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to obtain clean water in remote or underdeveloped regions
including, but not limited to, those with an arid or desert climate.
For passive (i.e., relying on ambient cooling and, for heating,
natural sunlight—as opposed to an external power source),
adsorbent-based AWH, an adsorbent bed is employed to capture
water from cold, humid air at nighttime, while during the daytime

Atmospheric water harvesting (AWH) is a method ‘

the bed is then exposed to natural sunlight to heat it and desorb the R
water for collection. Metal—organic frameworks (MOFs) are S ﬁiﬁﬁ
tunable, nanoporous materials with suitable water adsorption : WO
properties for comprising this adsorbent bed. The water delivery by ! . w 4
. . i passive atmospheric adsorbent bed daily water
the MOF adsorbent bed in a passive AWH device depends on (1) water harvesting composition demands

the nighttime, capture conditions (temperature and humidity) and

daytime, release conditions (temperature, humidity, and solar flux) and (2) the structure(s) of the MOF(s) comprising the bed,
which dictate MOF-water interactions. Notably, the capture and release conditions vary from region-to-region and season-to-season
and fluctuate from day-to-day, while different MOFs offer different water adsorption isotherms. Consequently, we propose (1)
comprising the adsorbent bed for passive AWH with a mixture of MOFs and (2) tailoring this MOF mixture to particular geographic
regions and time frames. We hypothesize each MOF in the mixture can specialize in delivering water under different capture and
release conditions, ensuring the adsorbent bed delivers adequate water on every day—despite fluctuations in temperature, humidity,
and solar flux. Herein, we develop an optimization framework to determine the total mass and composition of a MOF mixture for
comprising a bespoke (i.e., tailored to a declared geographic region and time frame) adsorbent bed for robust (i.e., delivering
adequate water every day) passive AWH. We combine weather data in the declared region, equilibrium water adsorption data in the
candidate MOFs, and thermodynamic water adsorption models (as a simplifying assumption, we neglect heat and water transfer
limitations) to frame a linear program expressing our optimal design principle: adjust the mass of each candidate MOF comprising
the adsorbent bed to minimize mass (important for portability and a proxy for cost) while satisfying daily water delivery constraints.
Based on case studies in the Chihuahuan and Sonoran Deserts, we find (1) a mixed-MOF adsorbent bed can be, but is not always,
lighter (e.g., ~#40% lighter) than the optimized single-MOF counterpart; and (2) the optimal composition and mass of the adsorbent
bed differ by both geographic region and time frame. Finally, we visualize the linear program for a reduced problem with a two-
dimensional design space to gain intuition, conduct a sensitivity analysis, and compare to an AWH field study. Our work is a starting
point for optimizing the composition of bespoke adsorbent beds for robust, passive AWH.

atmospheric water harvesting, metal—organic frameworks, optimization, linear programming, MOF mixtures

one month of the year." By definition, blue water scarcity

means the blue water footprint (fresh surface- or ground-water

Freshwater for agricultural (irrigation, livestock, aquaculture, withdrawn then incorporated into a product or evaporated) in
etc.), municipal/domestic (drinking, cooking, bathing, washing
clothes and dishes, etc.), and industrial (manufacturing a
product, washing, cooling, cleaning, etc.) activities is crucial for
human health, prosperity, and well-being." Conventionally,
humans obtain freshwater from rainfall, underground aquifers,
rivers, and lakes.” The local supply of blue water (fresh surface-
and ground-water)3 from conventional sources, however, is
often insufficient for local demand. Problematically, ~7/10 of
the global population experience blue water scarcity for at least

that region exceeds availability." Water pollution,” population
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growth,6 and climate chamge7 are worsening water scarcity in
many regions.

Approaches to alleviate water scarcity include conserving
water, making water-use more efficient, and increasing the
supply of clean water." Water conservation requires difficult
behavioral changes. Improving water-use efficiency requires
costly infrastructure upgrades. Both still may be insuflicient to
alleviate water scarcity in arid regions.8 Approaches to increase
the supply of clean water include building or expanding
reservoirs, desalinating seawater, and recycling wastewater. All
rely on a water transportation network and impose high
infrastructure costs. Moreover, particularly, reservoirs impact
ecosystems; desalinating seawater is energy-intensive and
requires access to the ocean/sea; and recycling wastewater is
unpalatable to many.””~"* Consequently, expanding water
supply in poor, underdeveloped, and/or landlocked regions
distant from natural water sources is challenging.'""*

Atmospheric water harvesting (AWH) entails the direct
capture and collection of water vapor from the air."> Earth’s
atmosphere is an untapped, ubiquitous, abundant source of
clean water."""? Interestingly, some biological species—
including beetles,'® grass,l cacti,'® and moss'’ in the
desert—exhibit surface-structures and -chemistries that
promote the nucleation of water droplets from fog or humid
air to collect water for drinking, storage, or irrigation;20
likewise, spider webs can collect water from humid air, thanks
to hydrophilic nanofibrils on spider silk.”! Analogously, (often,
bioinspired””) engineered technologies for AWH could
provide quality, clean water at the point-of-use in arid or
semiarid regions where conventional methods to increase
water supply fail: e.g, for low-income households and
communities in underdeveloped or remote regions lackin%
water transportation infrastructure and/or an electrical grid.'

Moreover, AWH is applicable for emergency use after a natural
disaster that disrupts water supply and for remote military
operations.”” AWH methods'* ***~** include harvesting fog
via a spiderweb-like mesh of material,”~>" condensing water
vapor onto a cold surface (devving),32_34 and adsorbing water
from air into porous materials.””*® From a standpoint of
energy input, AWH technologies can be passive, utilizing
natural or ambient energy sources (e.g., sunlight for heating or
underground soil for cooling), or active, requiring e.g., an
electrical power source.'**’

AWH via porous materials functioning as water adsorbents
offers several advantages over dewing and mesh-based fog
harvesting. First, adsorbent-based AWH is more climate- and
thus region-versatile. As adsorbents can capture water from air
with as low as ~10% relative humidity,”** adsorbent-based
AWH can function even in arid or desert climates with
infrequent fog formation. Second, the adsorbed water can be
released from the adsorbent using heat from natural sunlight,
enabling a passive AWH technology that functions off-
electrical-grid. Note, adsorption-based AWH can also be
active, then providing multiple adsorption—desorption cycles
per day instead of just one.*”** Third, modular and scalable
designs of adsorbent-based AWH devices®' ~>* could provide
portable and personal-scale to stationary and community-
scale®® AWH units.

Among many categories of adsorbents investigated for
passive AWH,””** including polymeric hydrogels,56 salts, silica
gels, zeolites,*” and covalent organic frameworks (COFS),‘W’58
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metal—organic frameworks (MOFs) stand out—largely, due to
their favorable water adsorption properties.****~°* MOFs are
crystalline materials composed of organic linker molecules
coordinated with metal ions, chains, or clusters. MOFs exhibit
nanosized pores with large internal surface areas decorated
with chemical functionalities, endowing them with the
capability to adsorb water from air.”® Box 1 explains the

Box 1

A passive AWH device that leverages a metal—organic
framework (MOF) to capture water from the air constitutes
an outer case, with a cover, containing an open box holding
MOF powder. At nighttime, the case is held open to expose
the MOF to the air. The MOF adsorbs water from the
(relative to daytime air, typically) cold and humid nighttime
air to [hopefully] fill its pores with water. The case is then
closed. At daytime, the closed case is exposed to sunlight,
which heats the MOF powder and drives desorption of water
out of the MOF. The desorbed water condenses on the inner
walls of the outer-case, which are cooler thanks to reflectors
on the periphery of the cover.*””> The frequency of water
delivery by a passive AWH device is once per day (nighttime:
adsorption/capture; daytime: desorption/release). See Figure
1. The MOF powder, provided the MOF exhibits high
hydrolytic and architectural stability,50 can be reused each
day.

