
ll
Article
High-FrequencyWater Vapor Sorption Cycling
Using Fluidization of Metal-Organic
Frameworks
Alexandros Terzis, Ashwin

Ramachandran, Kecheng Wang,

Mehdi Asheghi, Kenneth E.

Goodson, Juan G. Santiago

juan.santiago@stanford.edu

HIGHLIGHTS

High-frequency water vapor

sorption cycling using fluidized

metal-organic frameworks

Fluidization results in small

distances over which mass and

heat need to diffuse

Continuously cycled operation in

excess of 75% of MOF-801 uptake

capacity

Moisture harvesting rates on the

order of 10 L/day/kg of MOF-801
Terzis et al. report high-frequency water vapor sorption cycling using fluidization of

metal-organic frameworks (MOFs). This arrangement enables the completion of

water vapor adsorption and desorption phases within minutes, dramatically

increasing cycle frequency, and thus, water vapor harvesting rates per day

normalized by the MOF mass.
Terzis et al., Cell Reports Physical Science 1,

100057

May 20, 2020 ª 2020 The Author(s).

https://doi.org/10.1016/j.xcrp.2020.100057

mailto:juan.santiago@stanford.edu
https://doi.org/10.1016/j.xcrp.2020.100057
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrp.2020.100057&domain=pdf


ll
OPEN ACCESS
Article
High-Frequency Water Vapor
Sorption Cycling Using Fluidization
of Metal-Organic Frameworks

Alexandros Terzis,1 Ashwin Ramachandran,1 KechengWang,2 Mehdi Asheghi,1 Kenneth E. Goodson,1

and Juan G. Santiago1,3,*
1Department of Mechanical Engineering,
Stanford University, Stanford, CA 94305, USA

2Department of Materials Science and
Engineering, Stanford University, Stanford, CA
94305, USA

3Lead Contact

*Correspondence: juan.santiago@stanford.edu

https://doi.org/10.1016/j.xcrp.2020.100057
SUMMARY

The productivity of continuously cycled atmospheric water harvest-
ing methods using metal-organic frameworks (MOFs) has been
limited by a lack of scalable designs and robust MOF form factors
compatible with rapid heat and mass transport. Explored here is
the fluidization of MOF-801 powder in its native particulate form
as a water vapor sorption unit. Fluidization results in a very high sor-
bent-air interface area and small distances over whichmass diffusion
must occur. This arrangement enables adsorption and desorption
cycling with periods of 26 and 36 min at, respectively, 18% and
39% relative humidity (RH) with �80% of MOF-801 uptake capacity.
This results in dynamic steady-state operation water vapor harvest-
ing rates of 0.33 L/h/kgMOF at 18% RH (40 cycles per day at 22�C)
and0.52 L/h/kgMOF at 39%RH (55 cycles per day at 23.5�C). Themea-
surements may have direct application to water harvesting systems.

INTRODUCTION

Atmospheric water harvesting (AWH) is an important alternative water resource due

to the abundance of water vapor in the atmosphere, which constitutes a resource

equivalent to �15% of global freshwater in rivers and lakes.1 Among different

AWH methods, sorption-based techniques are well known2 and recently gathered

scientific attention with the development of metal-organic frameworks (MOFs).

MOFs are a new class of well-defined crystalline materials that consist of metal

ions or clusters bonded to organic ligands to form multi-dimensional coordinated

structures on the molecular scale.3,4 Depending upon the MOF material nature,

the voids of these porous networks can be chemically tuned to act as depositories

wherein large amounts of specific gas species (e.g., water for AWH) can be

adsorbed, stored, and released for further use.

The design point of an atmospheric water harvester depends on the sorbent’s

adsorption isotherm, and for MOFs, a proper selection from a huge database5–8

will yield the water harvesting potential based on ambient temperature and relative

humidity (RH). A recent proof-of-concept device demonstrated the possibility of har-

vesting moisture and producing liquid water at 20% RH with a zirconium-based

MOF, MOF-801.9 MOF-801, shaped in a thin packed bed geometry, was exposed

to ambient temperature to adsorb moisture during the nighttime and then solar

heated during the daytime to release the captured water within a fixed-volume

box. The increased water vapor capacity in the device drove dew condensation

and droplet formation. Similar devices10,11 were tested in the Arizona desert

(USA), and showed water production of 0.25 and 0.1 L/kgMOF/day with the
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assistance of an external condenser10 or by using only natural cooling.11 At the same

time, a significant effort was made to develop materials with exceptional water up-

take capacities.12,13

The current high cost of MOF-type adsorbents, however, strongly implies that water

capture methods should be designed to maximize the system water productivity

normalized by the MOF mass. Here, we advocate that this necessarily implies a

multi-cycle operation of MOF adsorbent per day. As previously reported,9 contin-

uous cyclic operation of a 1-mm-thick MOF-801 with a packing porosity of 0.7 could

typically allow 8 cycles per day, which can yield 0.9 L/m2 or 2.8 L/kgMOF/day at 20%

