 1 shows an exemplary configuration for an
evaporative device employing a reed 100 that has undergone
at least partial delignification. The delignified reed 100
exhibits a hierarchical, three-dimensional porous structure
of macrochannels 106 and microchannels in an adjacent
interstitial region 108 between macrochannels 106. The
macrochannels 106 and the microchannels are both aligned
and extend substantially parallel to a longitudinal growth
direction 114 of the reed. The macrochannels 106 and the
microchannels are interconnected with engineered pores
within cell wall region 110.

[0054] This unique, highly porous structure enables
decoupling of the transport of fluid by the reed 100 from
evaporation of fluid by the reed 100. For example, when end
portion 102 of the reed 100 is immersed in, or otherwise
placed in fluid communication with, a body of fluid or fluids
to be evaporated, the microchannels 118 of the delignified
reed exhibit a significant capillary effect, which is beneficial
for drawing fluid from the body of fluid upward into the reed
stem. Meanwhile, the engineered pores in cell walls 110
provide lateral pathways that effectively transfer the fluid
from the microchannels 118 in interstitial region 108 to the
adjacent macrochannels 106. The size of the macrochannels
106 exhibit much less of a capillary effect and thus draw less
water directly from the body of fluid. Rather, the macro-
channels 106 provide more evaporation surface area (e.g., by
exposing more inner surface area for fluidic evaporation),
thereby enabling continuous and spontaneous evaporation
within the macrochannels 106. End portion 104, which is
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opposite to end portion 102 along the longitudinal growth
direction 114, is exposed such that evaporation 112 of fluid
can be released from the exposed end portion 104 into the
surrounding environment.

[0055] To form the evaporative device, a piece of natural
reed is subjected to partial or complete delignification using
one or more chemical treatments. Prior to delignification,
natural reed 200 exhibits a cellular hierarchy of macro-scale
vessels 206, and meso-scale vessels 216 and micro-scale
fibers 218 within interstitial regions 208 between vessels
206, as shown in FIGS. 2A-2C. In their respective native
states, lumina of the macro-scale vessels 206 have a diam-
eter (also referred to as maximum cross-sectional dimension
in a plane perpendicular to the longitudinal growth direc-
tion) of 302+10 um, lumina of the meso-scale vessels 216
have a diameter of 40£3 pm, and lumina of the fibers 218
have a diameter of 7.2£0.9 um, as shown in FIG. 4C.
Moreover, as shown in FIGS. 4A-4B, the lateral surfaces
(longitudinal cross-section) of the cell walls of the macro-
scale vessels and the microscale fibers of the natural reed
have narrowed or blocked pores 220. As a result, the natural
reed exhibits a porosity of about 65%.

[0056] After partial or substantially complete delignifica-
tion (e.g., using a bleaching aqueous solution of hydrogen
peroxide), the resulting delignified reed 100 exhibits a more
porous structure with enlarged lumina, as shown in FIGS.
3A-3C. As shown in FIG. 5C, lumina of the macro-scale
vessels 106 have a diameter of 333+15 pum, lumina of the
meso-scale vessels 116 have a diameter of 48+4 um, and
lumina of the fibers 118 have a diameter of 9.1+l pm.
Moreover, as shown in FIGS. 5A-5B, the lateral surfaces
(longitudinal cross-section) of the cell walls of the macro-
scale vessels and the microscale fibers of the delignified reed
have a plurality of engineered micropores 120. The engi-
neered micropores 120 can result from opening or expand-
ing the previously closed or narrowed pits or pores 220 of
the natural reed. Alternatively or additionally, the engineered
micropores 120 can be formed in the cell walls at locations
independent of any pre-existing pit or pore 220. The engi-
neered micropores can have a diameter (also referred to as
a maxinum cross-sectional dimension) of 2 pm or less, for
example, on the nano-scale. As shown in FIGS. 6A-6B, the
delignified reed exhibits larger transverse pores and a larger
number of pores as compared 1o the natural reed. As a result,
the delignified reed exhibits a higher porosity of about 92%
and increased surface area (e.g., from 3.76 cm*/g for natural
reed to 12.33 cm?/g for substantially completely delignified
reed, an increase of over 300%). Despite the changes in
channel size and porosity, the cells walls defining the
respective lumina retain their aligned fibrillar structure.

[0057] In operation of the evaporative device, the smaller
channels (e.g., microchannels 118) support fluidic penetra-
tion and transport along the reed growth direction 114 due to
capillary effects, whereas the larger channels (e.g., meso-
channels 116 and macro-channels 106) mainly contributed
to the evaporation of the fluid as a result of their larger
evaporation area and exposed inner surfaces (e.g., due to
insufficient fill of channels 106, 116 by a weaker capillary
effect). Meanwhile, the engineered micropores 120 in the
vessel and fiber walls, in addition to pre-existing ray cells
that extend radially (e.g., perpendicular to the longitudinal
growth direction 114), enhance transverse fluidic diffusion
from microchannels 118 to the macro-channels 106 and/or
meso-channels 116. The noted combination of features
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resulting from delignification of natural reed allows for
improved fluid transport and evaporation, as compared to
the natural reed and other evaporative structures.

Bamboo Implementations

[0058] Although the discussion above has focused on
reed, other grasses can also be processed to achieve the same
effect. For example, an evaporative device can be formed by
subjecting a piece of natural bamboo to partial or complete
delignification using one or more chemical treatments. FIG.
7A shows a partial cutaway view of a bamboo segment 700
in its naturally-occurring state. The segment 700 has a culm
wall 702 surrounding a hollow interior region 716, which is
divided along a length of the culm wall 702 into internal
nodal regions 712 by nodes 708 formed by an internal nodal
diaphragm 710. The culm wall 702 has fibers extending
along a longitudinal direction 728 (e.g., bamboo growth
direction or a direction substantially parallel 10 an axis
defined by the hollow interior region 716) of the bamboo
segment 700) that are embedded in a lignin matrix. One or
more branch stubs 714 can extend from a particular internal
nodal region 712 and can serve as the root from which a
culm wall for a new bamboo segment may grow (e.g., thus
defining a different longitudinal direction for the new seg-
ment).