The water delivery of the harvester on a given day is the
amount of water captured by the MOF bed at nighttime
minus the water retained in the MOF bed at daytime, under
solar irradiation—assuming all of the water desorbed from the
MOF is condensed and recovered. The water delivery
depends on (1) the structure/composition of the MOF bed;
(2) last night’s temperature and humidity; and (3) this day’s
temperature, humidity, and solar flux. Depending on the
stability of the MOF, the water delivery may depend on the
adsorption—desorption cycle number, too.”” In addition to
equilibrium water adsorption in the MOF, both heat and
water transfer rates in the MOF, and, thus, the geometry of
the MOF granules and bed, affect the water delivery.*>’®””
The modeling and design of MOF-based AWH devices at
various scales is an active area of research.’”¢"7575¢

working principle of a MOF-based passive AWH device, while
Figure 1 shows a schematic of its diurnal water capture-then-
release cycle and an example water delivery calculation. MOFs
can display temperature-sensitive, sigmoid- or step-shaped
(arising from cooperative water adsorption®’), and low-
hysteresis water adsorption isotherms. (See Figure 1.) These
water adsorption properties allow a MOF to function as a
reversible water-capture < water-release switch in response to
relatively small night < day temperature and humidity
changes.*”**°*%” Consequently, MOFs can exhibit a high
water deliverable capacity (hereafter, water delivery) under a
passive adsorption (night)—desorption (day) cycle for AWH.
For a MOF to function as a switch and achieve a high water
delivery on a given day, its [temperature-dependent] water
adsorption step must lie at a lower relative humidity than
nighttime air and at a higher relative humidity than daytime air
under sun exposure. So, different MOFs, with different relative
humidities at which their water adsorption switch is triggered,
provide different water deliveries in different climates and
weather. Because MOF structures are modular and tunable,

https://doi.org/10.1021/acsengineeringau.5c00051
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Figure 1. Working principle of a passive, MOF-based atmospheric water harvester, (top) which operates over a diurnal cycle and (bottom) whose
performance is described by the water delivery. (Heavily inspired by ref 75)

many MOFs with diverse pore sizes and shapes and internal
surface chemistries have been reported;**®” advantageously,
we can pick MOF(s) for the AWH adsorbent bed whose water
adsorption properties are tailored to passive AWH in particular
regions and time frames (i.e., climates or weather). N.b., both
pore geometry and surface functional groups influence water
adsorption in a MOF.®*’°~"? Finally, many MOFs are water-
stable, granting them with good adsorption—desorption
cyclability and preventing components of the MOF from
leaching into and contaminating the water they deliver.®”7*7*

Herein, we develop and demonstrate a workflow to optimally
design the composition of a MOF mixture comprising an
adsorbent bed for passive AWH.

We incorporate three key principles into our definition of
the optimal design of an adsorbent bed for passive AWH. First,
we wish for the adsorbent bed to be as light (i.e., minimal
mass) as possible. For portable harvesters, this is essential.
Even for stationary harvesters, the cost is likely correlated with
the total mass of MOF needed. Second, bespokeness: the
composition of the adsorbent bed should be tailored to the
particular geographic region and time frame (e.g, season)
wherein the AWH device will operate.”””” We achieve this by
considering the anticipated weather conditions therein. Third,
robustness: the adsorbent bed should deliver adequate water to
satisfy the demand for drinking water on every day of the
AWH mission—despite variance in nighttime and daytime
temperature and humidity. We achieve this by imposing
constraints on the daily water delivery of the adsorbent bed.
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A key idea we put forward in the framing of this design
problem is that adopting a mixture of MOFs, as opposed to a
single MOF, to comprise an adsorbent bed for robust passive
AWH can be advantageous (i.e., allow for lighter adsorbent
beds). To explain, the intrinsic water delivery (kg H,O
delivered per kg MOF, an intrinsic property of the MOF) by a
given MOF on a given day depends on both (1) the weather
that day, which sets the thermodynamic conditions of the air in
the water harvester during the process of (a) water capture at
nighttime under ambient conditions and (b) water release at
daytime under solar irradiation and (2) the structure and
chemistry of the MOF, which dictate its interactions with and,
thus, adsorption of water at these thermodynamic conditions.
Consequently, the ranking of a candidate set of MOFs
according to their intrinsic water delivery differs by (a) region,
on the same day, and (b) day of the year, in the same region.
As a result, the daily extrinsic water delivery (total kg H,0
delivered by the entire bed, dependent on both its composition
and size) by an adsorbent bed comprised of a mixture of MOFs
may be more robust to the day-to-day variability in weather
conditions than a single-MOF bed. Intuitively, each MOF in
the mixture can specialize in delivering water under specific
categories of day/night conditions over the AWH mission. For
example, consider an A/B MOF mixture where MOF A
exhibits a step in its water adsorption isotherm at a high
relative humidity, while the step of MOF B is at a low relative
humidity. Then, on a dry and warm night, MOF B will still
capture water while MOF A fails to do so. On the other hand,
on a humid and cool day, MOF A will still desorb its water
while MOF B retains its water. Le., on a day MOF A (B) fails
to deliver water, the MOF B (A) serves as a back-up to ensure

https://doi.org/10.1021/acsengineeringau.5c00051
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an adequate amount of water is still delivered. By this
mechanism, a mixture of MOFs can grant the water delivery of
an adsorbent bed with more robustness to day-to-day weather
variability. From another perspective, more simply: allowing
for mixtures of MOFs grants us greater design flexibility for
tuning the water adsorption of the adsorbent bed as a function
of temperature and relative humidity. Relatedly, adsorbent
mixtures have been proposed for packed beds for gas
separations to combine favorable properties of multiple
adsorbents; a process model showed a dual adsorbent could
extend the purity-recovery Pareto front achievable by a single-
adsorbent process.”

(Note, a mixed-MOF adsorbent bed for AWH could be
realized by (i) mixing together the powders of the distinct
MOFs synthesized independently; (ii) a one-pot synthesis
resulting in mixed-MOF phases;*® or (iii) holding the powders
of distinct MOFs in separate compartments of the AWH
device).

We formulate the problem of designing the optimal
composition of a bespoke adsorbent bed for robust passive
AWH as a linear program.”” The decision variables are the
masses of the candidate MOFs that comprise the adsorbent
bed. The objective function to minimize is the total mass of the
MOF adsorbent bed. (Trivially, we may modify the objective
function to instead express the total monetary cost of the
adsorbent bed by introducing the cost [$/kg] of each MOF.)
The list of [hard] constraints impose that a specified amount
of water, at least, must be delivered on each day of the AWH
mission. Two data sets inform the optimization problem: (1)
forecasted or historical time series data of the air temperature,
humidity, and land surface temperature (reflective of the solar
flux) in the region over the time frame; and (2) experimentally
measured, equilibrium water adsorption isotherms in the
candidate MOFs. In conjunction with thermodynamic models
of water adsorption (e.g., Polanyi adsorption theoryss), these
data allow us to predict the intrinsic water delivery by each
MOF structure on each day of the AWH mission and, thus,
optimize the composition of the MOF bed for the particular
region and time frame. (Note, for a higher-fidelity prediction of
the water delivery by an adsorbent bed, one could also
model’””” the kinetics of heat and water transfer in the
MOFs””* as well as adsorptive competition with water from
other gas species in the air such as carbon dioxide””" (e.g., via
real adsorbed solution theory’>~"* and a model for the activity
coefficients”®). However, this would require additional data for
each MOF—including the diffusion coefficient and mass
transfer coefficient of water, heat of water adsorption,”” specific
heat, thermal conductivity, particle size and shape distribu-
tion,” and carbon dioxide adsorption isotherms—and knowl-
edge or joint optimization of the geometry of the adsorbent
bed).

To illustrate and provide insights, we optimize the
composition of a mixed-MOF bed for passive AWH in two
distinct desert regions, the Sonoran and Chihuahuan Deserts,
over three ten-day periods during the summer. For comprising
the MOF bed, we consider a library of eight water-stable
MOFs with reported water adsorption isotherms favorable for
water harvesting: MOF-801, KMF-1, CAU-23, MIL-160,
MOEF-303, CAU-10-H, Al-Fum, and MIP-200. We find (1)
comprising the adsorbent bed with a mixture of MOFs
sometimes affords a lighter MOF bed (e.g., ~#40% lighter) than
achievable via a single-MOF bed and (2) the optimal
composition and total mass of the MOF mixture differ by
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region and time frame. Our work is a starting point for the
data-informed, model-based optimal design of the composition
of MOF adsorbent beds for bespoke and robust passive AWH
and calls for adoption of MOF mixtures where each MOF
specializes to different capture and release conditions.