RH. Higher-frequency operations can be achieved only with more rapid sorption dy-

namics. One important advancement in the area is the development of an aluminum-

based MOF, MOF-303, which has been shown in small-scale laboratory experiments

to perform adsorption and desorption phases within minutes.11,14 In the latter work,

continuous cyclic operation of several MOF-303 layers of 3-mm thickness and 0.7

packing porosity provided an average of 8.3 (unsaturated) cycles per day over a

72-h period.14 The device was powered by electrical heater strips, and additional

fans were used to drive an airstream through the adsorbent cell and then to an

external condenser, generating 1.3 L/kgMOF/day at laboratory conditions (32%

RH, 27�C) and 0.7 L/kgMOF/day in the Mojave Desert (10% RH, 27�C). We attribute

the current limitations on operation frequency to the very large diffusion time scales

of the packed bed sorbent geometries, which result in multi-hour adsorption and

desorption times,9 and often partially saturated adsorbents, even if the packed

bed of MOFs is adjacent to a forced convective flow.14

Much of the work around implementation and scaling up of MOF material applica-

tions has been on the formation of porous solid form factors, which are then inte-

grated into mass exchange units. These porous solid form factors are typically

achieved with the use of additional materials that act as binders or by packing or me-

chanically confining the powder using supporting mesh structures.15–20 These form

factors may be convenient for assembly and analysis, but they drastically reduce the

adsorption rate and can lower the capacity of the porous solid structures—both of

which negatively affect mass and heat transport. Furthermore, the sorption dy-

namics of MOFs is very sensitive to pressure-shaping processes.21 The transfer of

species into and out of the adsorbents in such porous solids is hindered by slow

transport through the interstitial spaces between grains or the diffusion into and

out of larger grains and/or grain agglomerates. In many cases, there is no appre-

ciable advection of mixture through interstitial spaces, and the transport can be

additionally limited by molecular diffusion.9

To date, the specific productivity of sorption-based atmospheric water harvesters

operated by MOFs has been limited to on the order of 0.1–1.3 L/kgMOF/

day.9–11,14 We attribute this severe limitation to the single daily cycle operation

and/or the low characteristic operating frequencies that have been used given the

current MOF form factors. Here, we propose a fluidized bed as a form factor, which

is a scalable technology22 that is widely used in industrial applications, such as the

petrochemical industry,23 and for biomass gasification.24 Fluidization has been

proposed as a method to activate and shape MOF materials for CO2 capturing

applications.25,26 However, fluidized MOF systems have not been used for adsorp-

tion-desorption cycling, and we are aware of no work reporting experimental mea-

surements of sorption dynamics of any kind in a MOF fluidized bed. Water vapor

adsorption and desorption has also been shown in fluidized beds of silica gel mate-

rials with applications to air-conditioning systems.27,28 The latter studies, however,
2 Cell Reports Physical Science 1, 100057, May 20, 2020



ll
OPEN ACCESSArticle
have not demonstrated the cycling of sorption and have not demonstrated dynamic

steady-state operation of the sorption process. With the fluidization of MOFs, we

dramatically increase the productivity of the sorption component of a water vapor

capture system by achieving exceptionally high rates of mass transfer and opera-

tional frequencies. As we discuss in the Results, this is achieved by increasing the sur-

face area of adsorbent exposed to an airstream while simultaneously decreasing

characteristic length scales over which diffusion must act for mass exchange. In

particular, we experimentally demonstrate a fast response operation of fluidized

MOF-801 at >75% of its uptake capacity, capable of yielding water vapor harvesting

rates an order of magnitude higher than any existing technology. This is possible by

the achievement of 40 and 55 adsorption-desorption cycles per day at only 18% and

39% RH, respectively.
RESULTS

Fluidized MOF Powder Enables High-Frequency Adsorption-Desorption

Cycling

A fluidized bed is a system in which a continuous fluid phase (typically gas) is flowed

through a vertical vessel containing solid particulates.29 The interaction of the

continuous fluid phase with the particulates causes the particulates to trade

momentum with the continuous fluid phase, causing the system to move and mix.

The entire fluid-solid mixture is ‘‘fluidized’’ when the drag and buoyancy forces

balance gravity and the total system adopts some properties of a fluid (e.g., contin-

uously deforming under shear stress). A schematic representation of a fluidized

adsorbent cell for AWH applications is shown in Figure 1. At the inlet of the fluidized

bed, the airstream temperature is periodically varied between cold (ambient) and

hot conditions to drive, respectively, moisture adsorption and desorption into and

out of the adsorbent. Subsequently, continuous cycled water vapor harvesting can

be obtained at the exit of the fluidized bed during the regeneration process of the

sorbent. The requirement for heating is compatible with low-grade waste heat,

and the system has potential for 24-h operation.