[0059] Within the culm wall 702, the bamboo exhibits a
hierarchical cellular structure with porous cells that provide
nutrient transport and dense cells that provide mechanical
support. For example, FIGS. 7B-7D show images of a
cross-section of a bamboo segment 700, in particular, illus-
trating the microstructure of parenchyma cells 722, vessels
724, and fiber bundles 726 that constitute the culm wall 702.
The fiber bundles 726 are highly aligned and extend sub-
stantially parallel to the longitudinal direction 728 whereas
parenchyma cells 722 can be parallel or perpendicular to the
longitudinal direction 728. Each vessel 724 defines an open
lumen that extends along the longitudinal direction 728.
Moreover, the elementary fibers that form the fiber bundles
726 also have irregular small lumina in a center thereof. The
fiber bundles 726, parenchyma cells 722, and vessels 724
adhere to each other via a low strength polymer matrix
composed of lignin and hemicellulose. The native micro-
structure can also exhibit pit apertures on the longitudinal
walls of fibers, porosity introduced by the parenchyma cells,
and/or open intercellular space between adjacent fibers.
[0060] Prior to delignification, natural bamboo exhibits a
cellular hierarchy of macro-scale vessels 724, meso-scale
parenchyma cells 722, and micro-scale fibers within fiber
bundles 726, as shown in FIG. 7D. After partial or substan-
tially complete delignification (e.g., using a bleaching aque-
ous solution of hydrogen peroxide), the resulting delignified
bamboo can exhibit a more porous structure with enlarged
lumina and engineered micropores, in a manner similar to
that described above with respect to reeds. In operation of
the bamboo evaporative device, the smaller channels (e.g.,
channels formed by fibers of bundle 726) support fluidic
penetration and transport along the growth direction 728 due
to capillary effects, whereas the larger channels (e.g., formed
by parenchyma cells 722 and vessels 724) mainly contrib-
uted to the evaporation of the fluid as a result of their larger
evaporation area and exposed inner surfaces (e.g., due to
insufficient fill by the weaker capillary effect). Meanwhile,
the engineered micropores in the vessel and fiber cell walls,
in addition to any parenchyma cells that may extend radially
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(e.g., perpendicular to the longitudinal growth direction
728), enhance transverse fluidic diffusion from microchan-
nels formed by fiber bundles 726 to the macro-channels
formed by the vessels 724 and/or meso-channels formed by
parenchyma cells 722.

Evaporative System Examples

[0061] FIG. 8A illustrates an exemplary evaporative sys-
tem 800 employing a piece of reed 802 that has been
partially or substantially-completely delignified. In addition
to the delignified reed 802, the evaporative system 800 can
include a container 808 for holding a body of fluid 810
therein. For example, the body of fluid can comprise water
(e.g., filtered water, tap water, sea water, contaminated
water), alcohol (e.g., ethanol, methanol, isopropanol), per-
fume, fragrance, oil (e.g., essential oil), sterilant, or any
combination thereof. A first end portion 804 of the deligni-
fied reed 802 can be immersed in, or at least in fluid
communication with, the body of fluid 810, while a second
end portion 806 is exposed to the environment. Fluid is
transported vertically from the body of fluid 810 via internal
microchannels within the delignified reed 802. Micropores
within cell walls of the delignified reed 802 allow the
transported fluid to pass through to the unfilled macrochan-
nels 812, where spontaneous evaporation takes place. The
resulting vapor 814 can exit from the reed 802 via the
exposed end portion 806, as shown in FIG. 8A. In some
embodiments, the evaporative system 800 can optionally
include a 1id 816, which has an opening therein to allow the
delignified reed 802 to extend therethrough. The lid 816 can
force evaporation to occur via the delignified reed 802 rather
than via the top surface of the body of fluid 810 and/or
protect the body of fluid 810 from contamination or expo-
sure.

[0062] FIG. 8B illustrates another exemplary evaporative
system 850, where the body of fluid 852 is not in a container,
e.g., a free-standing body of fluid, such as a lake, ocean,
river, pool, etc. In such a system, the delignified reed 802 can
be coupled to a support structure 854 that keeps the reed 802
positioned with respect to the upper surface of the body of
fluid 852 and in an upright position. In some embodiments,
the support structure 854 can be a fixed structure that holds
the reed 802 at a static position with respect to the body of
fluid 852. Alternatively, in some embodiments, the support
structure 854 can be configured to float on the upper surface
of the body of fluid 852, thereby dynamically positioning the
reed 802 within the fluid.

[0063] Similar evaporative devices and systems can be
constructed by partial or substantially-complete delignifica-
tion of other types of fibrous plant materials that have a
natural microstructure composed of natural macrochannels
(e.g., having a diameter greater than 100 pm) surrounded by
natural microchannels (e.g., having a diameter less than 20
um). For example, the natural plant material can be any
natural grass of the Poales order or in the Poaceae family.
Accordingly, although the above discussion is directed to
delignified reeds and evaporative devices formed therefrom,
embodiments of the disclosed subject matter are not limited
to reeds.

[0064] In some embodiments, the selection of natural
plant material for the evaporative device takes into account
size differences between macrochannels and microchannels,
which difference should large enough such that the micro-
channels preferentially fill with fluid while the macrochan-
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nels are at most partially-filled, thereby allowing evapora-
tion to occur within the macrochannels. In contrast, the
cellular structure of wood is primarily composed of channels
of 10-100 pm in diameter. As a result, during transpiration,
all of the wood channels are filled with fluid and only
function as fluidic transport pathways, thereby isolating any
evaporation to an upper exposed surface of the wood.

Method Examples

[0065] FIG. 9 illustrates an exemplary method 900 for
fabrication and use of an evaporative system employing
plant material. In some embodiments, the plant material is
reed or bamboo. However, in other embodiments, the plant
material can be any other fibrous plant that has a natural
hierarchical cellular structure forming macrochannels (e.g.,
having a diameter greater than 100 pm) and surrounding
aligned microchannels (e.g., having a diameter less than 20
um). For example, the plant material could be other types of
natural grass of the Poales order or of the Poaceae family.
[0066] At process block 902, the plant material is sub-
jected to one or more chemical treatments to remove at least
some lignin therefrom, for example, by immersion of the
natural plant material (or a portion thereof) in a chemical
solution associated with the treatment. In some embodi-
ments, each chemical treatment or only some chemical
treatments can be performed under vacuum, such that the
solution associated with the treatment is encouraged to fully
penetrate the cell walls and lumina of the natural plant
material. Alternatively, in some embodiments, the chemical
treatment(s) can be performed under ambient pressure con-
ditions or elevated pressure conditions (e.g., ~6-8 bar). In
some embodiments, each chemical treatment or some
chemical treatments can be performed at any temperature
between ambient (e.g., ~23° C.) and an elevated temperature
where the solution associated with the chemical treatment is
boiling (e.g., ~160° C.). In some embodiments, the solution
is not agitated in order to minimize the amount of disruption
to the microstructure of the natural plant material.

[0067] In some embodiments, the immersion time can
range anywhere from 0.1 hours to 72 hours, for example,
between 4 hours and 12 hours, inclusive. The amount of time
of immersion within the solution may be a function of
amount of lignin to be removed, size of the segment,
temperature of the solution, pressure of the treatment, and/or
agitation. For example, smaller amounts of lignin removal,
smaller segment size, higher solution temperature, higher
treatment pressure, and agitation may be associated with
shorter immersion times, while larger amounts of lignin
removal, larger segment size, lower solution temperature,
lower treatment pressure, and no agitation may be associated
with longer immersion times.

