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Abstract: The kinetics of water adsorption in powder sorbent layers are important to design a
scaled-up atmospheric water capture device. Herein, the adsorption kinetics of three sorbents, a
chromium (Cr) based metal-organic framework (Cr-MIL-101), a carbon-based material
(nanoporous sponges/NPS) and silica gel, have been tested experimentally, using powder layers
ranging from ~0 to 7.5 mm in thickness, in a custom-made calibrated environmental chamber
cycling from 5 to 95 % RH at 30 °C. A mass and energy transfer model was applied on the
experimental curves to better understand the contribution of key parameters (maximum water
uptake, kinetics of single particles, layer open porosity and particle size distribution). Open
porosity (i.e. the void to particle ratio in the sorbent layer) shows the highest influence to improve
the kinetics. Converting the sorbent kinetics data into a daily yield of captured water demonstrated
(1) the existence of an optimal open porosity for each sorbent, (ii) that thinner layers with moderate
open porosity performed respectively better than thicker layers with high open porosity and (iii)
that high maximum water uptake and fast single particle kinetics are not necessarily predictive of
high daily water yield.
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Introduction

It was estimated by the World Health Organization (WHO) in 2019 that 2.2 billion people do not
have safely managed drinking water services, while 4.2 billion people lack safely managed
sanitation services, i.e. having access to water free of contamination and toilets whose wastes are
treated.[') Improvements were observed between 2000 and 2019 where 1.8 billion people gained
access to basic drinking water services, corresponding to a protected water source accessible in
less than 30 min, improved toilets and handwashing facilities. These improvements were mostly
attributed to better sanitation conditions in third-world countries.!”l Water demand is continuously
increasing and has been multiplied by 6 over 100 years due to population increase, economic
development and higher consumption.®) The Organisation for Economic Co-operation and
Development (OECD) projected in 2012 that water demand would grow by 55 % between 2000
and 2050.14]

On top of the already existing water crisis, climate change is likely to exacerbate the situation.
Some water-stressed regions such as Middle-East, South Africa, Southwest Asia are expected to
become drier, while some regions that currently have abundant water resources could face
scarcity.l’] Climate change can act on water supply through many different aspects including
extreme weather events, contamination during floods, degradation of ecosystems (forests and
wetlands), increasing ocean levels, and melting of the glaciers, among other devastating effects.[!
A larger proportion of water is also contained within the atmosphere with increasing temperature.
The development of innovative methods to supply clean and affordable water to populations is
consequently of prime importance. One of these methods is already commercially available: water
desalination through reverse osmosis (RO).[®) However, RO is limited to locations with access to

seawater, generates chemical waste due to the products required for water pre-treatment, produces



a super-saturated brine solution that locally depletes oxygen water levels when released in the
ocean and requires large amounts of energy, up to 10 kWh-m™ and capitalisation.”l Alternatively,
water can be harvested from atmosphere; it is estimated that 13,000 km? of freshwater is stored in
the atmosphere and this amount is likely to increase with global warming.[®! Water can be captured
under the form of droplets via fog harvesting or vapor with dehumidification techniques.®H!!]
Dehumidification can be classified as thermodynamics methods, whereby humid air is cooled
below dew point and water is condensed and collected;!'?! and adsorption methods, where a porous
material spontaneously adsorbs water that is later released and condensed.!'*! Thermodynamic
methods are well-established methods but also require significant energy, up to 550 kWh-m= of
generated water.!'* On the other hand, sorbents have recently gained consideration as vehicles for
atmospheric water generation (AWG). An ideal sorbent to capture water at an industrial level
would present six important characteristics: high water uptake at low RH, fast adsorption/
desorption kinetics, stability over adsorption/desorption cycles, low energy requirement for
desorption, inexpensive production, and potential for scalability. Silica gel is one example of
sorbent that is currently employed for dehumidification applications, but suffers from high
temperature recovery (more than 100 °C) and degradation of stability over adsorption-desorption
cycles.[!’]