In their native powder form, fine adsorbent powders such as MOFs are characterized

as ‘‘cohesive particles,’’ based on the Geldart fluidization diagram.29 Due to their

small single crystal length scales, typically varied from a fraction to a few microns,

interparticle forces caused by van der Waals forces and electrostatic attractions

collect individual particles together to form agglomerates.30–32 Therefore, we

observe that MOF powders are not fluidized as individual particles but largely as

porous agglomerates with various size distributions (see Figure 3). The fluidization

can be homogenized along the height of the bed chamber using a slightly divergent,

diffuser-style vessel geometry,33 wherein larger (heavier) agglomerates are fluidized

closer to the bottom of the bed. Other methods that have been used to assist in the

fluidization of cohesive particles include sound excitation, vibration, stirrers, flow

pulsation, and mixed particles.30,34–36

We observe that agglomerating fluidization results in approximately spherical ag-

glomerates with diameters varying from microscopic to millimeter scale, consistent

with the observations of a wide range of other powders.31,32,37 Consequently, we hy-

pothesize that during fluidization, a portion of airstream flows through the porous

agglomerates, as in the classic case of a porous sphere in a flow.38 For a given

flow rate, the water vapor transported in and out of any form of porous adsorbent

agglomerates, a, can be described by a convection-diffusion equation of the

following form9,10,39,40:
Cell Reports Physical Science 1, 100057, May 20, 2020 3



Figure 1. Schematic of a Fluidized Bed Design for the Sorption Component of an Atmospheric

Water Harvesting System

The solid particulates consist of adsorbents in fine powder or their granular agglomerates (in this

work, metal-organic frameworks, MOFs). The largest particles are spherical porous agglomerates of

a few hundred microns in diameter. The very high surface-to-volume ratio enables rapid diffusion

dynamics, and hence, high-frequency operation of the adsorbent cell. For a given flow rate, a

periodically varied temperature of the input flow drives moisture adsorption and desorption to and

from the adsorbent. Continuously cycled water vapor harvesting can be thus achieved at the exit of

the fluidized bed, increasing dramatically the amount of water vapor collected per mass of

adsorbent per day.
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vcw
vt

= V,ðDvVcwÞ � V,ð u!DcwÞ+ 1� εa

εa
Rs; (Equation 1)

where cw is the water vapor concentration,Dv is the intercrystalline mass diffusivity of

agglomerates, u!D is the superficial velocity through the voids of agglomerate

(Darcy velocity), and Rs is the instantaneous rate of adsorption (or desorption)

described by a linear driving force (LDF) model40,41:

Rs =
15

r2c
Dc

�
cw;eq � cw;c

�
: (Equation 2)

Here, Dc and rc are the mass diffusivity and radius of a single MOF crystal in the

aggregate (smallest characteristic length scale), cw,eq is the equilibrium concentra-

tion obtained from adsorption isotherms, and hcw;ci is the instantaneous water

vapor concentration inside the single crystals of the agglomerate. Here, we consider

a simple analysis of the transport in this problem based on the previous two

equations. For rapidmass transport, there are at least three characteristic time scales

that should be kept small to achieve fast response operation of a fluidized adsorbent

cell. These include: (1) advective transport along the fluidized bed expansion

length H, (2) diffusion over individual adsorbent crystals, and (3) transport (diffusive

and advective) within the fluidized porous agglomerates. These characteristic

times respectively scale as follows: H=uN, r2c =Dc , and minðr2a =Dv ; ra =uDÞ. For the

latter, we heuristically consider the minimum time scale of two competing transport
4 Cell Reports Physical Science 1, 100057, May 20, 2020
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modes within agglomerates of the variable radius ra. These are discussed further

below.

First, the velocities required for fluidization in Earth’s gravity are sufficiently high

that the transport time scale H/uN is negligibly small. In our setup, this time is