[0068] Insome embodiments, the solution of the chemical
treatment comprises an alkaline solution. In some embodi-
ments, the solution of the chemical treatment can include
sodium hydroxide (NaOH), lithium hydroxide (LiOH),
potassium hydroxide (KOH), sodium sulfite (Na,SO,),
sodium sulfide (Na,S), NanS (where n is an integer), urea
(CH,N,0), sodium bisulfate (NaHSO,), sulfur dioxide
(80,), anthraquinone (AQ) (C,,H0,), methanol (CH,OH),
ethanol (C,H,OH), butanol (C,H,OH), formic acid
(CH,0,), hydrogen peroxide (H,0,), acetic acid
(CH,COOH), butyric acid (C,Hg0,), peroxyformic acid
(CH,0,), peroxyacetic acid (C,H,0;), ammonia (NH;),
tosylic acid (p-TsOH), sodium hypochlorite (NaClO),
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sodium chlorite (NaClO,), chlorine dioxide (ClO,), chorine
(Cl,), or any combination of the above. Exemplary combi-
nations of chemicals for the chemical treatment can include,
but are not limited to, NaOH+Na,SO,, NaOH+Na,S,
NaOH+urea, NaHSO;+S0,+H,0, NaHSO,+Na,S0,,
NaOH+Na,SO,, NaOH+AQ, NaOH+Na,S+AQ, NaHSO,+
Ses+H,0+AQ,  NaOH+Na,SO,+AQ,  NaHSO,+AQ,
NaHSO;+Na,SO;+AQ, Na,SO;+AQ, NaOH+Na,S+NanS
(where n is an integer), Na,SO,+NaOH+CH,OH+AQ,
C,H;OH+NaOH, CH,OH+HCOOH, NH,+H,O, and
NaClO,+acetic acid.

[0069] At decision block 904, it is determined if sufficient
lignin has been removed by the chemical treatment. If
additional removal is desired, the method 900 can return to
902, where the same or a different chemical treatment is
performed to remove additional lignin. For example, a first
chemical treatment can be performed on the natural plant
material using a mixture of NaOH and Na,SO;, and a
subsequent second chemical treatment can be performed
using a bleaching solution of H,O,. Alternatively, in some
embodiments, a single chemical treatment can be performed,
for example, by immersing the natural plant material in a
bleaching solution of H,0,.

[0070] The chemical treatment can continue (or can be
repeated with subsequent solutions) until a desired reduction
in the amount of lignin in the natural plant material is
achieved. The amount of lignin removed can between 0.1%
(99.9% of lignin originally in the natural plant material is
retained) and 100% (all of the lignin originally in the natural
plant material is removed), depending upon the desired
application. For example, in some embodiments where it
may be desirable to retain as much of the natural plant
material as possible, the amount of lignin removed can be
small, such as at least 10% of the original lignin content is
removed. In some embodiments, greater amounts of lignin
can be removed, such as at least 90% of the original lignin
content is removed (e.g., 90-100% lignin removed). Such
higher levels of delignification may offer enhanced evapo-
rative performance, although, in some embodiments, the
strength of the resulting delignified structure may be com-
promised. In some embodiments, the amount of lignin
removed can be at least 50% of the original lignin content.
[0071] Insome embodiments when the natural plant mate-
rial is reed, the amount of lignin removed can be such that
the delignified reed has less than 11 wt % lignin therein (e.g.,
0-11 wt % lignin), for example, less than or equal to 5 wt %,
or even less than or equal to 2 wt %. In some embodiments
when the natural plant material is bamboo, the amount of
lignin removed can be such that the delignified bamboo has
less than 18 wt % lignin therein (e.g., 0-18 wt % lignin), for
example, less than or equal to 5 wt %, or even less than or
equal to 2 wt %. In some embodiments, the delignification
of process block 902 can also reduce hemicellulose content
while increasing relative cellulose content. For example, the
hemicellulose content can be reduced similar to the lignin
content, and the cellulose content can increase to at least 50
wt %.

[0072] The removal of lignin from the natural plant mate-
rial results in enlargement of the cellular lumina (e.g.,
diameters increased as compared to the natural plant mate-
rial), enhanced hydrophilicity, and provision or enhance-
ment of the pores (e.g., engineered micropores) within cell
walls. In some embodiments, the modified plant material
resulting from delignification can have first enlarged cellular
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lumina (e.g., formed by vessels of the original plant mate-
rial) that have a diameter of at least 100 um (e.g., 200-400
pm, inclusive), and second enlarged cellular lumina (e.g.,
formed by fibers of the original plant material) that have a
diameter of 20 pm or less (e.g., 10£5 um). In some embodi-
ments, the engineered micropores can have a diameter (e.g.,
maximum cross-sectional dimension) that is less than or
equal to 2 um. In some embodiments, at least some of the
engineered micropores can have a sub-micron diameter
(nano-scale) and may thus be considered nanopores. In some
embodiments, at least some of the engineered micropores
did not exist in a microstructure of the original plant
material, while others of the engineered micropores may
have previously existed but have been opened or enlarged by
the delignification.

[0073] As a result of the engineered micropores and/or
lumina enlargement, the delignified plant material can have
an increased porosity (e.g., at least 75%), a decreased
density (e.g., less than or equal to 0.5 g/cm?), an increased
surface area (e.g., increased by a factor of two, or at least 5
cm?/g), an increased water retention value (e.g., at least 1.5
g/g), or any combination thereof, as compared to the natural
plant material. Alternatively or additionally, the removal of
lignin by the delignification process can improve the hydro-
philicity of the plant material, such that the delignified plant
material exhibits an initial water contact angle of 10° or less
on a cross-sectional surface thereof.

[0074] Once sufficient lignin has been removed by the
chemical treatment(s), the method 900 can proceed from
decision block 904 to process block 906, where rinsing is
performed. For example, the delignified plant material can
be partially or fully immersed in one or more rinsing
solutions. The rinsing solution can be a solvent, such as but
not limited to, de-ionized (DI) water, alcohol (e.g., ethanol,
methanol, isopropanol, etc.), or any combination thereof.
For example, the rinsing solution can be formed of equal
volumes of water and ethanol. In some embodiments, the
rinsing can be performed without agitation, for example, to
avoid disruption of the microstructure. At decision block
908, it is determined if additional rinsing is desired. If
additional rinsing is desired, the method 900 can return to
906, where the delignified plant material is rinsed with the
same or a different rinsing solution. For example, the rinsing
may be repeated at least 3 times using a fresh mixture of
ethanol and water for each iteration.