Our goal is to optimize the composition of an adsorbent bed,
comprised of a mixture of MOFs, for a passive atmospheric
water harvesting (AWH) mission (a) in a particular geographic
region and time frame and (b) under declared daily water
delivery demands. The flowchart in Figure 2 presents a high-
level guide through our design process.

First, define the water harvesting mission by specifying a
geographic region (e.g, Chihuahuan Desert), a time frame in
that region (e.g, June 1—10), and a minimum daily water
demand on each day (e.g, 2 kg H,O/day every day). The
water demands, attributed to an individual, team, household,
or community, could differ by day. For example, demand for
water may be higher on a day forecasted to be hot and involve
a high level of physical activity. We denote the time frame,
consisting of D days, with a list [D] == (1, .., D) and the
minimum daily water deliveries with a list q = (qy, .., qp) [kg
H,O0].

Next, compile a library of N MOF structures as candidates for
comprising the adsorbent bed of the passive AWH device. We
denote the MOF candidates as an [arbitrarily ordered] list [N]
:= (1, ..., N). Criteria for selecting MOFs for the library include
water stability and low toxicity.

To design an optimal mixed-MOF adsorbent bed, we need to
predict the water delivery by each MOF on each day of the
passive AWH mission. Two data sets inform these predictions:
(1) weather time series data in the region and (2) water
adsorption data in the MOFs.

2.3.1. Weather Time Series Data. Gather historical or
forecasted weather (bulk air temperature and humidity and
land surface temperature or solar flux) time series data in the
region. E.g, for historical weather data, the US National
Oceanic and Atmospheric Administration (NOAA)””'* runs
a network of climate monitoring stations with high-quality
instruments that measure the hourly average temperature and
relative humidity of the air and the (land) surface temperature.
On the basis of this weather data, predict, on each day d € [D]
of the AWH mission the:

e Water capture (adsorption) conditions: the temperature
T8 and relative humidity ¢3¢ of the ambient air
during the nighttime.

e Water release (desorption) conditions: the temperature
T and relative humidity ¢3 of the air inside the AWH
device while exposed to natural sunlight during the
daytime.

We assume the capture (release) conditions are constant over
the adsorption (desorption) process—but, not over the
mission. Straightforwardly, the capture conditions constitute
the temperature and humidity of bulk air during nighttime. By

https://doi.org/10.1021/acsengineeringau.5c00051
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Figure 2. Workflow for designing a bespoke mixed-MOF adsorbent bed for robust passive atmospheric water harvesting, illustrated with a four day
mission in the Chihuahuan Desert and three candidate MOFs. (Map reprinted with permission under a Creative Commons CC BY-SA 3.0 from
Wikipedia at commons.wikimedia.org/wiki/File:Sonoran Desert map.svg.).

contrast, for the release conditions, the irradiation of the MOF
by natural sunlight raises its temperature above the bulk air
during daytime. If the solar flux were available, one could
estimate this temperature with knowledge of the MOF'’s solar
reflectance and infrared emissivity.'’" Instead, we adopt the
land surface temperature, which correlates with solar flux, as a
proxy for the temperature the MOF would reach under solar
irradiation.

2.3.2. Water Adsorption Data. Gather or measure
equilibrium water adsorption isotherm(s) in each candidate
MOF at/near temperature(s) encountered during the AWH
mission. (A water adsorption isotherm constitutes a data table

giving the amount of water adsorbed in a MOF [kg H,0/kg
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MOF] over a list of relative humidities ranging from 0% to
100%—at thermodynamic equilibrium and at a given temper-
ature.) Water adsorption data are needed to build thermody-
namic or interpolative models that predict the amount of water
adsorbed [kg H,0/kg MOF] in each MOF at any given
temperature and humidity. Of particular interest are the
capture and release conditions on each day of the AWH
mission. For the highest fidelity predictions of water
adsorption, the water adsorption data should densely cover
the temperature—humidity space encountered over the AWH
mission. However, e.g,, for Polanyi adsorption theory,*® only a
single water adsorption isotherm in a MOF is necessary to
predict adsorption at different temperatures.
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To decide on the mass of each MOF to put in the adsorbent
bed, we predict the intrinsic water delivery by each MOF on
each day of the AWH mission.

2.4.1. Build Thermodynamic or Interpolative Models
of Water Adsorption in the MOFs. First, we leverage the
equilibrium water adsorption data to construct models that
predict the intrinsic, equilibrium amount of water adsorbed in
each MOF n € [N], w" [kg H,0/kg MOF], as a function of
temperature T and relative humidity ¢. Generally, this model
w (T, ¢) is usually needed because experimentally measured
water adsorption is not available at every capture and release
condition encountered during the AWH mission. Two routes
to construct w")(T, ¢) from the water adsorption data are (A)
fit a thermodynamic model of water adsorption or (B)
interpolation. We include option (C) for high-throughput
computational screenings where experimental water adsorption
data are unavailable.

2.4.1.1. Simplifying Assumptions. For both parsimony and
owing to a lack of data, we make several simplifying [and,
arguably, reasonable] assumptions when predicting water
adsorption in the MOFs. First, we neglect adsorption—
desorption hysteresis that some MOFs (e.g, Y-shp-MOF-
5'%%) exhibit. (A fine approximation for the candidate MOFs
we selected, whose water adsorption isotherms exhibit
negligible hysteresis.) Second, we neglect coadsorption of
other gas sgpecies in the air, such as carbon dioxide and
nitrogen.”””" (Likely, a reasonable approximation. H,O
typically adsorbs more strongly and is present at higher
concentrations than CO, at ambient conditions—compare c.a.
0.04% [by volume] CO, with up to c.a. 3% H,O around room
temperature.””' 7' Most MOFs require lower-than-ambient
temperatures to adsorb significant O,.'”® Meanwhile, N, and
Ar are inert so usually adsorb very weakly in MOFs.”"). Third,
we assume the MOF adsorbent bed reaches thermodynamic
equilibrium with the air inside the water harvester during the
(a) capture and (b) release conditions. Thereby, we neglect
the limitations of (i) water transport’”'*”''* and (ii) heat
transport™ in the MOF grains and bed.”” Regarding water
transfer kinetics, it takes some time for, during capture, water
molecules to enter a MOF grain and diffuse deep into it and,
during release, for water to diffuse out of and exit a MOF grain.
Meanwhile, heat transfer kinetics are pertinent to both air-
MOF heat transfer and the heat of water ad/desorption. The
importance of accounting for heat and water transfer kinetics
depends on the size of the MOF grains, the geometry of the
adsorbent bed, properties of the MOF (diffusion coefficient,
mass transfer coefficient, specific heat capacity, thermal
conductivity, etc.), and how long the bed is allowed to ad/
desorb water during the capture and release process. (An
AWH cycle with MOF-303 powder found it to take ~150 min
for desorption equilibrium and ~300 min for adsorption
equilibrium”’—matching the time scale for the release and
capture process.) Fourth, we assume the MOFs can undergo
many water adsorption—desorption and sun exposure cycles
without loss in water adsorption capacity. (We handpicked
water-stable candidate MOFs; e.g., Al-Fum can undergo
thousands of water ad/desorption cycles without measurable
loss in water adsorption capacity;''' MOF-303: > 150).”

Relaxing these simplifying assumptions could provide a
higher-fidelity prediction of the water delivery by the adsorbent
bed. However, these modeling undertakings would require
more information/data than currently available: (1) the
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geometry of the adsorbent bed; (2) the particle size
distribution of the MOF granules;”® (3) more physical
properties of the MOFs, including the water diffusion
coefficient, water transfer coeflicient, specific heat capacity,
thermal diffusivity, and water heat of adsorption; (4)
adsorption measurements of CO,, O,, and N, in the MOFs;
and (S) the decay in water adsorption in the MOFs over
multiple water adsorption—desorption cycles. Finally, good
engineering of the AWH device can mitigate heat and mass
transfer limitations, anyway.””*

2.4.1.2. Option A: Interpolative Approach. If we possess
water adsorption data in a MOF that densely covers the
temperature—humidity area pertinent to the AWH mission,
[linear, spline, etc.] interpolation can be used to construct the
equilibrium water adsorption models w(T, ¢).