�0.05 s. The second time scale r2c =D can be interpreted as the diffusive transport

time required to drive water into and out of the characteristic radius rc of the small-

est adsorbent crystal material and is determined by the nature of the adsorbent

material itself. This time scale is not influenced by fluidization and, provided that

the non-porous grains (or individual crystals) are sufficiently small, represents the

optimum theoretical limit to the productivity of the maximizing system. In such a

case, the water vapor adsorption and desorption are diffusion limited as per Equa-

tion 2. The transport in a fluidized bed is hence most likely limited by the third

mode of transport: the coupled advective-diffusion timescale for transport into

and out of the largest porous agglomerates, characterized by minðr2a =Dv ; ra =uDÞ.
The latter transport is greatly influenced by both the fluidization air velocity field

and the characteristic size of agglomerates formed during the adsorption-desorp-

tion phases. For example, we observe small qualitative variations in the diameter

of these grains during the cycle (cf. Figure 3). Despite such formations, and as

we will demonstrate quantitatively below, we observe that fluidization results in

much improved transport rates relative to typical packed bed-type MOF form fac-

tors. We attribute this to two reasons. First, the radii of these porous agglomerates

are observably a few hundred microns (see Figure 3C), which is significantly smaller

than the millimeter order size of the packed bed MOF layers reported in the liter-

ature.9–11,14 Second, the porous agglomerates in our fluidized bed are exposed to

a high momentum airstream impinging directly onto the agitated agglomerates.

We hypothesize that this results in a significant advective flux term V, ð u!DcwÞ
within the air-filled porous of agglomerates. The ratio of advective-to-diffusive

transport fluxes within the porous agglomerates can be characterized by scaling

the ratio of the first and second terms on the right-hand side of Equation 1 to yield

a Péclet number of the form rauD/Dv. Our observations of porous agglomerate size

and porosity (see below) and the rapid adsorption-desorption response of our sys-

tem suggest that this Péclet number is greater than unity (see Data S1, Figure S6,

and Tables S1–S3).

Lastly, we briefly comment on limitations related to heat transport. In the current

design, we drive cycles by varying the input temperature, with a rectangular wave

as the approximate model waveform. The time required for heat transfer may also

limit the ultimate performance. We hypothesize that the rate of heat transport

within the air and MOF material within the fluidized agglomerate bodies is at

least comparable to that of mass transport. For example, note that the character-

istic Lewis number within the heterogeneous network of intercrystalline voids

spaces of agglomerates is significantly higher than unity (see Table S1). Hence,

we estimate that a thermal Péclet number of the form rauD/av is also greater

than unity. This is consistent with our earlier hypotheses of mass transfer and sug-

gests a significant contribution of the advective flux term on the heat transfer pro-

cess. This suggests that the thermal response time scale of our current system is

limited by the temperature cycling of the test structure itself (via forced thermal

convection). The thermal mass of the solid structure includes the diffuser-shaped

bed chamber, the flow fittings, and the inlet tubing of the device. We estimate

this thermal mass to be on the order of 1 kJ/K. We plan to study this coupling

between thermal transport and mass transport and adsorption-desorption in

future work.
Cell Reports Physical Science 1, 100057, May 20, 2020 5



Figure 2. Comparison of Pumping and Heating Energy Requirements for Fluidized MOF

(Left axis) Pressure drop versus superficial velocity diagram for packed and fluidized bed

arrangements of the geometry of our system (L � 15 mm, D = 15 mm). The pressure drop is a

prediction based on Ergun’s equation,42 considering the thermophysical properties of MOF-801, a

particle sphericity of 0.95, and a bed porosity of 0.7. (Right axis) Pumping energy to drive the air

through the fluidized bed normalized by the heating energy requirements for regeneration. Here,

we consider a temperature increase of 40�C compared to ambient conditions and a desorption

phase duration of 25% of the cycle (tDt
�1
C = 0.25). The hydraulic energy demands are only a small

fraction of the energy required for MOF-801 regeneration, either in a packed or a fluidized bed

configuration. Therefore, we chose to fluidize the MOF-801 agglomerates to ensure high mass and

heat transfer rates while maintaining the pumping energy demands at levels similar to packed bed

arrangements.
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Hydraulic Power Is Negligible Compared to Heating Power

The energy input into sorption-based systems of the type discussed here are

heating of air, which is necessary for regeneration, and the energy required to

pump air through the system. Ignoring any losses in supply lines, these are respec-

tively _mcpDT and QDp, where _mcp is the thermal mass of the airstream, DT the

temperature rise, Q the volumetric flow rate, and Dp the pressure drop across

the adsorbent bed. In Figure 2, we used Ergun’s correlation42 to predict Dp for

MOF-801 packed bed columns of the length of our fluidized bed (L � 15 mm),

and we plot the pressure loss versus the superficial air velocity through the

bed. As a relevant comparison, we show pressure drop curves for a packed bed

configuration of the native powder form and for the MOF agglomerates generated

after running a fluidized bed. As for the latter, the transition zone for the MOF

agglomerates was estimated experimentally by gradually increasing the flow rate

until complete fluidization at �0.3 m/s. Above this transition zone, Dp remains

approximately constant and a further increase in superficial velocity results in flu-