[0075] Once rinsing has been completed, the method 900
can proceed from decision block 908 to process block 910,
where drying is performed. The drying of process block 910
can include any of conductive, convective, and/or radiative
heating processes, including but not limited to an air-drying
process, a vacuum-assisted drying process, an oven drying
process, a freeze-drying process, a critical point drying
process, a microwave drying process, or any combination of
the above. For example, an air-drying process can include
allowing the delignified plant material to naturally dry in
static or moving air, which air may be at any temperature,
such as room temperature (e.g., 23° C.) or at an elevated
temperature (e.g.. greater than 23° C.). For example, a
vacuum-assisted drying process can include subjecting the
delignified plant material to reduced pressure, e.g., less than
1 bar, for example, in a vacuum chamber or vacuum oven.
For example, an oven drying process can include using an
oven, hot plate, or other conductive, convective, or radiative
heating apparatus to heat the delignified plant material at an
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elevated temperature (e.g., greater than 23° C.), for example,
70° C. or greater. For example, a freeze-drying process can
include reducing a temperature of the delignified plant
material to below a freezing point of the fluid therein (e.g.,
less than 0° C.), then reducing a pressure to allow the frozen
fluid therein to sublime (e.g., less than a few millibars). For
example, a critical point drying process can include immers-
ing the delignified plant material in a fluid (e.g, liquid
carbon dioxide), increasing a temperature and pressure of
the bamboo segment past a critical point of the fluid (e.g.,
7.39 MPa, 31.1° C. for carbon dioxide), and then gradually
releasing the pressure to remove the now gaseous fluid. For
example, a microwave drying process can include using a
microwave oven or other microwave generating apparatus to
induce dielectric heating within the delignified plant mate-
rial by exposing it to electromagnetic radiation having a
frequency in the microwave regime (e.g., 300 MHz to 300
GHz), for example, a frequency of ~915 MHz or ~2.45 GHz.

[0076] The method 900 can proceed to process block 912,
where the dried, delignified plant material is adapted for
subsequent use as an evaporative device. In some embodi-
ments, the adaptation for use can include forming, deposit-
ing, or otherwise providing an anti-bacterial or anti-viral
coating on internal and/or external surfaces of the delignified
plant material. For example, the coating can be provided by
forming a salt (e.g., a Cu' salt formed within the delignified
plant material using a CuCl, solution) or depositing particles
(e.g., Ag nanoparticles or nanowires) within the microstruc-
ture of the delignified plant material.

[0077] Once ready for use as an evaporative device, one
longitudinal end of the delignified plant material can be
placed within, or otherwise in fluid communication with, a
body of fluid to be evaporated while an opposite longitudinal
end of the delignified plant material is left exposed to the
environment. Fluid is preferentially transported along the
microchannels of the delignified plant material due to their
hydrophilic nature and the capillary effect. The transported
fluid is conveyed laterally via the engineered pores in the
cell walls from microchannels to macrochannels, where the
larger inner surface allows efficient fluidic evaporation. In
some embodiments, the evaporative device formed by the
delignified plant material can be used as a fragrance diffuser,
an evaporator for sterilant to kill airborne pathogens (e.g.,
bacteria, virus, mold, etc.), a humidifier, a distillation device
(e.g., for producing clean water by collecting the resulting
vapor), or in any other evaporative application. Other appli-
cations beyond those specifically listed are also possible for
the delignified plant material fabricated according to the
disclosed technology. Indeed, one of ordinary skill in the art
will readily appreciate that the delignified plant materials
disclosed herein can be adapted to other applications based
on the teachings of the present disclosure.

[0078] Although some of blocks 902-912 of method 900
have been described as being performed once, in some
embodiments, multiple repetitions of a particular process
block may be employed before proceeding to the next
decision block or process block. In addition, although blocks
902-912 of method 900 have been separately illustrated and
described, in some embodiments, process blocks may be
combined and performed together (simultaneously or
sequentially). Moreover, although FIG. 9 illustrates a par-
ticular order for blocks 902-912, embodiments of the dis-
closed subject matter are not limited thereto. Indeed, in
certain embodiments, the blocks may occur in a different
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order than illustrated or simultaneously with other blocks.
For example, the adaptation for use in process block 912 can
occur before the drying of process block 910.

Fabricated Examples and Experimental Results

[0079] In one fabricated example, 10 cm natural reeds
were immersed in a boiling solution containing NaOH (7%)
and Na,SO; (5%) for 5 hours to partially (but not fully)
remove lignin and hemicellulose. The chemically-treated
reeds were washed with de-ionized (DI) water in order to
remove chemicals and other impurities. Then the partially-
delignified reeds were subjected to a bleaching solution of
H,0, (5%) and acetic acid (pH=4) for 4 hours to achieve
substantially complete delignification. The delignified reeds
were then washed with DI water/ethanol solution (V...
V oinanor=1:1) 10 order to remove chemicals and other impu-
rities. After the washing process, the delignified reeds (now
white in color) were retained in DI water/ethanol solution
until ready for evaporative use or testing.

[0080] In another fabricated example, a natural reed was
cut perpendicularly to the reed growth direction to obtain
reed strips (3 mm in diameter and 30 cm in length). The
reeds were immersed in a bleaching aqueous solution (2.5
mol L™'H,0,) and boiled at mild conditions until the reed
turned white. The delignified reed was then rinsed in an
ethanol/water solution three times to remove the residual
chemicals. The delignified reed samples were then dried in
air. This treatment led a reduction in the content of lignin
from 21.8 wt % in the natural reed to 1.2 wt % in the
delignified reed, a reduction in the content of hemicellulose
from 23.9 wt % in the natural reed to 16.3 wt % in the
delignified reed, and an increase in the content of cellulose
from 44.2 wt % in the natural reed to 78.5 wt % in the
delignified reed. The overall weight of the reed after delig-
nification was reduced by 28% as compared to prior to
delignification. As a result of the lignin and hemicellulose
removal, the density of the reed also decreases from 0.39
g/em? of the natural reed to 0.25 g/em’ for the delignified
reed. Although most of the lignin and some of the hemicel-
lulose are removed, the reed maintains its mechanical
strength and hierarchically porous structure, with enlarged
channels sizes, as well as more microscale and nanoscale
pores (referred to collectively herein as micropores). On a
stress strain curve, the delignified reed exhibits a slightly
reduced strength (~37 MPa) compared to natural reed (40
MPa), but an improved Youngs modulus of 3.1 GPa as
compared to 1.6 GPa for the natural reed.

[0081] After the removal of lignin, the resulting deligni-
fied reed exhibits a more porous structure with enlarged
vessel channels (diameter: 333+15 pm and 48+4 pm) and
fibers (diameter: 9.1+1 um), as well as more nanoscale
channels with increased diameter and volume than the
natural reed with small vessel channels (diameter: 30210
um and 40+3 um) and fibers (diameter: 7.2+0.9 um). In
addition, numerous micropores (e.g., pits) on the vessels and
fiber walls of the delignified reed are opened and enlarged.
Delignification endows the reed material with a high poros-
ity of 92%, which is much higher than the natural reed
(65%), as well as a 3.3-times increase in the surface area to
12.44 cm*/g from 3.76 cm*/g. Despite these changes, small
angle X-ray scattering (SAXS) analysis confirmed that the
delignified reed retains an aligned fibrillar structure.
[0082] The improvement in hydrophilic nature of the
delignified reed was demonstrated by virtue of its water
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retention value, e.g., 2.8 g/g for the delignified reed as
compared to just 1.4 g/g for natural reed. The contact angle
was also measured to further analyze the hydrophilic prop-
erties of the natural and delignified reeds. With respect to the
transverse section, the natural reed exhibited an initial
contact angle of ~20°, as shown in FIGS. 10A and 11A.
However, the initial contact angle of the delignified reed was
significantly lower at almost 0°, as shown in FIGS. 10A-
11A. The almost non-existent initial contact angle is indica-
tive of the improved hydrophilic nature of the delignified
reed, which can be used to promote the rapid transport of
fluid along the delignified reed stem. In addition, the small
contact angle of ~0° on the cross-section surface of the
delignified reed can be attributed to the high porosity and
increased pore size due to the delignification treatment,
which allows the droplet to be rapidly drawn into the
perpendicular channels via the capillary-effect. As shown in
FIGS. 10B and 11B, in a longitudinal cross-section, the
solution on the delignified reed completely wets the surface
within 7.5 s from an initial contact angle of 60°. In contrast,
the longitudinal cross-section of the natural reed exhibits a
rather large fluid contact angle of 50° even after 20 s, as well
as a large initial contact angle of 95°, as shown in FIGS. 10B
and 11B.