Recent research has focused on metal-organic frameworks (MOFs), a network of coordinated
metal ions and organic ligands in materials with highly controlled properties.'® Such sorbents can
offer narrow pore size distributions targeted towards pore sizes favorable for water adsorption and
preventing undesirable hysteresis between the adsorption and desorption. Water uptakes of more
than 1 kgwater'kgsorbent! have been observed with these materials,!!”) though they are often subject

to hydrolytic instability, i. e. degradation of the material due to the presence of water.l'¥! Also,



MOFs require complex, lengthy and costly synthesis processes that make them difficult to scale-
up to industrially-relevant levels for water adsorption.[!”]

More recently, we reported the synthesis of nanoporous sponges (NPS) based on the pyrolysis of
resorcinol-formaldehyde resins.?Y  As synthesized, this material can capture 0.15
Kgwater' Kgsorbent !, but when oxidized in post-pyrolysis treatment, water uptake can reach up to 0.20-
0.30 kgwater'kgsorbent . While these values are lower than the best performing MOFs or even silica
gel, carbon-based sorbents show very strong commercial potential due to their high stability, low
production cost, and large potential for production scale-up because of their simple synthesis route.
Water uptake at equilibrium however is not the sole point of comparison that should be considered
when judging sorbents, kinetics must be taken into account to assess real-world performance.
Studies on sorbents for water capture generally report experimental kinetics data that cannot be
directly compared to others. Indeed, several parameters outside of the nature of the sorbent itself
have an important role in the adsorption kinetics and are not always reported in literature, for
example: (a) the sorbent particle size distribution will dictate the water intra-particle diffusion, (b)
the sorbent open porosity influences the water inter-particle diffusion, and (c) the sorbent powder
layer thickness will affect diffusion and thus adsorption kinetics. In this regard, we differ from
literature generally reporting only maximum water uptake, i.e. the maximum amount of water that
can be adsorbed by a specific sorbent. Instead, we report this value along with daily water yield
(DWY) of a sorbent layer having a specific thickness. The DWY corresponds to the amount of
water delivered by this sorbent layer through adsorption-desorption cycles over a 24h period, and
thus presents a value more representative of actual use in a water capture device. Herein, we
experimentally and theoretically study the kinetics of several representative sorbents: NPS, silica

gel, and a high-performance chromium-based MOF, namely Cr-MIL-101.



Materials and methods

Sorbent materials

The NPS are synthesized from the pyrolysis of resorcinol-formaldehyde resin, a procedure
described thoroughly in Legrand et al.?” Type A silica gel (Dry-Packs®) was purchased from
Amazon. Common silica gel (used as a desiccant) was selected over research grades since large-
scale applications are more likely to employ a widely available and inexpensive product. Cr-MIL-
101 is a chromium-based MOF that has already been described is literature and was purchased

from Nanoshel-UK LTD.[?2]-[23]

Environmental chamber

The kinetics of each sorbent were assessed by a gravimetric method in a custom-made
environmental chamber shown in Figure S1. Both a humidifier and dry air injection regulate the
air humidity from 5 to 95 % RH, while a heater controls the temperature from ambient to 38 °C.
The air is homogenized in the environmental chamber with a fan. The humidity, temperature and
fan controls were managed with an Arduino Uno R3 via a computer interface. The powder sample
is placed in a glass dish with known diameter, suspended under a AB204-S analytical balance from
Mettler Toledo. The mass change of the sorbent sample is recorded in real-time. Samples
underwent drying steps at 30 °C and minimal RH in the environmental chamber for durations
dependent on the layer thickness (4 h for minimal thickness and up to 24 h for 7.5 mm layer) prior
to the humidity being changed to 95 % RH. This step was maintained until the mass change reached
an equilibrium corresponding to the sorbent water saturation. The drying step was then repeated
to empty the sorbents and ensure an appropriate baseline. The thickness of the sorbent powder
layer was selected at 1, 2, 3 and 7.5 mm, as well as a test with minimal thickness (~0 mm). The
layer thickness was varied by changing the sorbent mass in a glass dish with known surface area,
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while knowing the sorbent apparent density. For minimal thickness, a glass dish with surface area
of 71 cm? was selected with less than 500 mg of sorbent. The tests with higher thicknesses were
performed in a smaller glass dish with a surface area of 16 cm? to limit the used powder. Layers
of 7.5 mm respectively used 9.7, 9.4 and 3.2 g of dried silica gel, NPS and Cr-MIL-101. Increasing
the humidity from 5 to 95 % RH in the environmental chamber was not instantaneous and required
an average duration of 800 s for the humidity to equilibrate. The kinetics data were thus corrected
to take this effect into account. Temperature evolution of the sorbents was performed with a flat
thermocouple sitting at the bottom of the powder layer and separated from the sorbent with a piece