idized bed expansion, eventually resulting in the so-called pneumatic transport

regime (not shown here). In contrast to this fluidized bed situation, packing of

the MOFs in their native powder form typically produces porous solid form

factors with particle diameters <100 mm.15–20 For such packed beds, we estimate

a permeability of 2.3E�10 m2, and this results in a significant pressure drop for

a given superficial velocity, as shown in the left axis of Figure 2. Together with

the pressure drop information, the right ordinate of the plot shows the ratio of

pumping-to-heating energy requirements, considering that the desorption phase

is 25% of the cycle duration. For superficial velocities <1 m/s, the pumping energy

is only a small fraction of the heating requirements and �1% in the case of a flu-

idized bed. Consequently, we chose to fluidize just above the minimum fluidization

velocity to achieve high mass and heat transport rates, and hence high-frequency

operation, while maintaining a negligible (compared to heating) air pumping

power.
6 Cell Reports Physical Science 1, 100057, May 20, 2020



Figure 3. Illustration of MOF-801 Fluidization and Agglomerate Characterization

(A and B) Instantaneous images of fluidized MOF-801 powder during the adsorption process at (A) unsaturated and (B) nearly saturated conditions show

a bubbling fluidization behavior over the full length of bed expansion and spherical agglomerates of various size distribution. The images shown were

taken at time intervals of 0.1 s and exemplify fast particle motion and vigorous stirring within the fluidized bed. In the splashing zone, small grains are

ejected upward at distances up to three times the fluidized bed height, while larger agglomerates are fluidized closer to the bottom of the bed.

(C) The radius of MOF-801 agglomerates show a log-normal distribution with a mean value of 395 mm. Assuming a spherical profile, the cumulative

volume of �600 particles (128 mg weight) revealed an average agglomerate porosity of 72%.
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Observed Fluidization Dynamics and Quantification of Agglomerate

Distribution

Figures 3A and 3B show representative images during the adsorption process of

MOF-801. At the top of the fluidized bed, the splashing zone is characterized by

smooth fluidization wherein very small grains are ejected upward, creating a fountain

of flowing particles, schematically indicated in Figure 1. Fluidization velocities are

lower near the walls of the vessel; thus, particles fall visibly convect downward

near the walls. These mix with the bottom portion of the bed surface and the process

is repeated. Note that the main core of the bed exhibits a bubbling fluidization

behavior, which is a necessary condition for appropriate mixing dynamics.43,44 The

images also show individual spherical agglomerates with radii ranging from a

maximum of�0.5 mm down to on the order of microns. Analysis of correlated image

sequences also shows particles distributed throughout the length of the bed, with

the largest particles in locations near the inlet (bottom) of the bed. Preliminary ex-

periments (not shown here) with a bed chamber of approximately the same length

but with constant diameter exhibited a very bimodal adsorbent location distribution,

with many small particles ‘‘packed’’ into the top filter and many larger particles near

the inlet (and many of these hardly fluidized). We attribute the broad placement dis-

tribution and strong agitation of the current system to the divergent, diffuser-like

shape of the bed chamber, which has been shown to favor such fluidization dy-

namics.33 We also noticed that the agglomerates are the smallest and more actively

fluidized (e.g., to higher heights) near the beginning of the adsorption process. Near

the end of adsorption, by contrast, there is a noticeable shift of particles toward the

bottom of the bed. The latter is consistent with both larger agglomerates and

higher-density material associated with water adsorption. Adsorption and desorp-

tion videos of the fluidized MOF-801 powder are provided as Video S1, including

instantaneous images over the cycle (see Data S1 and Figure S5).

We performed some simple image analyses of the MOF-801 material after several

fluidization cycles. To this end, we extracted a collection of particles biased in favor

of the largest particles (by gently pouring out part of the material onto a small collec-

tion plate). We were particularly interested in these largest agglomerates as they

likely limit the maximum rate of air-to-particle center transport of water vapor. We
Cell Reports Physical Science 1, 100057, May 20, 2020 7
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collected �600 of these larger spherical particles and obtained 6 images like the

example shown in Figure 3C. We developed a custom image analysis tool in

MATLAB (using standard thresholding and morphological image processing) and

used this to quantify the radius of these large agglomerates. Figure 3C shows that

the radius of these largest collected agglomerates varied between 200 and

650 mm, with a mean radius of 395 mm. This diffusion length scale is an order of

magnitude smaller than the characteristic thicknesses of 2.57 mm,9 2.54 mm,10

and 3 mm14 for packed bed MOF layers used in prior studies. After quantifying their

size distribution, we weighed these largest grains in a mass balance and combined

this with the size distribution to estimate an average porosity of �0.72. This value is

very close to the reported optimum porosity 0.7 for the maximum yield of atmo-

spheric water harvesting cycle materials.8 The aforementioned data support the hy-

potheses and scaling arguments presented earlier and described schematically in

Figure 1. The porosity, degree of agitation (and levitation) of such particles, and

the fast response of the system (see below) also support the hypothesis that the

advective flux term in Equation 1 is important for the interparticlemoisture transport.