[0083] The fluidic transport behaviors of natural and del-
ignified reeds were compared by analyzing the time-depen-
dent climbing height of a violet KMnQ, solution (e.g., a
mixed ethanol and water solution containing 3% KMnO,).
In comparison to the negligible transport height of the fluidic
solution in the natural reed, the delignified reed is able to
upwardly draw the fluidic solution to a height of 65 mm at
30's, and a final height of ~100 mm against gravity, as shown
in FIG. 12A. The spontaneous fluidic transport performance
of the delignified reed is substantially improved (160-fold)
compared to the natural reed, increasing from 0.09 mm/s to
14.7 mm/s, respectively. The efficient upward transport of
the fluid in the delignified reed originates from its uniquely
porous microstructure and super hydrophilicity, in which the
hydrophilic cellulose-based microchannels mainly help to
draw the fluidic solution due to the capillary effect.

[0084] Using the natural and delignified reeds, respective
evaporator devices were constructed (e.g., similar to the
configuration of FIG. 8A) to compare the ability of the
devices to draw, transport, and evaporate a solution from a
reservoir. The solution in the reservoir was a mixture of
ethanol and water (1:1 at volume). The reeds were added to
the solution-containing bottle to evaporate the solution. The
delignified reed demonstrates effective fluidic evaporation,
which was indicated by the appearance of visible vapor at
the top of the delignified reeds, while no such vapor was
observed over the natural reeds due to their weak fluidic
evaporation performance.

[0085] The fluidic weight loss as a function of time to
further investigate the evaporation performance of the del-
ignified reed evaporator at a relative humidity of 20%. The
system weight was detected using an electric balance to
quantify the rate of the solution evaporation. As shown in
FIG. 12B, the fluidic weight decreases more rapidly for the
delignified reed evaporator than the natural reed evaporator
(181 g after 50 h for the delignified reed versus 25 g after SO
h for the natural reed). This corresponds to a 7-times higher
fluidic evaporation rate (e.g., 46.9 kg/(m*h) for delignified
reed versus 6.7 kg/(m>h) for natural reed, calculated based
on the evaporative area of top surface of the corresponding
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reed, or 0.12 kg/(m*h) vs. 0.017 kg/(m*h), calculated based
on the evaporative area of the total outer surface of the
corresponding reed). The main reason for the high perfor-
mance of the delignified reed evaporator can be attributed to
its hierarchically porous structure with multiscale channels,
which decouples the fluidic transport and evaporation. The
fast fluidic transport is primarily a function of the capillary
effect in the microchannels (~9.1 um diameter), which
provide a sufficient supply for fluidic evaporation, while the
high evaporation rate is preferentially achieved in the mac-
rochannels (~333 um diameter) that offer a larger evapora-
tion area.

[0086] The effect of humidity on evaporation rate for
natural reed and delignified reed evaporators was also evalu-
ated. Despite high humidity conditions, the delignified reed
demonstrates a higher evaporation rate than the natural reed,
as shown in FIG. 12C. For example, at a 40% relative
humidity, the evaporation rate of the delignified reed is 39.7
kg/(m*h), which is 6.7-times higher than the natural reed.
Moreover, the evaporation performance of the delignified
reed at a high relative humidity of 80% 1s still superior to
that of the natural reed at a low relative humidity of 20%
(e.g., 19.8kg/(m*h) for the delignified reed at 80% humidity
versus 6.7 kg/(m*h) at 20% humidity for natural reed).
Additionally, the stability of the delignified reed’s evapora-
tion performance was evaluated over 60 days of continuous
operation. Over the period of observation, the delignified
reed evaporator yielded a linear relationship between solu-
tion weight loss and evaporation time, as shown in FIG.
12D, with a stable evaporation rate of 1120 kg/(m*h).
[0087] The unique structure-dominated, high-rate fluidic
evaporation was further demonstrated by comparing the
evaporation performance of the delignified reed evaporator
with delignified basswood and polyester evaporators, which
lack macro-sized (>100 pm) channels. As shown in FIGS.
13A-13B, due to the lack of macroscale channels as evapo-
ration pathways, both the delignified wood and polyester
provide much lower evaporation rates than the delignified
reed (e.g., 22.5 kg/(m>h) for delignified wood and 24.1
kg/(m?h) for polyester, versus 46.9 kg/(m?-h) for delignified
reed).

Additional Examples of the Disclosed Technology

[0088] In view of the above described implementations of
the disclosed subject matter, this application discloses the
additional examples in the clauses enumerated below. It
should be noted that one feature of a clause in isolation, or
more than one feature of the clause taken in combination,
and, optionally, in combination with one or more features of
one or more further clauses are further examples also falling
within the disclosure of this application.

Clause 1. An evaporative device comprising:

[0089] a piece of at least partially-delignified plant mate-
rial having a modified microstructure comprising:

[0090] a plurality of vessels, each vessel defining a first
lumen having a maximum cross-sectional dimension of at
least 100 pym (e.g., 200-400 um, inclusive);

[0091] a plurality of fibers, each fiber defining a second
lumen having a maximum cross-sectional dimension less
than or equal to 20 um (e.g., 10+5 pm, inclusive); and
[0092] a plurality of engineered micropores that extend
through walls of the vessels or fibers so as to fluidically
interconnect the first and second lumina.
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Clause 2. The evaporative device of any clause or example
herein, in particular Clause 1, wherein the vessels and the
fibers extend along an extension direction that is substan-
tially parallel to a longitudinal growth direction of an
original natural plant material, and the engineered micropo-
res extend along a direction that is perpendicular to, or at
least crosses, the extension direction.

Clause 3. The evaporative device of any clause or example
herein, in particular any one of Clauses 1-2, wherein the
engineered micropores have a maximum cross-sectional
dimension less than or equal to 2 um (e.g., with at least some
having cross-sectional dimension less than or equal to 100
nm).