2.4.1.3. Option B: Thermodynamic Modeling Approach. If
our water adsorption data in a MOF does not densely cover
the temperature—humidity area pertinent to the AWH mission,
a thermodynamic model is needed to interpolate and
extrapolate water adsorption data to construct the water
adsorption model w (T, @). Among a menu of thermody-
namic adsorption models'"? (e.g, Dubinin-Astakhov,'"® dual
site Langmuir''*) to fit to the water adsorption data, we apply
Polanyi adsorption theory®® to construct w" (T,
). ISTIE (See Section $1.3.) Polanyi theory is
commonly used to model water adsorption in porous
oSS Advantageously, Polanyi theory (1) as a
nonparametric model, accommodates complexity in the water
adsorption data and (2) allows us to extrapolate a single water
adsorption isotherm in a MOF to different temperatures.

2.4.1.4. Option C: Molecular Simulation Or Machine
Learning Approach. For a computational screening of a large
database of MOFs for water harvesting, one could employ
molecular simulations of water adsorption or machine learning
models trained on [simulated or experimental] water
adsorption data”"""*~'** to predict water adsorption in each
MOF at each capture and release condition in the AWH
mission.

2.4.2. Daily Intrinsic Water Deliveries. Next, predict the
intrinsic water delivery Awl(i”) [kg H,O/kg MOF] by each
MOF n € [N] on each day d € [D] of the mission using both
(i) the equilibrium water adsorption models w™ (T, ¢) for n €
[N] and (ii) the predicted capture and release conditions
(58", prist) and (TS, p3¥) for d € [D]. The intrinsic water
delivery by a MOF is the intrinsic water uptake in the MOF at
the nighttime capture conditions minus the water retained in
the MOF at the daytime release conditions:

materials.

Aw‘gn) — max[O, w(n)(T;ight, ¢dnight) _ w(n)(T;ay’ ¢dday)]
(1)

The maximum is needed in the rare case that the MOF delivers
zero water because it adsorbs more water during the day than
the night (e.g., owing to anomalously high daytime humidity).
Because we assume thermodynamic equilibrium and no ad/
desorption hysteresis, Aw{" is memoryless, i.e., independent of
the thermodynamic conditions and thus water adsorption on
any previous day. We assemble the intrinsic water delivery by
each MOF over each day of the mission in a D X N matrix W
whose entry (d, n) contains Aw(?.
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Figure 3. Candidate MOF structures for comprising the adsorbent bed of a passive AWH device and their equilibrium water adsorption isotherms.
(a) Crystal structures of the candidate MOFs. (MOF-801 from ref 137) (b) Experimentally measured, equilibrium water adsorption isotherms in
the candidate MOFs near room temperature. Sources: MOEF-801,>° KMF-1,"** CAU-23,"* MIL-160,"*° MOE-303,"*> CAU-10-H,"** Al-Fum,""!

MIP-200."° The raw data are available on our Github repository.

Finally, we formulate then solve an optimization problem
expressing our design principles for the composition of the
mixed-MOF adsorbent bed for the passive AWH mission:
lightness, bespokeness, and robustness.

2.5.1. Decision Variables. The decision variables m := [m;,
.., my] comprise the makeup of the MOF bed, with m, [kg]
the mass of MOF n comprising the bed.

2.5.2. Objective Function. The objective function we want
to minimize is the total mass of the adsorbent bed [kg MOF]

N
2 m =
n=1

First, a light AWH device is desirable for portability. Second,
the economic cost of the adsorbent bed is likely to correlate

T'm

)

with its total mass.

2.5.3. Constraints. As hard constraints (one per day of the
mission), we impose that the total water delivered on day d by
the MOF bed [kg H,0] meets or exceeds the demand on that
day, g, [kg H,0], for every day d € [D]. The constraint for
day d € [D] is
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N
£ mAw > g,

n=1

)

with £ € [0, 1] the fraction of water desorbed from the
adsorbent bed that we can condense and recover for use.
These constraints impose (1) a bespoke design, as weather
data in the region are used to predict the intrinsic water
deliveries Aw{”; (2) water delivery robust to the weather
conditions, as adequate [e.g., drinking] water is delivered on
every day of the AWH mission, despite varying capture and
release conditions.

2.5.4. Linear Program. Putting it all together, the optimal
bespoke composition m,, of the mixed-MOF bed for robust,
passive AWH over the mission follows from solving the linear
program'*’

minimize I'm # minimize total mass of the MOF bed

subject to EWm > q  # satisfy demand for water delivery, each day

m > 0 # mass is non-negative

(4)

This linear program has a feasible solution if and only if, on
each day, at least one of the candidate MOFs is predicted to
deliver nonzero water.

2.5.5. Solving the Linear Program. Finally, we employ
an open-source linear program solver such as the HiGHS
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solver'> to obtain the solution to the linear program in eq 4,
giving the optimizer m,, specifying the mass of each MOF
constituting the optimal adsorbent bed for the passive AWH
device for the mission.

As concrete examples of designing a bespoke adsorbent bed for
robust passive AWH, we undertake three case studies: (1)
Chihuahuan Desert in early June; (2) Sonoran Desert in early
June; and (3) Sonoran Desert in middle August. We assume
full recovery/collection of the water desorbed from the MOF

(&=1).

We propose N = 8 MOFs as candidates to comprise the
adsorbent bed of a passive AWH device: MOF-801, > KMF-
1,'*® CAU-23,"*” MIL-160,"*>"*' MOF-303,'** CAU-10-H,"*
Al-Fum,"**'** and MIP-200."*° Figure 3a displays the crystal
structures of the candidate MOFs. This diverse set of MOFs
includes those with Zr(IV) cluster vs Al(III) chain-based
nodes and triangular, quadrangular, and hexagonal channel-
type pores. We picked these MOFs for (1) displaying water
stability, (2) being composed of nontoxic metals, and (3) their
experimentally measured water adsorption isotherms (a) being
available in the literature and (b) showing minimal
adsorption—desorption hysteresis.

Figure 3b displays experimentally measured, equilibrium
water adsorption isotherms (near room temperature, 20 to 30
°C) in each candidate MOF. We extracted this data from plots
in the literature using PlotDigitizer.” We took the
adsorption (as opposed to desorption) branch, though each
MOF exhibited negligible-to-small adsorption/desorption
hysteresis. Note, the water adsorption isotherms are step- or
sigmoid-shaped, with transitions ranging from ~15-35%
relative humidity. The water adsorption capacities of the
MOFs range from ~0.35—0.48 kg H,0/kg MOF. (Figures S1
and S2 compare the predicted water adsorption isotherms and
step locations of all MOFs at the same temperature, 25 °C.) In
summary, the water adsorption isotherms of these MOFs
endow them with promise for achieving high water deliveries
in an arid climate. More, the library of MOFs shows diversity
in the water adsorption step locations, offering candidates for a
range of different weather/climates.

3.1.1. Specialization in Climate/Weather Conditions.
The diversity in the water adsorption isotherms among the
candidate MOFs suggest specialization for particular capture
and release conditions. For example, the step-transitions in the
water adsorption isotherms of MIL-160 and MOF-303 occur at
a lower relative humidity; meanwhile, the step-transitions of
CAU-23 and Al-Fum occur at a higher relative humidity.
Consequently, (1) on a warm and/or dry night, MIL-160 and
MOEF-303 are more suitable than CAU-23 and Al-Fum because
they will capture much more water from the air; (2) on a cold
and/or humid day, CAU-23 and Al-Fum are more suitable
because they will still desorb their water obtained during the
night, while MIL-160 and MOF-303 will hold onto their
adsorbed water. This foreshadows that comprising a passive
AWH adsorbent bed with both e.g, MOF-303 and CAU-23
could be advantageous over a time frame with highly variable
humidity: on the dry nights, CAU-23 fails to capture water, but
MOF-303 still does; on the humid days, MOF-303 fails to
release its water, but CAU-23 delivers.
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For our first case study, suppose our passive AWH mission will
take place in the Chihuahuan Desert of the United States, over
the first 10 days of June, and our minimum daily demand for
water is 2 kg/day. (We study a design for only a ten-day period
(a) for parsimony, to lend an interpretable solution for gaining
insights, and (b) to reflect the typical [only]-ten day weather
forecast.)