of aluminum foil.

Mass and energy transport in a sorbent layer

The adsorption kinetics are studied experimentally and can be modelled assuming spherical
particles of known radius using Fick’s law of diffusion (Equation 1), that the full derivation is

well-developed in the supplementary information from Kim et al.[?!]

ocC 1 0 2 0C
5 = r—zg Dﬂl’c E (Equation 1)

where C is the airborne water vapor concentration within the packed adsorbent layer [mol-m™],
re is the particle radius [m], and D, is the intra-particle diffusion coefficient [m?-s!]. A
mathematical solution of Fick’s law was used in a way to introduce actual gravimetric data

(Equation 2).24]
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In Equation 2, m, represents the mass of adsorbed water in the sorbent particle at time ¢, and reaches
an equilibrium value meq after a sufficiently long time. m/m., refers to the fractional water uptake
(FWU), a gravimetric parameter describing adsorption being equal to 0 at t = 0 s, and equal to 1
once the equilibrium water uptake has been reached. The intra-particle diffusion coefficient can
be determined over a range of relative humidity and temperature. Once determined, a simple
kinetics profile based on the linear driving force model (Equation 3) can predict the adsorption or

desorption rate over time.[?’!

oC 15
Gtﬂ = r_2 D u (Ceq - C,, ) (Equation 3)

Cc

where C, is the instantaneous vapor concentration in the particle [mol/m?], and C. is the
equilibrium vapor concentration [mol'm=]. The solution to the linear driving force model is

provided in Equation 4.

m

t —k;t

=l-e (Equation 4)

meq

where my/meq corresponds to a simpler FWU profile and &, [s!] corresponds to 15D,/rc.

With these equations as a starting point, the model described in detail by Kim ez al.!*!l is applied
and solved for the present case. Specifically, it consists of the equations of mass and energy
transport in a packed adsorbent layer of known thickness (Equations 5 and 6). This model takes
into account the water vapour diffusion between the particles (inter-particle diffusion) and the

ability of the particles to adsorb and retain water (intra-particle diffusion).

—g)oC
8_C:v.vac_u p
ot & ot

(Equation 5)



oT oC
—=V-kVT +h_,(1- -
mp 81‘ ad( 8) 8t

(Equation 6)

where C is the airborne water vapor concentration within the packed adsorbent layer [mol-m=], T
is the temperature in the packed adsorbent [K], D, is the inter-particle diffusion coefficient
[m2s!], ¢ is the packed porosity, 0C,/0t is the adsorption/desorption rate provided by the
gravimetric data [mol'm=-s’'], p is the locally averaged volumetric density [kg-m™], ¢, is the
specific heat capacity of the adsorbent [J-K™!kg™!], & is the thermal conductivity [W-m-s!] and
haa is the enthalpy of adsorption [J-mol']. The inter-particle diffusion coefficient D, is determined
by the methodology detailed in the Supplementary Information (Equations S1-S5). The adsorption
rate 0C,/0Ot was replaced with the linear driving force model given by Equation 3, where C, the
equilibrium vapor concentration at a given water partial pressure [mol-m], was extrapolated from
each isotherm at 30 °C.