Measurements Showing High-Frequency Water Vapor Harvesting

High-frequency adsorption-desorption operation of the fluidized MOF-801 material

was obtained at 18% and 39% RH, for at least 10 consecutive cycles. The first cycle

shows different behavior due to initial transients in both temperature and MOF

water content and to slight adjustments of flow conditions that occur only during

that first cycle. The system thereafter quickly reaches a dynamic steady state. The

criterion to end each adsorption and begin each desorption phase (and vice

versa) was chosen as the instance when the inlet-to-outlet absolute humidity differ-

ence was <5%.

Figure 4A shows the variation of inlet temperatures, which, for both experiments,

have shape characteristics consistent with the first-order thermal response of the sys-

tem (upon forcing with the rectangular wave input associated with the inlet valve

operation). During desorption, the temperature first increases rapidly and the slope

begins to decrease, reaching�75�C and >80�C at the end of the phase for RH values

of 18% and 39%, respectively. For the adsorption phase, the temperature falls

rapidly and then begins to level off, reaching the inlet ambient conditions. These

temperature differences are sufficient to drive adsorption and desorption as per

well-characterized adsorption isotherms of MOF-8019–11,45 (see Figure 5C). The

outcome of this cyclic temperature variation is directly reflected on the water vapor

content at the exit of the fluidized bed, shown in Figure 4B. For the desorption phase

at 18% and 39% RH, the outlet absolute humidity increases rapidly to maximum

values of �8 and 13 g/m3, respectively, as water is released from the bed. For the

adsorption phase, the outlet absolute humidity decreases, achieves a minimum,

and then begins to increase gradually toward the inlet conditions and as the

MOF-801 becomes saturated. Note the complex shapes of the humidity cycle curves

and the qualitative difference in shape between the two RH values. We hypothesize

that these shapes are influenced by RH levels and the gradient of the sigmoidal

adsorption isotherms (cf. Figure 5C), the aforementioned dynamic changes in size

distribution of aggregates, the unsteady heat transfer in the system, and the com-

plex fluid flow within the fluidized bed (among other factors). We plan to characterize

and study these complex dynamics as part of our future work.

Figures 4C and 4D summarize the cycle-to-cycle repeatability of the complex shape

of the humidity curves for our experiment. Plotted are direct overlays of cycles 2–10.

We see excellent quantitative agreement in the shape andmagnitude of consecutive
8 Cell Reports Physical Science 1, 100057, May 20, 2020



Figure 4. Dynamic Steady-State and Continuous Cyclic Sorption Dynamics

High-frequency operation of MOF-801 in a fluidized bed for 18% and 39% RH and 10 consecutive cycles.

(A) Variation of inlet temperature that drives adsorption and desorption dynamics.

(B) Water vapor content at the exit of the fluidized bed indicates dynamic steady-state conditions even from the adsorption process of the first cycle.

Furthermore, no degradation in terms of water vapor capacity was observed, indicating the recyclability of the process.

(C and D) Temporal evolution of water vapor content at the exit of the fluidized bed for (C) 18% and (D) 39% RH indicates the repeatability between

individual cycles and the fast response operation of the adsorbent cell. The adsorption-desorption vapor harvesting cycle can be achieved within only

36 and 26 min at 18% and 39% RH. This demonstrates the potential of 40 and 55 cycles per day to dramatically increase the throughput of the system per

mass of MOF-801 per day.
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cycles. We attribute this to the reproducible dynamics of fluidization, including

bubbling dynamics of the lower bed contents. This repeatability is also strong evi-

dence of the negligible degradation of sorbent capacity—at least for the operating

times considered here (more than on the order of 100 h of operation). Here, the wa-

ter vapor content is plotted as a function of time to demonstrate the fast response

operation of the fluidized adsorbent cell. At 18% RH, desorption and adsorption

phases last 9 and 27 min, respectively (see Figure 4C). A complete cycle duration

is thus only 36 min, which in turn results in 40 cycles per day. Similarly, at 39% RH,

desorption and adsorption are completed within 12 and 14 min, respectively (see

Figure 4D). This constitutes an adsorption-desorption cycle in 26 min and thus the

potential for >55 cycles per day. The water uptake process is, as expected, slower

for 18% RH (27 min) compared to 39% RH (14 min). As we discuss below (see Equa-

tion 4), the important figure of merit for productivity capacity is the product of per-

cycle mass capacity of the adsorbent and the number of cycles per day.