3.2.1. Water Capture and Release Conditions. Figure 4
displays historical weather time series data in the Chihuahuan
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Figure 4. Predicted weather conditions and intrinsic water deliveries
by the MOFs in the Chihuahuan Desert over the first 10 days of June.
(a) Historical (2024; source:””'°’) weather time series data and daily
water capture and release conditions extracted from this data. (b) The
predicted intrinsic water delivery by each MOF on each day.

desert and the predicted water capture and water release
conditions on each day of the passive AWH mission. To
predict the capture and release conditions on each day, we rely
on historical (2024) weather data from a climate monitoring
station””'?’ in Socorro, New Mexico. (See Section SI1.1).
Instruments at this station measure the hourly averaged
temperature and relative humidity of the [bulk] air as well as
the temperature of the surface of the land [exposed to natural
sunlight]. We take the water capture conditions as the average
temperature and relative humidity of the bulk air during the
nighttime from 1 AM to 5 AM. For desorption conditions, we
assume exposing the MOF bed to natural sunlight brings the
MOF to the same temperature as the surface of the soil, which
is higher than the bulk air temperature owing to solar
irradiance. So, we take the release conditions as (i) for the
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Figure S. Illustrating two mechanisms by which a MOF can fail to deliver water and specialization of MOFs to weather conditions. We compare the
water deliveries of CAU-23 and MOF-303 on (a) day 1 and (b) day 10 of the AWH mission in the Chihuahuan Desert. Each panel shows the
predicted water adsorption isotherms in the MOF at the capture and release temperature. The water delivery by the MOF is the water uptake at the
nighttime, capture conditions minus the water uptake at the daytime, release conditions—both marked on the plot.

temperature, the average land surface temperature during the
daytime from 1 to S PM and (ii) for the relative humidity,
equivalent to the average water content of the daytime bulk air
from 1 to S PM (not the relative humidity of the bulk daytime
air, as the hotter air in the harvester exposed to sunlight can
hold more moisture; see Section S1.2).

3.2.2. Daily Intrinsic Water Deliveries of the MOFs.
Next, we predict the intrinsic water delivery [kg H,O/kg
MOF] by each candidate MOF on each day of the mission.
Each water delivery follows from the predicted water
adsorption at a capture condition minus the predicted water
retained at the following release condition (see eq 1). For our
implementation of a mathematical model for the equilibrium
water adsorption w"(T, ¢) in each MOF n € [N] as a
function of temperature T and relative humidity ¢, we
thermodynamically interpolate and -extrapolate the exper-
imentally measured, equilibrium water adsorption isotherms in
the MOFs (some shown in Figure 3b) using the Polanyi
adsorption theory.*® Particularly, we use a pseudo-Polanyi
adsorption model for each MOF, where we interpolate [with
respect to temperature] predictions of multiple Polanyi
adsorption models obtained from multiple (if available)
water adsorption isotherms. (See Sec. S1.3 for details; Figure
S3 for all water adsorption data and characteristic curves along
with predictions using Polanyi theory; Figure S4 as an
example; and Figure SS for alternative Dubinin-Astakhov and
dual site Langmuir Freundlich models.)

Figure 4b shows the predicted intrinsic water deliveries by
the MOFs on each day of the AWH mission. Owing to day-to-
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day variability in the capture and release conditions and
differing water adsorption isotherms among the MOF
structures: day-by-day, both the (1) intrinsic water delivery
by a given MOF and (2) ranking of MOFs according to
intrinsic water delivery, differ. KMF-1 exhibits the highest
water delivery on 8/10 days of the mission as well as the
highest average water delivery over the mission. But, KMF-1
shows a very poor water delivery on day 10 and only the third-
highest delivery on day 4. MOF-801 exhibits the highest worst-
case water delivery. Also quite satisfactory are MOF-303 and
MIL-160. MOEF-303 offers the 2nd-highest average water
delivery and the 2nd-3rd highest water delivery on days 1-9.
MIL-160 ofters the third-highest average water delivery and the
highest water delivery on day 4. Meanwhile, on day 10, Al-Fum
and CAU-23 offer the highest water delivery. However, on
days 1—4, 7, and 9, Al-Fum and CAU-23 exhibit very low water
deliveries. Clearly, optimization of the composition of the
MOF bed for this mission is an interesting, nontrivial, and
challenging problem.

3.2.3. lllustrating Water Delivery Failure Modes and
Specialization of MOFs to Particular Weather Con-
ditions. Visualizing the water deliveries of CAU-23 and MOF-
303 on day 1 and day 10 in Figure S illustrates two
mechanisms by which MOFs can fail to deliver water and
shows specialization of each MOF to particular weather
conditions. First, day 1, whose nighttime is relatively dry (19%
RH). Consequently, CAU-23, whose water adsorption step
occurs at a high relative humidity, fails to adsorb significant
water. Meanwhile, MOF-303, whose water adsorption step
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Figure 6. Optimal design of the composition of the mixed-MOF adsorbent bed for AWH in the Chihuahuan Desert over the first 10 days of June.
(a) Optimal composition of the MOF bed. (b) Daily water delivery by the optimal MOF bed, broken down by MOF.

occurs at a low relative humidity, successfully captures water at
night. Second, day 10, whose daytime is relatively humid (41%
ambient RH) and cold (35.4 °C soil surface temperature).
Now, the high-humidity water adsorption step of CAU-23 is
advantageous. CAU-23 still desorbs its water during the day,
while MOF-303 holds onto its water and thus fails to deliver
much water. (Both CAU-23 and MOF-303 adsorb significant
water the preceding night.) We make two conclusions. First,
two mechanisms by which a MOF can fail to deliver water are
(1) failing to adsorb water at night (like CAU-23 on day 1)
and (2) failing to release its adsorbed water during the day
(like MOF-303 on day 10). Second, loosely, MOF-303
specializes in capturing water on dry nights (like day 1),
while CAU-23 specializes in delivering water on humid days
(like day 10). (Note, day 4 shows an especially dry and warm
night. Then, MOEF-303 still performs well, but MIL-160
captures the most water at night. (See Figure S7.)

3.2.4. Optimal Composition of the Adsorbent Bed.
Finally, we use the predicted intrinsic daily water delivery by
the MOFs in Figure 4b to build the linear program in eq 4 that
expresses our design principle for the composition of the MOF
bed for the AWH mission. Specifically, we adjust the mass of
each MOF making up the adsorbent bed to minimize the total
mass of the bed under the constraints that at least 2 kg water is
delivered on each day. Numerically solving the linear program
gives the optimal composition of the MOF bed as the ternary
mixture in Figure 6a: 52% MOEF-303, 40% CAU-23, and 8%
MIL-160 by weight, with a total mass of 12.12 kg for delivering
at least 2 kg H,O daily. As a baseline, restricting the bed to be
composed of a single MOF leads to picking MOF-801 with the
highest worst-case water delivery, requiring 20.3 kg of MOF-
801 for delivering at least 2 kg H,O daily.

Remarkably: First, the optimal mixed-MOF adsorbent bed is
significantly (~40%) lighter than the counterpart optimal
single-MOF adsorbent bed, composed of MOF-801—which is
not involved in the optimal mixture! (See Figure S6). Thus,
entertaining the idea of adopting mixtures of MOFs for passive
AWH,, instead of restricting ourselves to a single MOF, can be
fruitful. Second, the optimal adsorbent bed does not contain
KMF-1, despite that KMF-1 exhibits (a) the highest average
intrinsic water delivery and (b) the highest intrinsic water
delivery on 8/10 days of the mission (see Figure 4b). This
decision owes to KMF-1’s poor water delivery on the fourth
and 10th day. Thus, the MOF with the best average water
delivery is not necessarily a good choice for comprising the
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adsorbent bed, as its variance [below the mean] in water
delivery could be a detriment to robustness. Our linear
program specifies a minimal-mass adsorbent bed composition
that consistently meets the 2 kg H,O daily water demand, rather
than maximizing the total water delivered over the mission and
accepting days where inadequate water is delivered (which
would instead favor a pure KMF-1 bed).