Mass and energy transfer equations were solved using the finite difference method; the
methodology is detailed in Supplementary Information (Equations S6-S13, Figure S2). Both mass
and energy transfer equations were solved independently from each other. The temperature
dependence of parameters such as D, was neglected in the present case since temperature
measurements showed no important increase during the experiments. Such uniform temperature
resulted from low powder layer thicknesses and constant temperature being maintained in the
environmental chamber. The temperature measurements of 2 mm layers for the studied sorbents
are shown in Figure S3 to confirm this assumption. Interparticle diffusion varied by less than 0.1

% when the temperature was varied by 10 K for the studied sorbents.

Physical characterization of the sorbents

The open porosity was measured experimentally following Equation 7.



(Equation 7)

where puasis the apparent density of the adsorption layer [kg-m™] and ppowder is the absolute density
of the particles [kg'm™]. The value of pass was determined by weighing a known volume of
adsorbent with a precision balance, and ppowder Was measured on an AccuPyc II 1340 gas
pycnometer under helium atmosphere. One should note that the minimum packing porosity for
spherical particles (0.25) is obtained for hexagonal closed-packed configuration. The sorbent
particle size was separately measured for volume and number distribution. Volume distribution
measurement was performed by dynamic light scattering (DLS) on a Malvern Mastersizer 3000
while diameter distribution was measured with laser particle sizer (LPS) on an EyeTech from
Ankersmid. LPS employs a rotating laser beam to measure the duration of obscuration and deduce
particle size. As such, this method can directly provide a number distribution, but it is not sensitive
for diameters smaller than 0.1 um, and thus not applied to the Cr-MIL-101 sample whose

manufacturer specifies sizes comprised in the 30 — 50 nm range.

Results and Discussion

Theoretical vs experimental adsorption kinetics

Kinetics of sorbent layers depend on the nature of the sorbent itself, but also on several
characteristics including the maximum water uptake, open porosity, particle size distribution and
adsorption kinetics for single particles. The maximum water uptake at 30°C was determined from
the adsorption isotherms of Cr-MIL-101, silica gel and NPS (Figure 1). The sorbent’s particle size
distribution, measured separately for number and volume distribution, are shown in Figures S4
and S5. Silica gel and NPS exhibited highly polydisperse characteristics contrary to Cr-MIL-101"s
narrower distribution. One should note that the Cr-MIL-101 volume distribution was measured up

9



to 1 um due to the presence of agglomerates in the water suspension. Agglomerates were likely
also present in the powder layer due to the tendency of nanoparticles to naturally agglomerate,2°!
but their contribution was implicitly taken into account when calculating the layer open porosity.
As such, the diffusion properties for Cr-MIL-101 were calculated for an average particle size of
40 nm. All of the sorbent characteristics are summarized in Table 1 for the three tested samples.

0.9 -

0.8 -

e
|
1

——Cr-MIL-101
——Silica gel
——NPS

Water uptake [kg/kg]
o o o o o
[\ W ESN (9] N

e
—_
1

(=]

0 0.2 0.4 0.6 0.8 1
Water partial pressure

Figure 1: Adsorption isotherms of Cr-MIL-101, silica gel and NPS measured at 30°C.

Table 1: Summary of the sorbent characteristics.

Sorbent Cr-MIL-101 Silica gel NPS
Maximum water uptake
(kewaterKgsorpent!) 0.87 0.36 0.15
Open porosity 0.82 0.57 0.51
Pgrtu;le size 30-50 nm From <I pm to >100 | From <1 um to >100
distribution um um
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Time to reach 90% of
maximum water for ~0 689 504 1183
mm layer (s)

The experimental adsorption kinetics curves for the various thicknesses are summarized in Figure
S6. As expected, the adsorption kinetics are slower for larger layer thicknesses as interparticle
diffusion imposes longer times for water vapor to travel from the surface of the layer to its bottom.
The adsorption kinetics for thick sorbent layers differed from the adsorption kinetics at ~0 mm
(silica gel > Cr-MIL-101 > NPS), where the particles were separated enough to neglect the
interparticle diffusion contribution. Indeed, the silica gel had the fastest kinetics at ~0 mm while
Cr-MIL-101 had faster kinetics for the thicker layers. As such, determining the kinetics for
dispersed sorbent particles in limited quantities cannot be used as a prediction of kinetics in a
thicker layer, and thus in a larger water capture system.