Clause 4. The evaporative device of any clause or example
herein, in particular any one of Clauses 1-3, wherein the
plant material is reed or bamboo.

Clause 5. The evaporative device any clause or example
herein, in particular any one of Clauses 1-4, wherein the
plant material is reed and a lignin content in the piece of at
least partially-delignified plant material is less than or equal
to 11 wt %, or the plant material is bamboo and a lignin
content in the piece of at least partially-delignified plant
material is less than or equal to 18 wt %.

Clause 6. The evaporative device any clause or example
herein, in particular any one of Clauses 1-5, wherein a lignin
content in the piece of at least partially-delignified plant
material is less than or equal to 5 wt % (e.g., less than or
equal to 2 wt %).

Clause 7. The evaporative device of any clause or example
herein, in particular any one of Clauses 1-6, wherein a
hemicellulose content in the piece of at least partially-
delignified plant material is at least than or equal to 15 wt %.
Clause 8. The evaporative device of any clause or example
herein, in particular any one of Clauses 1-7, wherein a
cellulose content in the piece of at least partially-delignified
plant material is at least S0 wt %.

Clause 9. The evaporative device of any clause or example
herein, in particular any one of Clauses 1-8, wherein:
[0093] the maximum cross-sectional dimensions of the
vessels in the modified microstructure are greater than
maximum cross-sectional dimensions of vessels in a micro-
structure of an original natural plant material;

[0094] the maximum cross-sectional dimensions of the
fibers in the modified microstructure are greater than maxi-
mum cross-sectional dimensions of fibers in a microstruc-
ture of an original natural plant material; or

[0095] any combination thereof.

Clause 10. The evaporative device of any clause or example
herein, in particular any one of Clauses 1-9, wherein at least
some of the engineered micropores in the modified micro-
structure did not exist in a microstructure of an original
natural plant material, at least some of the engineered
micropores in the modified microstructure are opened or
expanded pits or pores from the original natural plant
material, or both.

Clause 11. The evaporative device of any clause or example
herein, in particular any one of Clauses 1-10, wherein the
modified microstructure is constructed such that longitudi-
nal transport of fluid through the piece preferentially occurs
via the second lumina and evaporation of fluid preferentially
occurs via the first lumina.

Clause 12. The evaporative device of any clause or example
herein, in particular any one of Clauses 1-11, wherein a
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density of the piece of at least partially-delignified plant
material is less than 0.5 g/em? (e.g., less than or equal to 0.3
glem?).

Clause 13. The evaporative device of any clause or example
herein, in particular any one of Clauses 1-12, wherein a
porosity of the piece of at least partially-delignified plant
material is at least 75%.

Clause 14. The evaporative device of any clause or example
herein, in particular any one of Clauses 1-13, wherein a
surface area of the piece of at least partially-delignified plant
material is at least 5 cm¥/g (e.g., at least 7.5 cm?/g).
Clause 15. The evaporative device of any clause or example
herein, in particular any one of Clauses 1-14, wherein the
piece of at least partially-delignified plant material is con-
structed to provide a water retention value of at least 1.5 g/g
(e.g., at least 2 g/g).

Clause 16. The evaporative device of any clause or example
herein, in particular any one of Clauses 1-15, wherein the
piece of at least partially-delignified plant material is con-
structed to provide an initial water contact angle of 10° or
less on a cross-sectional surface thereof.

Clause 17. The evaporative device of any clause or example
herein, in particular any one of Clauses 1-16, wherein the
piece of at least partially-delignified plant material com-
prises an anti-bacterial or anti-viral coating.

Clause 18. The evaporative device of any clause or example
herein, in particular Clause 17, wherein the antibacterial or
anti-viral coating comprises a Cu' salt, Ag nanoparticles, Ag
nanowires, or any combination thereof.

Clause 19. A system comprising:

[0096] the evaporative device of any clause or example
herein, in particular any one of Clauses 1-18; and

[0097] a body of fluid,

[0098] wherein a first portion of the piece of at least
partially-delignified plant material is disposed within the
body of fluid and a second portion of the piece of at least
partially-delignified plant material is exposed to a surround-
ing environment,

[0099] wherein the evaporative device is constructed to
evaporate fluid from said body into the surrounding envi-
ronment.

Clause 20. The system of any clause or example herein, in
particular Clause 19, wherein the body of fluid comprises a
sterilant constructed to kill airborne pathogens.

Clause 21. The system of any clause or example herein, in
particular any one of Clauses 19-20, wherein the body of
fluid comprises water, an alcohol, or any combination
thereof.

Clause 22. The system of any clause or example herein, in
particular any one of Clauses 19-21, wherein the body of
fluid comprises a perfume, fragrance, essential oil, or any
combination thereof.

Clause 23. The system of any clause or example herein, in
particular any one of Clauses 19-22, wherein the first and
second portions are respective end portions of the piece of
at least partially-delignified plant material separated from
each other along an extension direction that is substantially
parallel to a longitudinal growth direction of an original
natural plant material.

Clause 24. A method comprising:

[0100] providing the evaporative device of any clause or
example herein, in particular any one of Clauses 1-18 in
fluid communication with a body of fluid; and
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[0101] evaporating fluid from the body of fluid using the
evaporative device.

Clause 25. The method of any clause or example herein, in
particular Clause 24, wherein the providing comprises dis-
posing a first portion of the evaporative device within the
body of fluid and a second portion of the evaporative device
outside of the body of fluid.

Clause 26. The method of any clause or example herein, in
particular any one of Clauses 24-25, wherein the first and
second portions are respective end portions of the piece of
at least partially-delignified plant material separated from
each other along an extension direction that is substantially
parallel to a longitudinal growth direction of an original
natural plant material.

Clause 27. The method of any clause or example herein, in
particular any one of Clauses 24-26, wherein the body of
fluid comprises a sterilant constructed to kill airborne patho-
gens.

Clause 28. The method of any clause or example herein, in
particular any one of Clauses 24-27, wherein the body of
fluid comprises water, an alcohol (e.g., ethanol, methanol,
isopropanol, etc.), or any combination thereof.

Clause 29. The method of any clause or example herein, in
particular any one of Clauses 24-28, wherein the body of
fluid comprises a perfume, fragrance, essential oil, or any
combination thereof.

Clause 30. A method comprising:

[0102] (a) producing a piece of at least partially-deligni-
fied plant material by subjecting a piece of natural plant
material to one or more chemical treatments so as to remove
at least some lignin therefrom;

[0103] (b) rinsing the piece of at least partially-delignified
plant material with a rinsing solution; and

[0104] (c) drying the piece of at least partially-delignified
plant material,
[0105] wherein, after (a), the piece of at least partially-

delignified plant material has a modified microstructure
comprising:

[0106] a plurality of vessels, each vessel defining a first
lumen having a maximum cross-sectional dimension of
at least 100 pm (e.g., 200-400 pm, inclusive);

[0107] a plurality of fibers, each fiber defining a second
lumen having a maximum cross-sectional dimension
less than or equal to 20 pm (e.g., 10£5 pm, inclusive);
and

[0108] a plurality of engineered micropores that extend
through walls of the vessels or fibers so as to fluidically
interconnect the first and second lumina.