3.2.5. Daily Water Delivery by the Mixed-MOF
Adsorbent Bed. Figure 6b displays the [extrinsic] daily
water delivery by the optimized mixed-MOF adsorbent bed,
broken down by MOF. We make two remarks. First, the MOF-
303 component of the bed provides the majority of the water
on the first 9 days of the mission, whereas the CAU-23
component provides the majority (86%) of the water on day
10. Figure Sb explains why MOEF-303 fails on the exceptionally
humid day 10 while CAU-23 delivers: MOF-303 fails to desorb
its water during the day. Second, the minimum daily drinking
water demand is exactly met on days four, nine, and ten of the
mission (i.e., the constraint is active). On the other days, more
water is delivered than demanded (i.e., the constraint is
inactive, and we have slack water). Solely the days
corresponding with an active constraint present water capture
and/or release conditions that restrict the adsorbent bed from
being any lighter.

3.2.6. Robustness. By construction, our optimization
problem in eq 4 specifies a design of the composition of the
adsorbent bed that endows it with a water delivery robust to
day-to-day variability in weather; i.e., we design the adsorbent
bed to meet daily water demands in spite of fluctuations in
humidity, temperature, and solar flux. The optimal solution is
to compose the adsorbent bed with a ternary mixture of
MOFs, namely 52% MOEF-303, 40% CAU-23, and 8% MIL-
160. First, carrying both CAU-23 and MOF-303/MIL-160
allowed for specialization of MOFs to delivering water on
humid days and dry nights, respectively. When CAU-23 fails,
MOEF-303 delivers; and vice versa. Second, KMF-1 was
excluded from the optimal bed despite exhibiting (1) the
highest intrinsic water delivery among the MOFs for 8/10 days
and (2) the highest average intrinsic water delivery over the
time frame. A KMF-1-only bed of the same mass as our
optimal mixed-MOF bed would have delivered more water
summed over the time frame. But, on the 10th day, KMF-1
would have failed to deliver adequate water, due to
exceptionally high humidity during the daytime. More, KMF-
1 performs quite poorly on day 4 (see Figure S8); i.e., the daily
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Figure 7. Optimal design of the composition of a mixed-MOF adsorbent bed for passive AWH in the Sonoran Desert (a) in early June and (b) in

middle August.

water delivery of a KMF-1 bed is not robust to variance in
weather conditions, unlike our design in Figure 6a. Third, we
rationalize the inclusion of MIL-160 because it exhibits the
highest intrinsic water delivery on day 4, where the constraint
is active.

Next, we optimize the composition of a mixed-MOF adsorbent
bed for passive AWH in a different region—the Sonoran
Desert. Again, we impose a minimum daily water delivery of 2
kg. To obtain daily water capture and release conditions, we
use historical (2024) time series data of the air temperature
and humidity and land surface temperature in Tucson, Arizona,
a city located within the Sonoran Desert.

3.3.1. AWH in the Sonoran Desert in Early-June.
Figure 7a shows the optimal composition of the adsorbent bed
for the first 10 days of June in the Sonoran Desert. Despite
being for the same time frame as our design for the
Chihuahuan Desert in Figure 6a, the design for the Sonoran
Desert differs in two ways. First, the required mass of the
adsorbent bed for the Sonoran Desert is approximately half
that required for the Chihuahuan Desert. Second, the optimal
makeup of the adsorbent bed differs—being solely MIL-160
for the Sonoran Desert. A mixture is not optimal. Explaining
these results, (1) the capture and release conditions
consistently fall above and below, respectively, the location
of the step in water adsorption exhibited by MIL-160 and,
consequently, (2) MIL-160 consistently exhibits the first-3rd
highest intrinsic water delivery on each day of the time frame;
the highest worst-case intrinsic water delivery; and the highest
water delivery on the particularly challenging day 2 with the
only active water delivery constraint (see Figure S9). This
contrasts with the case study in the Chihuahuan Desert, where
the particularly challenging day 10 presents a high daytime
humidity above the water adsorption step for the MOFs that
deliver plenty of water on days 1—9, necessitating a heavier
adsorbent bed to meet demand on day 10 (absent day 10, the
June 1-9 Chihuahuan Desert mission would require only 7.7
kg MOF).

3.3.2. AWH in the Sonoran Desert in Mid-August.
Next, we find the optimal composition of the adsorbent bed for
passive AWH in the Sonoran Desert in a different time
frame—the middle of August. Interestingly, the optimal
composition over this time frame, shown in Figure 7b, differs
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dramatically from the optimal composition in June, despite
being for the same region. For mid-August, the optimal
adsorbent bed is a binary mixture of 56% CAU-23 and 44% Al-
Fum. The optimal bed for mid-August is c.a. 10% lighter than
for early-June. Both Al-Fum and CAU-23 consistently provide
a similarly high intrinsic water delivery on each day and retain
performance on the particularly challenging day 8 (see Figure
$10). As another interesting finding, the adoption of a binary
mixture of MOFs does not confer a significant advantage for
achieving a lighter adsorbent bed: the optimal mixed-MOF
adsorbent bed is only 0.2% lighter than the optimal single-
MOF (CAU-23) bed. This owes to the high similarity of the
water adsorption isotherms of CAU-23 and Al-Fum.

Comparing the optimal designs in Figures 6a (Chihuahuan
Desert; early June), 7a (Sonoran Desert; early June), and 7b
(Sonoran Desert; middle August) leads us to several
conclusions.

3.4.1. Importance of a Bespoke Design. The difference
in optimal design of the composition of the adsorbent bed: (1)
for the Chihuahuan Desert vs Sonoran Desert, both in early-
June, highlights the importance of tailoring the composition of
an adsorbent bed for passive AWH to the geographic region;
(2) in early-June vs mid-August, both for the Sonoran Desert,
highlight the importance of tailoring the composition of an
adsorbent bed for passive AWH to the time frame. In
conclusion, we highlight the importance of a bespoke design of
an adsorbent bed for passive AWH, where its composition is
tailored to both the geographic region and the time frame (i.e.,
season) in that region. In other words, a “universal” [among
regions and times] formulation for the composition of an
adsorbent bed for passive AWH is likely to be suboptimal with
respect to specific regions and time frames.

3.4.2. Benefits (or Lack Thereof) of Mixtures. First,
comprising the adsorbent bed for passive AWH with a mixture
of MOFs does not always confer a lighter adsorbent bed than
restricting ourselves to single-MOF adsorbent beds. For early
June in the Sonoran Desert, we found a single-MOF bed is
optimal—not a mixture. Second, when a mixture is optimal, we
may obtain anywhere from very significant (e.g., 40% in early
June in the Chihuahuan Desert) to only marginal (e.g., only
0.2% in mid-August in the Sonoran Desert) reductions in the
mass of a single-MOF bed counterpart.
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To gain insights, we visualize in Figure 8 the geometry of a
reduced linear program for the optimal composition of an
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Figure 8. Visualizing a reduced linear program for optimizing the
composition of a MOF bed for a passive AWH device under daily
drinking water constraints.

adsorbent bed for passive AWH in the Chihuahuan Desert (a)
over only 3 days (June 8—10) and (b) with only two MOF
candidates, MOF-303 and CAU-23. Particularly, restricting to
only two MOFs allows for visualization of the design space in
the two-dimensional plane. Each solid, black line is a constraint
line—one for each day—containing all compositions that
deliver exactly q; = 2 kg of water on that day. The feasible
region of the design space, where the water delivery constraint
is satisfied on each day, is shaded green. The feasible region is a
convex polyhedron. Now, each line with slope negative one is a
level set of the objective function, containing all compositions
with a fixed mass. The optimal design, giving minimal mass, is
marked with a star. Visually, we see the level set associated
with the optimal design (a) cannot move further toward the
origin without violating a constraint and (b) intersects a vertex
of the feasible polyhedron corresponding with a mixed-MOF
(as opposed to a single-MOF) design. Two of the constraints
are active; one is inactive. For comparison, the two optimal
(lightest) single-MOF beds that satisfy the constraints, marked
with circles, are heavier than the optimal mixed-MOF bed.