To better understand the effects of the sorbent characteristics on their kinetics, the mass transfer
model has been applied, with several assumptions. One of these assumptions concerns the particle
size distribution: silica gel and NPS exhibit polydisperse particle size distribution with sizes
ranging from below 1 um to higher than 100 pm. However, the model considers monodisperse
and spherical particles to determine intra and interparticle diffusion coefficients. It has been
assumed that the largest particles have a higher contribution towards intraparticle diffusion while
the smallest particles provide a higher contribution towards interparticle diffusion. Indeed, larger
particles have the slowest adsorption rate (see Equation 3) and the highest volumetric contribution.
Regarding the interparticle diffusion, a polydisperse powder generates more tortuosity for water
vapor diffusion through the layer,?”] as illustrated in Figure 2 where the smallest particle occupy
the void between larger particles, thus decreasing the characteristic void size between two

particles.
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Figure 2: Schematic of the more complex inter-particle diffusion in polydisperse particles.

When applying the theoretical model to the experimental data, a large discrepancy was observed
for thinner layers with the model predicting faster kinetics than observed while a good adequacy
for thicker layer of 7.5 mm was obtained (see Figure S7). Several reasons explaining this
discrepancy were proposed including experimental error on the powder layer thickness, where
variations of 1 mm could be observed in the powder layers. However, this was not sufficient to
explain the differences between the theoretical curve and experimental data. The retained
explanation came from the inadequate boundary layer condition in the theoretical model. Indeed,
the model does not account for local water vapor depletion at the surface of the powder layer; such
depletion can be explained by the presence of a boundary layer on top of the surface of the powder,
as well as walls slowing down the water diffusion from the ambient air to the sorbent surface. The
boundary layer is formed when a fluid is moving tangentially to a surface.[”®! Considering an

extreme case of a flat surface and a low air velocity of 0.15 m's™! delivered by the fan in the
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environmental chamber, the boundary layer could be between 0.3 and 0.6 mm. This may be an
overestimate, given that the presence of walls around the powder probably generated turbulences
that can shrink the boundary layer. These walls, having a height of about 3 cm (Figure S1), could
also create a zone of depletion in the case of water being adsorbed faster than the diffusion rate in
the glass dish. As a reminder, the model utilized a step function to pass from minimum to
maximum relative humidity. Consequently, the thinnest layers having the fastest kinetics would
be more affected by depletion compared to the largest layer with slower kinetics. The appropriate
boundary layer condition at the sorbent layer should then be represented by an exponential profile,
where water vapor depletion was less important when the adsorption kinetics became slower, as
illustrated in Figure S8. Due to the complexity of the cumulated phenomena, an empirical
correction of the theoretical curves at lower thickness was applied under the form of an exponential
factor (1-e*), where o was dependent on the layer thickness. The summary of the experimental
and corrected theoretical adsorption kinetics is shown in Figure 3, while the values of the

parameters a were given in Table S1.
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Figure 3: Experimental (full lines) and corrected (dashed lines) theoretical adsorption kinetics for
(a) Cr-MIL-101, (b) silica gel and (c) NPS at different thicknesses. Intraparticle diffusion

coefficient kL

remained constant for the different layer thicknesses and was equal to ki nps =
3.0x107 571 ; ke sitica = 2.1x107 71 ke cr-mie-101 = 3.3x107! 71,
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On top of the theoretical model validation with experimental data, these results were employed to
optimize kinetics and provide insight for the design of large-scale water capture system. The model
made evident that some parameters had a higher effect at various thicknesses. For example, at the
larger studied thickness, it was showed that increasing open porosity had a higher effect compared
to decreasing particle size. Indeed, at this larger thickness, limitations are caused by the
interparticle diffusion and not by the particle adsorption itself. Increasing the open porosity directly
improved the interparticle diffusion, which is further detailed in the following section. For a given
open porosity, decreasing the particle size had a more complex effect since it simultaneously
improved the intraparticle diffusion while decreasing the interparticle diffusion.