Clause 31. The method of any clause or example herein, in
particular Clause 30, wherein at least one of the one or more
chemical treatments of (a) comprises partial or full immer-
sion in one or more chemical solutions.

Clause 32. The method of any clause or example herein, in
particular any one of Clauses 30-31, wherein the one or
more chemical solutions comprise an alkaline solution.
Clause 33. The method of any clause or example herein, in
particular any one of Clauses 30-32, wherein the one or
more chemical solutions comprise sodium hydroxide
(NaOH), lithium hydroxide (LiOH), potassium hydroxide
(KOH), sodinm sulfite (Na,SO;), sedium sulfide (Na,S),
NanS wherein n is an integer, urea (CH,N,0), sodium
bisulfite (NaHSQ,), sulfur dioxide (SO,), anthraquinone
(C,,Hg0,), methanol (CH;OH), ethanol (C,H;OH), butanol
(C,Hy,OH), formic acid (CH,O,), hydrogen peroxide
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(H,0,), acetic acid (CH;COOH), butyric acid (C,HgO,),
peroxyformic acid (CH,0,), peroxyacetic acid (C,H,O,),
ammonia (NH,), tosylic acid (p-TsOH), sodium hypochlo-
rite (NaClO), sodium chlorite (NaClO,), chlorine dioxide
(C10,), chorine (Cl,), or any combination of the above.
Clause 34. The method of any clause or example herein, in
particular any one of Clauses 30-33, wherein the one or
more chemical solutions comprise a boiling solution of
NaOH and Na,SO;.

Clause 35. The method of any clause or example herein, in
particular any one of Clauses 30-34, wherein the one or
more chemical solutions comprise a boiling solution of
H,0,.

Clause 36. The method of any clause or example herein, in
particular Clause 35, wherein the boiling solution of H,O,
is subsequent to a boiling solution of NaOH and Na,SO;.
Clause 37. The method of any clause or example herein, in
particular any one of Clauses 30-36, wherein the vessels and
the fibers extend along an extension direction that is sub-
stantially parallel to a longitudinal growth direction of an
original natural plant material, and the engineered micropo-
res extend along a direction that is perpendicular to, or at
least crosses, the extension direction.

Clause 38. The method of any clause or example herein, in
particular any one of Clauses 30-37, wherein the engineered
micropores have a maximum cross-sectional dimension less
than or equal to 2 um (e.g., with at least one, some, or all
having cross-sectional dimension less than or equal to 100
nm).

Clause 39. The method of any clause or example herein, in
particular any one of Clauses 30-38, wherein the plant
material is reed or bamboo.

Clause 40. The method of any clause or example herein, in
particular any one of Clauses 30-39, wherein an amount of
lignin in the piece of at least partially-delignified plant
material after (a) is at least 10% less than an amount of lignin
in the piece of natural plant material prior to (a).

Clause 41. The method of any clause or example herein, in
particular any one of Clauses 30-40, wherein the amount of
lignin in the piece of at least partially-delignified plant
material after (a) is at least 50% less than the amount of
lignin in the piece of natural plant material prior to (a).
Clause 42. The method of any clause or example herein, in
particular any one of Clauses 30-41, wherein the amount of
lignin in the piece of at least partially-delignified plant
material after (a) is at least 90% less than the amount of
lignin in the piece of natural plant material prior to (a).
Clause 43. The method of any clause or example herein, in
particular any one of Clauses 30-42, wherein the natural
plant material is reed and a lignin content in the piece of at
least partially-delignified plant material after (a) is less than
or equal to 11 wt %, or the natural plant material is bamboo
and a lignin content in the piece of at least partially-
delignified plant material after (a) is less than or equal to 18
wt %.

Clause 44. The method of any clause or example herein, in
particular any one of Clauses 30-43, wherein, after (a):
[0109] a lignin content in the piece of at least partially-
delignified plant material is less than or equal to 5 wt % (e.g.,
less than or equal to 2 wt %);

[0110] a hemicellulose content in the piece of at least
partially-delignified plant material is less than or equal to 15
wt %;
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[0111] a cellulose content in the piece of at least partially-
delignified plant material is at least 50 wt %; or

[0112] any combination of the above.

Clause 45. The method of any clause or example herein, in
particular any one of Clauses 30-44, wherein an amount of
hemicellulose in the piece of at least partially-delignified
plant material after (a) is at least 10% less than an amount
of hemicellulose in the piece of natural plant material prior
to (a).

Clause 46. The method of any clause or example herein, in
particular any one of Clauses 30-45, wherein the amount of
hemicellulose in the piece of at least partially-delignified
plant material after (a) is at least 25% less than the amount
of hemicellulose in the piece of natural plant material prior
to (a).

Clause 47. The method of any clause or example herein, in
particular any one of Clauses 30-46, wherein:

[0113] the maximum cross-sectional dimensions of the
vessels in the modified microstructure after (a) are greater
than maximum cross-sectional dimensions of corresponding
vessels in a microstructure of the piece of natural plant
material prior to (a);

[0114] the maximum cross-sectional dimensions of the
fibers in the modified microstructure after (a) are greater
than maximum cross-sectional dimensions of corresponding
fibers in a microstructure of the piece of natural plant
material prior to (a); or

[0115] any combination thereof.

Clause 48. The method of any clause or example herein, in
particular any one of Clauses 30-47, wherein, prior to (a),
the piece of natural plant material lacks the engineered
micropores.

Clause 49. The method of any clause or example herein, in
particular any one of Clauses 30-48, wherein a density of the
piece of at least partially-delignified plant material after (c)
is less than a density of the piece of natural plant material
prior to (a).

Clause 50. The method of any clause or example herein, in
particular any one of Clauses 30-49, wherein a density of the
piece of at least partially-delignified plant material after (c)
is less than 0.5 g/cm? (e.g., less than or equal to 0.3 g/cm?).
Clause 51. The method of any clause or example herein, in
particular any one of Clauses 30-50, wherein a porosity of
the piece of at least partially-delignified plant material after
(a) is greater than a porosity of the piece of natural plant
material prior to (a).

Clause 52. The method of any clause or example herein, in
particular any one of Clauses 30-51, wherein a porosity of
the piece of at least partially-delignified plant material is at
least 75%.

Clause 53. The method of any clause or example herein, in
particular any one of Clauses 30-52, wherein a surface area
of the piece of at least partially-delignified plant material
after (a) is at least 2 times greater than a surface area of the
piece of natural plant material prior to (a).