With four or more candidate MOFs, we cannot visualize the
high-dimensional design space, but a picture analogous to
Figure 8 holds: (1) physically meaningful solutions lie in an
orthant of the design space; (2) a minimum water delivery
constraint on a given day enforces the solution to belong to a
half-space (all points on or above a hyperplane); (3) the
feasible region is a convex polyhedron formed by the
intersection of these half-spaces; (4) at the optimal feasible
design, the level set of the objective function, a hyperplane, will
intersect a vertex (or, rarely, lie on a face) of this polyhedron.
Intuitively, the simplex algorithm for numerically solving a
linear program, essentially, walks along edges of the feasible
polyhedron, from one vertex to a neighboring vertex with a
betterlcz)g)];igtive value, until no neighbor gives a better objective
value. ™

The linear program in eq 4, specifying the optimal design of
the adsorbent bed for a passive AWH mission, is based on
uncertain data. First, the predicted intrinsic daily water
deliveries by the candidate MOFs in W inherit uncertainty
from both (a) the predicted capture and release conditions and
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(b) the predicted water adsorption in the MOFs at those
conditions. Second, we may be unsure of the daily minimum
water demands in q. Third, the fraction of the water desorbed
from the bed that we can condense and recover £ is uncertain.

A sensitivity analysis of the linear program'*' investigates
how the optimal design of the composition of the adsorbent
bed responds to small changes in the predicted capture and
release conditions, the water adsorption isotherms in the
MOFs, the thermodynamic models, and/or the daily minimum
water demands. Ideally, the design is quite insensitive to such
changes. A brittle design that is highly unstable/sensitive to
such changes may call for (1) the highest-fidelity (a) weather
forecasting and (b) water adsorption data and modeling and/
or (2) robust'** or stochastic'** optimization frameworks that
explicitly treat uncertainty in the data. Sensitivities of the
design to the water demands q indicate which days, if possible,
we should supplement with another source of water to reduce
water demand and allow for a lighter adsorbent bed.

To illustrate, we analyze the sensitivity of the optimal design
of the adsorbent bed to perturbations in (i) the capture and
release conditions; (ii) the water adsorption in the MOFs at
the predicted capture and release conditions; and (iii) the daily
water demand, both in the Chihuahuan Desert from June 1—
10.

3.6.1. Sensitivity to Capture and Release Conditions.
To simulate scenarios with perturbed capture and release
conditions, we add [ii.d.] Gaussian errors to both the capture
and release temperature and relative humidity (¢ = 2 °C, 64 =
2%) on each day of the AWH mission. (In practice, the
uncertainty in weather may grow with time.) We sample 100
such scenarios. For each scenario, we (i) predict the daily
water delivery by the optimal design in Figure 6a and (ii)
redesign the adsorbent bed for the perturbed capture and
release conditions. Figure S10 analyzes the predicted water
shortfalls of the current optimal design, if deployed under the
perturbed capture and release conditions. The bed would not
meet the water demand on one-to-three (usually two) days of
the mission. The mean [over scenarios] worst-case [over days
of the mission] water shortfall is 8%—not too severe.
Regarding the ensemble of new designs tailored to these
scenarios, Figure S11 shows the distribution of the total mass
of the bed and the frequency that the different MOFs are
involved, and Figure S12 displays a sample of 12 of the designs.
The standard deviation of the mass of adsorbent needed over
the scenarios is less than 5% of the mass of our current optimal
design. Interestingly, most of the optimal designs in these
perturbed scenarios contain a mixture of CAU-23 (also
appearing in the design in Figure 6a) and KMF-1 (replacing
MOF-303 in the design in Figure 6a).

3.6.2. Sensitivity to Water Adsorption in the MOFs.
We redesign the bed for eight scenarios where the predicted
water delivery of one of the: (1) three MOFs composing the
optimal adsorbent bed (MOF-303, CAU-23, MIL-160) is
reduced by x% on each day and (2) five MOFs not contained
in the optimal bed is increased by x%. The set of MOFs
comprising the optimal bed is stable up to x = 3.3% changes in
predicted water delivery. Increasing water delivery of Al-Fum
or decreasing water delivery of CAU-23 by 5% leads to
swapping CAU-23 for Al-Fum, with a < 2% change in the mass
of the adsorbent bed. (Notably, the water adsorption steps for
CAU-23 and Al-Fum occur at a similar relative humidity,
giving a degree of exchangeability.) With a 7% reduction in
MOF-303’s water delivery, we swap MOF-303 for KMF-1, for
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a 3.5% increase in the mass of the adsorbent bed. (Notably, the
water adsorption steps for MOF-303 and KMF-1 occur at a
similar relative humidity, giving a degree of exchangeability.)

3.6.3. Sensitivity to Daily Water Demand. Finally, we
display the rate of change of the optimal mass of the bed with
respect to small changes in the minimal daily water delivery on
each day (i.e., shadow prices'*") in Figure S13. The minimal
mass of the adsorbent bed decreases when water demand is
decreased (by a small amount) only on the 3 days when the
water delivered exactly matches the minimal demand (ie.,
when the constraint is active and there is no slack) and is most
sensitive to changes in demand on the fourth and 10th day of
the mission (c.a. three kg extra MOF required per kg extra
H,O demanded). Note, (1) we do not know on which days we
exactly meet the minimal water demand until we solve the
optimization problem and (2) shadow prices are invalid for
sufficiently large changes in minimal water demand that alter
which constraints are active.

We outlined and demonstrated a method to optimize the
composition of a bespoke mixed-MOF adsorbent bed for
robust passive AWH. Bespoke means the composition and
total mass of the adsorbent bed is tailored to the weather/
climate in a particular region and time frame. Robust means,
despite variability in the weather (i.e., the capture and release
conditions), the water delivery by the adsorbent bed meets or
exceeds a daily water demand on every day of the time frame.
Given a set of candidate MOFs, we framed a linear program
that decides the mass of each MOF to constitute the adsorbent
bed to minimize its total mass under hard constraints on the
[predicted] water delivery on each day. Both [forecasted or
historical] weather data in the region and water adsorption
data in the candidate MOFs inform the linear program. We
conclude that (1) optimized mixed-MOF adsorbent beds can
be, but are not always, significantly lighter than optimized
single-MOF adsorbent beds; (2) imposing 2 minimum water
delivery on each day as a constraint enables the adsorbent bed
to robustly [ie, every day] meet water demands despite
variability in weather; (3) both the composition and total mass
of the optimal adsorbent bed differ by region, time frame, and
daily water demands. Broadly, our work (1) is a starting point
for the optimal design of bespoke mixed-MOF adsorbent beds
for robust passive AWH and (2) puts forward the idea to adopt
mixtures of MOFs for water harvesting, where each MOF
specializes in delivering water under different categories of
capture and release conditions. The future work we propose
below can improve the fidelity of the design of adsorbent bed.
Meanwhile, our sensitivity analysis showed how the optimal
design responds to perturbations in the predicted capture and
release conditions, the water adsorption data in the MOFs, and
the daily minimum water demands.

Though we focused on adsorbent beds composed of MOFs,
our design workflow and conclusions also pertain to other
categories of porous materials for passive AWH, such as
COFs.*?%14%1%5 A reticular nanoporous materials, COFs are
also quite tunable in pore size, shape, and surface chemistry.
Advantageously for AWH, COFs tend to be more stable than
MOFs and lack metals that can leach into the water.”’
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5.1.1. Realization. An adsorbent bed composed of
multiple MOF structures could be realized in three ways.
First, the powders of the distinct MOF structures, synthesized
independently, could be physically mixed together. Second,
mixed-MOF phases®® could be synthesized in one batch,
although normally this would result in limited control of the
final phases and composition of the mixture. Third, each
distinct MOF powder could be held in separate compartments
of the AWH device. This method, a portfolio of MOFs, requires
a more complicated AWH device but offers advantages of
allowing facile (1) adjustment of the amount of each MOF
comprising the bed and (2) nonsynchronous, targeted
replacement of MOF constituents, as the least (most) stable
MOF will need to be replaced most (least) frequently.