Kinetics for daily water yield determination

A large-scale water capture system based on adsorption/desorption cycles is likely to have layers
of powders stacked in a chamber, where humid air is passed over the surface during the adsorption
and then is replaced with dry air and/or heat during the desorption. Several designs have been
considered in the literature and share similar characteristics of parallel trays with thin layers of
sorbent dispersed on them.[!2] [13]. [29]

As illustrated in Figure 3, a difference of several mm in the layer thickness was observed to cause
the adsorption to take several more hours longer. As such, for a given layer thickness of 2 and 7.5
mm, the open porosity was swept from its measured value and up to 0.99 for the three sorbents
studied in the model. As shown in Figure S9 for a layer thickness of 7.5 mm, increasing the open
porosity caused the kinetics to converge towards the ~0 mm case, where interparticle diffusion
could be neglected. Practically, the open porosity can be increased by dispersing the sorbent
powder in a macroporous solid structure. For example, Kim et al. employed a copper foam to

disperse their MOF powder and thus increase its open porosity, while also increasing heat
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dissipation during adsorption.?”) However, heat-conductive polymers, such as conjugated
polymers,! could eventually replace the more expensive copper foam.

Applying some simplifying assumptions, the adsorption kinetics were translated into a daily water
yield (DWY) for a specific surface area of sorbent powder of a known thickness (Figure 4).
Specifically, it was assumed that the desorption kinetics are similar to the adsorption kinetics,
which is generally true for sorbents presenting low hysteresis between adsorption and desorption,
such as the NPS. Also, an adsorption step was considered complete when 90% of the maximum
water uptake was reached. The detailed calculation to obtain DWY from the kinetics data is

presented in Table S2-S4 for a 7.5 mm layer of the different sorbents.

12.0 1
——Cr-MIL-101 7.5 mm
-® Cr-MIL-101 2 mm
1009 s silica gel 7.5 mm
- 4= Silica gel 2 mm
_§‘ 80 4 —®—NPS7.5mm
= -& NPS2 mm
=)
=
(5]
=
5
<
=
2
‘s
A

Open porosity

Figure 4: Daily water yield for the three studied sorbents at 2 and 7.5 mm thickness. The
diamond-shaped data point for each curve corresponds to the DWY for the measured open
porosity.

Converting kinetics into DWY enabled interesting and counter-intuitive observations for the

design of large-scale systems. Indeed, it was shown that the sorbent with higher water uptake, i.e.
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Cr-MIL-101, did not provide the highest daily yield for all layer thicknesses. Additionally, NPS
that have a maximum water uptake nearly 6 times lower than Cr-MIL-101 had a higher DWY for
the 7.5 mm layer thickness. This phenomenon was mostly due to the higher apparent density for
NPS compared to Cr-MIL-101. Silica gel was the sorbent with the highest water yield for both
thicknesses due to faster kinetics coupled with higher apparent density (see Tables S1-S3). It was
observed that thin layers, with moderate open porosity, were preferential compared to thicker layer
with open porosity closer to 1. However, silica gel is generally not seen as a suitable candidate for
large-scale water capture due to high temperature regeneration and material degradation over time.
One should note that when increasing the open porosity of a sorbent for a given thickness, the
adsorption kinetics are increased while the hypothesis of solving separately the mass transfer from
the energy transfer in the theoretical model still holds. The maximum temperature increase was
calculated from the energy transfer equation (equation 6) for silica gel, whose thermal properties
are available in literature and summarized in Table 2. Consistent thermodynamic characterization
of the sorbents was recently realized based on adsorption isotherms at different temperatures.[*?]
As seen in Figure 5, increasing the open porosity for a layer with constant thickness effectively
increases the maximum temperature at the bottom of such layer by up to 37 °C. This was
hypothetically caused by a reduction of the layer thermal conductivity with higher open porosity,
together with the energy being released over shorter time durations because of the faster kinetics.

The intraparticle diffusion varied by less than 0.1% when the temperature was increased from 30

to 37 °C.

Table 2: Summary of thermal properties for silica gel valid at 300 K, from literature.