The demonstrated high-frequency operation associated with MOF-801 fluidization

can be further appreciated by comparing these results to published data using a

3-mm-thick packed bed geometry of MOF-303 and a parallel convective flow normal

for this thickness.14 The latter system was operated for 450 min at 22% RH, and this

duration of adsorption was insufficient to saturate the material. At 39% RH, the sys-

tem was reportedly saturated after an adsorption phase of �300 min. By compari-

son, the current fluidization of MOF-801 results in an adsorption phase with a time
Cell Reports Physical Science 1, 100057, May 20, 2020 9



Figure 5. Water Vapor Captured and Released per Cycle during Fluidization of MOF-801

(A and B) Measurements of the amount of water vapor content captured and released per cycle during fluidization of MOF-801 at (A) 18% and (B) 39%

RH. The second ordinate on the right and black curve are based on integrations of the measured humidity during desorption and indicate the

cumulative water that was removed.

(C) Based on adsorption isotherms , these data imply a continuous cyclic operation at >75% of MOF-801 available uptake capacity, and hence, very high

moisture harvesting rates of 0.33 and 0.52 L/kgMOF/h. The data for the adsorption isotherms were obtained from Kim et al.9
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scale that is 20 to 25 times faster for similar RH values. These data demonstrate the

possibility of achieving exceptionally high operating frequencies usingMOFs in their

native particulate form within a fluidized bed.

The performance of a sorption-based atmospheric water harvester greatly depends

on the total mass of water captured and released normalized by the sorbent mass.

For given volumetric flow rate, Q, the water mass captured (uc
w ) and mass released

(ur
w ) can be estimated as follows:

uc;r
w =

Q

mMOF
M

Z
Dcdt: (Equation 3)

Here, Dc is the instantaneous difference of water vapor molar density between

inlet and outlet conditions, Dt is the time duration of adsorption or desorption,

M is the molecular weight of water, and mMOF the mass of MOF-801. Figure 5

shows that the amount of captured and released water vapor per cycle is constant

as the system adopts dynamic steady state conditions. In particular, an average of

0.198 and 0.223 kg of water vapor per kilogram of MOF-801 can be harvested per

cycle, at 18% and 39% RH, respectively. These measured values are very close to

the respective measured maximum overall uptake capacity of MOF-801 which is

about 0.26 (18% RH) and 0.31 (18% RH) kg/kgMOF
9–11 (cf. Figure 5C). Note also

that the desorption explored here was performed using relatively moderate

temperature differences. These temperatures imply that MOF-801 cannot be re-

generated completely, resulting in retained water vapor of �0.015 kg/kgMOF.

Hence, the current working capacities of 0.245 and 0.295 kg/kgMOF, as indicated

in Figure 5C, are �80% and 76% of the available uptake capacity at 18% and

39% RH. We can also define a system water vapor productivity P as the mass of

moisture recovered per time and per mass of adsorbent (L/kgMOF/day) for many

cycles as follows:

P = fur
wk: (Equation 4)

Here, f is the frequency of the cyclic operation (cycles per day) and k is the

fraction of time during the day when the system is operated. For k values of

approximately unity, the water vapor harvesting rates of our system are estimated

as 0.33 and 0.52 L/h per kilogram of MOF-801 for RH values of 18% and 39%,

respectively (see Figure 5). We attribute such high values of water vapor produc-

tivity to the rapid cyclic periods of 36 min (18% RH) and 26 min (39% RH) obtained

with fluidization.
10 Cell Reports Physical Science 1, 100057, May 20, 2020
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DISCUSSION

Various figures of merit have been used and proposed to quantify the performance

of AWH technologies.46,47 Perhaps the most important of these is the amount of wa-

ter produced normalized by the mass of adsorbent material. For this figure of merit,

high-frequency sorption dynamics is essential, and the MOF material form factor

should be optimized not only for small characteristic length scales appropriate for

rapid mass and heat transport (e.g., porosity, MOF weight per area) but also for

leveraging the advection in mass transport, as per the advective flux term of Equa-

tion 1. Here, we experimentally demonstrated that the fluidization of MOFs is very

promising for achieving exceptionally high operational frequencies leveraging

80% of the uptake capacity of the sorbent. A second figure of merit is the power

cost per unit volume of produced water. A preliminary energy assessment of our flu-

idized adsorbent cell suggests that the energy required to pump the air through the

bed is <1% of the heating requirements for regeneration (even at moderate regen-

eration temperatures) and significantly smaller than the hydraulic power required for

packed beds of the native MOF powder. This leads us to consider designs that use

low-grade waste heat for regeneration to maximize overall efficiency (e.g., power

plant exhaust streams with temperatures on the order of 100�C–120oC. A second

possibility is the solar thermal heating of air.9–11 Note that such uses of waste heat

are not easily leveraged for refrigeration-based AWH systems. For refrigeration,

input power is typically dominated by electric power applied to a compressor.