Clause 54. The method of any clause or example herein, in
particular any one of Clauses 30-53, wherein a surface area
of the piece of at least partially-delignified plant material
after (a) is at least 5 cm?/g (e.g., at least 7.5 cm?/g).
Clause 55. The method of any clause or example herein, in
particular any one of Clauses 30-54, wherein a water reten-
tion value of the piece of at least partially-delignified plant
material after (a) is greater than a water retention value of
the piece of natural plant material prior to (a).
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Clause 56. The method of any clause or example herein, in
particular any one of Clauses 30-55, wherein a water reten-
tion value of the piece of at least partially-delignified plant
material after (a) is at least 1.5 g/g (e.g., at least 2 g/g).
Clause 57. The method of any clause or example herein, in
particular any one of Clauses 30-56, wherein an initial water
contact angle of the piece of at least partially-delignified
plant material after (a) is greater than an initial water contact
angle of the piece of natural plant material prior to (a).
Clause 58. The method of any clause or example herein, in
particular any one of Clauses 30-57, wherein an initial water
contact angle of the piece of at least partially-delignified
plant material after (a) is less than or equal to 10° on a
cross-sectional surface thereof.

Clause 59. The method of any clause or example herein, in
particular any one of Clauses 30-58, further comprising
providing an anti-bacterial or anti-viral coating on surfaces
of the at least partially-delignified plant material.

Clause 60. The method of any clause or example herein, in
particular Clause 59, wherein the coating comprises a Cu**
salt formed using a CuCl, solution, Ag nanoparticles, Ag
nanowires, or any combination of the foregoing.

Clause 61. An evaporative device formed by the method of
any clause or example herein, in particular any one of
Clauses 30-60.

CONCLUSION

[0116] Any of the features illustrated or described with
respect to FIGS. 1-13B and Clauses 1-61 can be combined
with any other features illustrated or described with respect
to FIGS. 1-13B and Clauses 1-61 to provide materials,
systems, methods, devices, and embodiments not otherwise
illustrated or specifically described herein. All features
described herein are independent of one another and, except
where structurally impossible, can be used in combination
with any other feature described herein.
[0117] In view of the many possible embodiments to
which the principles of the disclosed technology may be
applied, it should be recognized that the illustrated embodi-
ments are only preferred examples and should not be taken
as limiting the scope of the disclosed technology. Rather, the
scope is defined by the following claims. We therefore claim
all that comes within the scope and spirit of these claims.

1. An evaporative device comprising:

a piece of at least partially-delignified plant material

having a modified microstructure comprising:

a plurality of vessels, each vessel defining a first lumen
having a maximum cross-sectional dimension of at
least 100 pm;

a plurality of fibers, each fiber defining a second lumen
having a maximum cross-sectional dimension less
than or equal to 20 pum; and

a plurality of engineered micropores that extend
through walls of the vessels or fibers so as to
fluidically interconnect the first and second lumina.

2. The evaporative device of claim 1, wherein the vessels
and the fibers extend along an extension direction that is
substantially parallel to a longitudinal growth direction of an
original natural plant material, and the engineered micropo-
res extend along a direction that is perpendicular to, or at
least crosses, the extension direction.

3. The evaporative device of claim 1, wherein the engi-
neered micropores have a maximum cross-sectional dimen-
sion less than or equal to 2 pm.
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4. The evaporative device of claim 1, wherein the plant
material is reed or bamboo.

5. The evaporative device of claim 1, wherein the plant
material is reed and a lignin content in the piece of at least
partially-delignified plant material is less than or equal to 11
wt %, or the plant material is bamboo and a lignin content
in the piece of at least partially-delignified plant material is
less than or equal to 18 wt %.

6-10. (canceled)

11. The evaporative device of claim 1, wherein the
modified microstructure is constructed such that longitudi-
nal transport of fluid through the piece preferentially occurs
via the second lumina and evaporation of fluid preferentially
occurs via the first lumina.

12. (canceled)

13. The evaporative device of claim 1, wherein a porosity
of the piece of at least partially-delignified plant material is
at least 75%.

14. (canceled)

15. The evaporative device of claim 1, wherein the piece
of at least partially-delignified plant material is constructed
to provide a water retention value of at least 1.5 g/g.

16-21. (canceled)

22. A method comprising:

providing an evaporative device in fluid communication

with a body of fluid, the evaporative device comprising

a piece of at least partially-delignified plant material

having a modified microstructure comprising:

a plurality of vessels, each vessel defining a first lumen
having a maximum cross-sectional dimension of at
least 100 um;

a plurality of fibers, each fiber defining a second lumen
having a maximum cross-sectional dimension less
than or equal to 20 um; and

a plurality of engineered micropores that extend
through walls of the vessels or fibers so as to
fluidically interconnect the first and second lumina;
and

evaporating fluid from the body of fluid using the evapo-

rative device.

23. The method of claim 22, wherein the providing
comprises disposing a first portion of the evaporative device
within the body of fluid and a second portion of the
evaporative device outside of the body of fluid.

24. The method of claim 23, wherein the first and second
portions are respective end portions of the piece of at least
partially-delignified plant material separated from each
other along an extension direction that is substantially
parallel to a longitudinal growth direction of an original
natural plant material.

25. The method of claim 22, wherein the body of fluid
comprises a sterilant constructed to kill airborne pathogens.
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26. The method of claim 22, wherein the body of fluid
comprises water, an alcohol, or any combination thereof.

27. The method of claim 22, wherein the body of fluid
comprises a perfume, fragrance, essential oil, or any com-
bination thereof.

28. A method comprising:

(a) producing a piece of at least partially-delignified plant
material by subjecting a piece of natural plant material
to one or more chemical treatments so as to remove at
least some lignin therefrom;

(b) rinsing the piece of at least partially-delignified plant
material with a rinsing solution; and

(c) drying the piece of at least partially-delignified plant
material,

wherein, after (a), the piece of at least partially-delignified
plant material has a modified microstructure compris-
ing:

a plurality of vessels, each vessel defining a first lumen
having a maximum cross-sectional dimension of at
least 100 pum;

a plurality of fibers, each fiber defining a second lumen
having a maximum cross-sectional dimension less
than or equal to 20 um; and

a plurality of engineered micropores that extend
through walls of the vessels or fibers so as to
fluidically interconnect the first and second lumina.

29. The method of claim 28, wherein at least one of the
one or more chemical treatments of (a) comprises partial or
full immersion in one or more chemical solutions.

30-34. (canceled)

35. The method of claim 28, wherein the vessels and the
fibers extend along an extension direction that is substan-
tially parallel to a longitudinal growth direction of an
original natural plant material, and the engineered micropo-
res extend along a direction that is perpendicular to, or at
least crosses, the extension direction.

36. The method of claim 28, wherein the engineered
micropores have a maximum cross-sectional dimension less
than or equal to 2 pm.

37. The method of claim 28, wherein the plant material is
reed or bamboo.

38-40. (canceled)

41. The method of claim 28, wherein the natural plant
material is reed and a lignin content in the piece of at least
partially-delignified plant material after (a) is less than or
equal to 11 wt %, or the natural plant material is bamboo and
a lignin content in the piece of at least partially-delignified
plant material after (a) is less than or equal to 18 wt %.

42-57. (canceled)
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