Thermal property Value
Enthalpy of adsorption (J-mol ') 50,400 331

17



Thermal conductivity (W-m!-K-1) 0.16 B34
Specific heat capacity (J-K!-kg™) 850 331

(oY) w2
o) N
1 ]

°

(98]
D
1

Maximum temperature (°C)
(8] (8]
o a
1 1
[ ]

)
[\
1

31

0.55 0.60 0.65 0.70 0.75 0.80 0.85 090 095 1.00
Open porosity

Figure 5: Maximum theoretical temperature reached at the bottom of a 7.5 mm silica gel layer
depending on the open porosity.

Kinetics for water capture design optimization

Silica gel exhibited the optimal conditions in terms of kinetics, namely a moderate open porosity
and high hydrophilicity leading to high intraparticle diffusion. As such, the highest DWY observed
for the three studied sorbents was obtained with silica gel. However, some drawbacks would
prevent the utilization of silica gel in large-scale water capture set-ups, including a larger hysteresis
between the adsorption and desorption that could provoke lower desorption rates, and more

importantly a high regeneration temperature (>100 °C). Also, silica gel exhibits documented
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degradation that would diminish the material performance over time. This degradation is caused
by the dehydroxylation of the silica surface.!!”!

Cr-MIL-101 had the highest open porosity and highest water uptake with nanometric particle size.
This high open porosity lead to the fastest kinetics at larger layer thickness. It would have been
expected that the kinetics of the ~0 mm layer to be faster due to the nanometric particle size.
However, these kinetics were probably slowed down due to agglomerates formation. Despite these
characteristics, Cr-MIL-101 obtained lower DWY. It is believed that micrometric particles with
moderate open porosity, similar to NPS and silica gel, would have led to higher DWYs. However,
the size polydispersity of NPS and silica gel probably represented a disadvantage as the smallest
particles contributed to a higher layer diffusion resistance, while the adsorption kinetics were still
dominated by the largest particles. The optimal particle size distribution would be monodispersed
sorbent microparticles at the open porosity maximizing DWY. While silica gel use is widely spread
in many commercial applications, Cr-MIL-101 is still a material in research and development that
faces scale-up challenges. Efforts to reduce energy and cost requirements are currently undergoing
in the field of MOF synthesis scale-up with initiatives like microwave assistance.!

Compared to the silica gel and Cr-MIL-101, the NPS exhibited the lowest water uptake and lower
kinetics due to a high hydrophobicity of a material made of >90 wt% of carbon. Despite these
unfavorable properties, NPS was able to compete in terms of DWY because of a higher apparent
density enabling to pack more material in the same layer thickness and open porosity. On top of
that, the water uptake of 0.15 kgwater/kgsorbent can be improved by post-pyrolysis functionalization
with thermal oxidation leading to a water uptake comprised between 0.20 and 0.30

kgwater' Kgsorvent 1.2} This water uptake could be potentially improved up to 0.50 kgwater'Kgsorbent !,
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as demonstrated Huber ef al. with a CO> activation that drastically improved the microporosity of
an initial resorcinol-melamine-formaldehyde resin.[*”]

The design of a large-scale system would require accounting for energy transfer due to larger
sorbent amounts and more confined spaces, promoting heat accumulation. In the environmental
chamber, the temperature was maintained constant at 30 °C and temperature rise at the bottom of
the sorbent layers were limited below 10 °C, with the lowest temperature rise observed for NPS
(this material has a higher thermal conductivity owing to its carbon composition, enabling it to
dissipate heat better than silica gel and Cr-MIL-101). Heat management in a larger system where
the temperature is not maintained constant was studied previously. For example, LaPotin et al.
designed a dual system with separated compartments where the heat of adsorption of one
compartment was transferred to the neighbouring compartment in order to perform the desorption
step.[*8] Using a commercial sorbent (AQSOA Z01) and natural sunlight to provide heat, they
obtained a DWY of 0.77 L-m*-day!. LaPotin et al. also utilized a copper foam with high thermal
conductivity in which the MOF-801 sorbent was dispersed to enhance heat dissipation.’!