5.1.2. Mechanism to Fine-Tune Water Adsorption.
Allowing the adsorbent bed to be composed of a mixture or
portfolio of MOFs, as opposed to restricting ourselves to a
single-MOF bed, simply grants us greater flexibility for
adjusting the water adsorption of the bed as a function of
temperature and relative humidity for optimal, robust passive
AWH. Perhaps, multivariate MOFs and/or MOFs with
multiple types of Z})ores146 for AWH could similarly grant
such flexibility."*”'**

Our model of the adsorbent bed for passive AWH makes
several approximations. First, we neglect water adsorption—
desorption hysteresis that some MOFs exhibit. Second, by
assuming thermodynamic equilibrium, we neglect water and
heat transfer limitations in the MOF during both the capture
and release process.*”"*" Third, we neglect possible losses of
water adsorption capacity in the MOFs over multiple capture-
and-release cycles due to instability of the MOF struc-
ture.*’%”3 Fourth, we neglect competitive (with water)
adsorption of other gaseous components of the air, such as
carbon dioxide. Interestingly, the concurrent capture of water
and carbon dioxide from air has been proposed.lSl’152 Fifth, on
top of all of these approximations, we assume Polanyi
adsorption theory can extrapolate an experimentally measured
water adsorption isotherm in a MOF to other temperatures.
Ideally, we would possess experimentally measured water
adsorption data in the candidate MOFs that densely covers the
pertinent temperature—humidity space. Sixth, we assume all of
the water desorbed from the MOF can be condensed and
collected (£ = 1). Seventh, we [inevitably] rely on weather
predictions (whether based on historical data or a numerical
weather forecasting model*?) in the region and time frame—
which are subject to uncertainty. Eighth, we use the land
surface temperature as a proxy for the MOF temperature under
exposure to natural sunlight.

5.2.1. Comparison with a Field Study. A field- and
laboratory-study’> of passive AWH with MOF-801G found
40%—80% water delivery inefficiencies largely due to (1) heat
and water transfer limitations in the MOF bed, which reduce
both capture and release of water, and (2) incomplete
condensation and collection of the water desorbed from the
MOF. In Section S6 and Figure S14, we roughly compare the
mass of MOF-801-G needed to deliver the S5 g of water
collected in a passive AWH field study in Arizona during Oct.
2017 with our idealized calculation of the mass of MOF-801-G
needed. We find 2.1 times the predicted weight of MOF-801-G
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was needed in the field study. Perhaps, this suggests to set £ in
eq 4 to be around 1/2.

5.3.1. On Predicting the Water Delivery by the MOFs.
Future work could improve the fidelity of the predicted water
deliveries by the MOFs by accounting for the neglected
physical phenomena of (a) heat and water transfer limitations;
(b) coadsorption of species other than water; and/or (c)
degradation of water adsorption in the MOF over time. This
requires spatiotemporal models of the temperature of and
density of adsorbed water in the adsorbent bed and MOF
granules,”” complex thermodynamic models of multicompo-
nent gas adsorption in the MOFs, and temporal models of the
decay of water adsorption in the MOFs over multiple
adsorption—desorption cycles. These significant modeling
undertakings would require (1) additional experimental data
characterizing other properties of the MOFs (e.g., diffusion
coefficient of water, water transfer coefficient, thermal
conductivity, specific heat capacity, heat of adsorption of
water, carbon dioxide adsorption) and (2) specifying or jointly
optimizing the geometry of the adsorbent bed as well. The
payoft in fidelity is likely MOF- and device-dependent.

Regarding capture and release conditions: For the capture
conditions, we could account for passive radiative cooling of
the device to the night sky to increase water adsorption.””*>">*
For the release conditions, we might better-estimate the
temperature of the MOF under sun exposure with knowledge
of the solar flux and the MOFs’ solar reflectances and infrared
emissivities.'”" More, higher temperatures could be reached to
desorb more water via employing a solar concentrator'”” or
MOFs with high photothermal conversion.”* Also, we might
consider variation in the temperature and relative humidity
over the few-hour capture and release process. Finally, an
intriguing possibility to enhance water delivery may be via
MOFs with moieties that undergo structural transformations
upon exposure to sunlight to further drive out water and,
perhaps, still release the water on a cold and humid day.">*'*”

5.3.2. On the Optimization Problem. Our optimization
problem specifying the optimal composition of the adsorbent
bed could be modified to handle different situations or
encapsulate different design principles. First, we can allow
water delivered in excess of demand (slack) on a given day to
be saved and used later to satisfy the demand on future days.
Second, we can estimate the economic cost ¢, [$/kg MOF] of
each MOF, then minimize the cost of the adsorbent bed,
> c,m, instead of its mass. Accounting for economies of
scale for MOF production may render this a nonlinear
program. Third, we could maximize the minimum daily water
delivery over the time frame under a bed size constraint.
Fourth, we could constrain or penalize the complexity of the
bed design, measured by the number of distinct MOFs
composing the adsorbent bed. Sixth, we could introduce
constraints on the amount of a certain MOF comprising the
adsorbent bed due to supply or production constraints.
Seventh, we can allow for soft constraints and penalize
constraint violations with slack variables in the objective
function. Eighth, we can model uncertainty in the capture and
release conditions with a probability distribution, then design
the composition of the MOF bed by optimizing a risk
metric'** regarding its water delivery—formulating a stochastic
program.'®’ Alternatively, a robust optimization formulation
would aim to satisfy the minimum daily water delivery
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demands under an uncertainty set of predicted intrinsic
water deliveries by the MOFs.'*»'>” Finally, we could instead
minimize or place a constraint on the volume of the adsorbent
bed. Then, we would also need to know the density of the
MOF powder, if/how the powder is formed into e.g,, pellets,'*’
and how the powders or pellets of different MOFs pack
together when mixed.

5.3.3. Coupling with Ongoing Research Efforts. Our
work may be coupled with ongoing research directions for the
design of new MOF structures with targeted water adsorption
properties for AWH.'! First, molecular simulations and
machine learning models can rapidly predict water adsorption
in thousands of hypothetical MOF crystal structure mod-
els.”"""?7"** Our framework in Figure 2 can be applied with
simulated water adsorption data to screen a large database of
hypothetical MOFs for promising candidates for passive AWH
in a particular region. Second, our work links (a) water
adsorption in an adsorbent bed as a function of temperature
and humidity and (b) weather in a particular region and time
frame, with passive AWH performance in that region and time
frame—Dbypassing the precise structure of the MOF. Two
other research efforts can inform the design of new MOF
structures that afford the optimal water adsorption properties:
(1) elucidating water adsorption mechanisms via both
spectroscopy and molecular models'“*~'®” and (2) recognizing
relationships between the structure and chemistry of MOFs
and their water adsorption properties.”’~"> Third, predicting
water stability of MOFs via machine learning or mechanistic
insights'®*~""% can provide more viable MOF candidates for
AWH. Finally, broadly, our work may lead others to spot linear
programs that naturally arise in the applied chemical
sciences''—e.g., problems of blending products of crude oil
refining' "> or allocating different categories of scrap steel to
recycling processes that produce new categories of steel.'”

5.3.4. Pursuit of MOF Mixtures for Other Gas
Adsorption Tasks. Beyond AWH, many adsorption-based
processes must cope with variance in the conditions (temper-
ature, pressure, and composition) of the input gas over time
and/or space. For example, the concentration of CO, in the air
close to the ground varies significantly over the day owing to
plants consuming CO, during during photosynthesis (at
daytime) and releasing CO, during respiration (at night-
time)."”* And, the average humidity and temperature varies
from region-to-region. Consequently, similarly, the design of
an adsorbent bed and its operating conditions for direct-air
CO, capture should be bespoke to a region and give robust
performance against variance in the CO, concentration,'”*~'7¢

The raw data and Python code to reproduce all results and
plots in this project are available at github.com/
SimonEnsemble/water_harvesting.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsengineeringau.5c00051.

(1) Detailed methods about the weather data,
calculating the water release conditions, and applying
Polanyi adsorption theory to model water adsorption in
the MOFs; (2) exploration of alternative water
adsorption models; (3) supplemental data visualizations
pertaining to the AWH case study in the Chihuahuan
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