Furthermore, we hypothesize that dew condensation at energetically favorable tem-

peratures (and perhaps even ambient temperatures) may be achievable by lowering

the air flow rate during the desorption phase. This would, of course, come with a

penalty of lower overall cycle frequency, and we hope to explore such trade-offs

in the future.

We note that a third figure of merit that may influence the design of distributed

systems, infrastructure cost, and portability (e.g., in a truck bed) may be the water

volume produced per time and per volume of the system (with units of inverse

time). For the current system, assuming 70% is recoverable in a condenser, we es-

timate values of 0.4/s (18% RH) and 0.63/s (39% RH) for our system. Note that we

do not include here a figure of merit based on the amount of water yielded versus

amount input into the system (e.g., as in a recovery ratio percentage yield of input

water) for two reasons. First, unlike desalination or contamination removal technol-

ogies, the current system has no cost associated with the ‘‘disposal’’ of processed

air. Second, pumping excess air into the system is only important if hydraulic po-

wer contributes significantly to operating costs, which we believe is not important

relative to other costs of a realistic water harvesting system such as the initial cost

of the plant and MOF material, and any operational costs of a downstream

condenser.

In summary, we experimentally demonstrated the ability to perform 40 and 55 water

vapor adsorption and desorption cycles per day at 18% and 39% RH by fluidizing

MOF-801 in its native particulate form. The fluidized bed operation also resulted

in the leveraging of �80% of the MOF-801 maximum uptake capacity with cyclic pe-

riods of 36 min (18% RH) and 26 min (36% RH). The moisture harvesting rates of our

system are estimated at 0.33 L/h (18% RH) and 0.52 L/h (39% RH) per kilogram of

MOF-801, and this is at least an order of magnitude higher than the existing

methods incorporating packed bed MOF shape bodies. Therefore, this fluidized

MOF adsorbent approach has the potential to significantly improve the sorption

unit of an atmospheric water harvester with a scalable and high flow capacity form
Cell Reports Physical Science 1, 100057, May 20, 2020 11
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factor. Plausible extensions of the current work include the optimization of the fluid-

ization process for large-scale energy engineering applications, including CO2

capturing, as well as the development of heat andmass transport models to simulate

the complex dynamics of fluidized atmospheric water harvesters under various

meteorological conditions.

EXPERIMENTAL PROCEDURES

Experimental Remarks

All water vapor sorption cycling experiments were conducted at a newly designed

test facility described in Data S1 (see Figures S1–S3). The system has an opera-

tional principle depicted in the schematic of Figure 1. The solid particulates in

the fluidized bed consist of �0.52 g activated MOF-801 in its native particulate

form. Scanning electron microscopy (SEM) images of the powdered MOF-801

(see Data S1 and Figure S4) revealed an average crystal diameter of 0.4 mm. The

system is able to pre-treat and generate dry-air and water-vapor airflow mixtures

with an accuracy of 1% in the range of 0%–70% RH. The temperature of the air-va-

por mixture can also be set independently of absolute humidity by diverting all or

part of the airflow through a heat exchanger powered by an electric heater. The

system can valve between cold (adsorption) and hot (desorption) flow input

streams using a three-way valve. The temporal dynamics of the RH and tempera-

ture upstream and downstream of the fluidized bed are measured with two humid-

ity-temperature sensors (Sensirion SEK-SHT35). During data acquisition, the abso-

lute humidity and the dew point of the measurement locations are concurrently

calculated with the Arden Buck equation for the water vapor saturation pressure.48

We evaluated system performance at several inlet conditions and chose the

following two inlet boundary conditions: 18% RH at 22oC and 39% RH at

23.5�C. The system first achieved appropriate inlet conditions, and then, the

flow rate was gradually increased until complete fluidization with full bed expan-

sion was obtained. For a bed height of �15 mm, this resulted in a fluidization ve-

locity of 0.3 m/s. Note that this value is very close to empirical correlations appli-

cable for uniform particle sizes (e.g., Wen and Yu equation).49 If we consider as a

characteristic particle scale the largest grain diameter, �1 mm (see Figure 3C),

these relations yield a fluidization velocity in the range of 0.2–0.5 m/s, depending

on particle sphericity and porosity of the (initially) packed bed. The volumetric flow

associated with the current fluidization velocity (0.3 m/s) was �6E�5 m3/s. The

temporal saturation condition of MOF-801 is controlled by comparing the absolute

humidity level before and after the fluidized bed. As soon as the MOF-801 solid

particulates are saturated (i.e., absolute humidity differences are within experi-

mental uncertainties), the inlet temperature is periodically varied to initiate the

adsorption and desorption dynamics of the fluidized adsorbent cell for 10 consec-

utive operational cycles.
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