As mentioned earlier, due to the multi-parametric dependence of the sorbent kinetics, it is difficult
to perform comparison between studies found in the literature, but pertinent information can still
be gathered.

Van Heyden et al. described kinetics layers of aluminophosphate for heat pump applications.[*"]
They studied thin layers bonded with a polymer (polyvinyl alcohol) from 80 to 760 pm with two
types of particles: monodisperse nanoparticles (250 nm) and polydisperse microparticles (0.3 to 3
um). They concluded that layers with nanoparticles had higher kinetics due to the heat transfer
limitations occurring in layers with microparticles. However, they noticed that nanoparticles had

a tendency to agglomerate and generate larger void spaces. The open porosity was not clearly
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defined, and the layer density appeared variable from a sample to another. It can be supposed from
their data that, similarly to the Cr-MIL-101 sample, a higher open porosity and lower particle size
improved the adsorption kinetics.

Hanikel et al. tested kinetics of their aluminum-based MOF, MOF-303, and compared it to three
commercial aluminum-based sorbents, Zeolite 13X, SAPO-34 and Basolite A520.[*!1 They
decided to fix all of the layer parameters for the sorbents (thickness = 3 mm, open porosity = 0.7,
particle size distribution = 2-5 um) in order to determine the effect of the sorbent nature. They
determined that their MOF-303 had faster kinetics at 40 % RH compared to the three commercial
sorbents, but the reason for these faster kinetics was unclear. They supposed that MOF-303 had a
higher hydrophilic nature than their counterparts. More importantly, they concluded that the water
uptake of a sorbent at a given RH cannot predict its adsorption rate.

Hossain et al. measured the kinetics on a pellet fragment of UiO-66 MOF using a concentration-
swing frequency response (CSFR) device at various RH.[*?] With an S-shape isotherm similar to
NPS and Cr-MIL-101 and corresponding to hydrophobic behavior, they determined that the water
adsorption rate was not constant over the RH range and presented a minimum at the inflexion point
of the S-shaped isotherm. This study showed that kinetics were also dependent on the surrounding
RH. While we worked on the kinetics at high RH, it would still be pertinent to perform a similar

comparison at lower RH.

Conclusion

Based on experimental and theoretical study of the adsorption kinetics of three sorbents (Cr-MIL-
101, silica gel, NPS), it was possible to demonstrate that kinetics were mostly influenced by the
sorbent layer open porosity. Larger open porosity decreased the contribution of the interparticle
diffusion allowing to improve the layer kinetics. When calculating the DWY with layers of
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variable theoretical open porosity, it was shown that silica gel obtained the highest performance.
NPS, with a maximum water uptake nearly 6 times lower than Cr-MIL-101, still obtained higher
DWY for the 7.5 mm layer. A higher apparent density, enabling to pack more sorbent for the same
thickness and compensating for the lower water uptake, explained this phenomenon. From this
research, several experimental pathways are envisioned to continue the optimization of sorbent
layers kinetics. The experimental set-up could be modified to prevent water vapor depletion in the
glass dish by lowering the walls near the surface of the sorbent layers. It would help the model to
better fit the experimental curves. While the adsorption kinetics have been measured at maximum
RH, it would also be pertinent to study kinetics and DWY in function of the RH. Since the open
porosity appeared to be an important factor in optimizing both kinetics and DWY, the study of
metallic or polymer foams with various levels of macroporosity is primordial in the design of
optimal sorbent layers. Beyond the layers themselves, a scaled-up atmospheric water capture
device based on parallel sorbent layers can further be optimized for several parameters including

the layers’ spacing, humid air flow rate, heat management, and others.

Supporting Information

Additional information on the experimental set-up, details on the calculation of the inter-particle
coefficients, resolution of the finite difference method, additional characterization analyses and

data tables.
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Table of Content text:

The water sorption kinetics of silica gel, a MOF and a synthesized carbon-based material have
been determined experimentally and theoretically for thick powder layers. Open porosity, i.e. the
amount of void in a layer was the most important parameter influencing kinetics. The maximum
water uptake and the kinetics of single particle were not necessarily predictive of the water
capture performance.
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