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ABSTRACT: Water adsorption isotherms from 25 to 125 °C were measured
for three metal—organic frameworks (MOFs), MOF-303, MOF-LA2-1, and
MIL-100(Fe), which are frequently studied for water harvesting applications.
The results show how the step in the water adsorption isotherm varies as a
function of temperature and detail the combination of pressure and
temperature necessary to remove adsorbed water. Furthermore, isobaric—
isothermal Gibbs ensemble Monte Carlo simulations performed for MOF-303
shed light on the change in occupation numbers of the different known water
adsorption sites with increasing temperature. Additionally, the diffusion rates of
water through these materials were measured using concentration swing
frequency response, and micropore diffusion was identified as the controlling
mechanism. The Darken relation was used to show the dependence of the
diffusion rate on the concentration and the impact of the adsorption isotherm

slope. The adsorption of water on MOF-LA2-1 is faster than that on MIL-100(Fe). These data show that MOF-LA2-1 with its high-
water adsorption capacity, quick adsorption rate, and favorable desorption energetics is a leading candidate for atmospheric water

harvesting.

1. INTRODUCTION

While the majority of the surface of our planet is covered by
liquid water, only a small fraction of the water available is
freshwater and also safe for human consumption.'™® The
demand for freshwater will continue to increase as a result of
population growth and climate change impacts.”~"* Capturing
water from the atmosphere is one approach to addressing
water scarcity, *™"” and particularly, adsorption-based pro-
cesses have attracted attention for this purpose.'®™** Metal—
organic frameworks (MOFs), a class of porous materials made
of metal ions or clusters connected together by organic ligands
that create a porous framework,” ™" are appealing to complete
the separation of water from other compounds in air because
of their tunable pore surface chemistry, high surface area, and
diversity of pore topology.”” "

While there are numerous MOF materials, MOEF-303*°
(AI(OH) (1-H-pyrazole-3,5-dicarboxylate), MOF-LA2-1%° (Al-
(OH)((E)-5-(2-carboxylatovinyl)-1H-pyrazole-3-carboxylate),
and MIL-100(Fe)*® (Fe;0(H,0)2F-{C4H,(CO,);},-nH,0)
are appealing as water harvesting adsorbents because they have
high water adsorption capacities at desirable relative humidities
(i.e., 10—25%) near ambient temperatures compared to other
compounds'*”** and have little adsorption hysteresis. In
addition to favorable adsorption isotherms, MOF-303 and MIL
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materials have been produced at an industrial scale indicating
that commercial deployment of these materials is feasible.*”
In an adsorption based water harvesting device, the
adsorbent can be heated to recover the captured water via
desorption, but currently, very little thermodynamic informa-
tion is available that details the water adsorption capacity of
MOF materials at desorption temperatures. Moreover, the
water loading at desorption/regeneration conditions is key to
selecting conditions that are suitable to recover the water that
has been collected but not overly aggressive such that energy is
wasted heating the adsorbent. Likewise, while information
about MOF-303 mass transfer rates has been reported, mass
transfer rates for MOF-LA2-1 and MIL-100(Fe) have not been
detailed. The combination of thermodynamics and mass
transfer sets the foundation for the efficiency of any water
harvesting device, and the absence of this fundamental data
prevents detailed system design and process modeling.*’
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Therefore, the purpose of this paper is to collect and detail
water adsorption isotherms at temperatures above ambient on
MOF-303, MOF-LA2-1, and MIL-100(Fe) and to detail the
diffusion mechanism and rates of water adsorption in these
materials. The data are not only relevant to process modeling
for water harvesting systems but also provide insight into how
reticular materials provide precise control over these
parameters.

2. EXPERIMENTAL SECTION

2.1. Metal-Organic Framework (MOF) Synthesis.
MOF-303 was produced as detailed previously."' Briefly, 3,5-
pyrazoledicarboxylic acid, monohydrate (H,PZDC-H,0) was
dissolved in LiOH solution with H,O and heated for 30 min at
120 °C. Afterward, AlCl;-6H,O was added to the solution, and
the new solution was held isothermally at 100 °C for 15 h.
Then, the precipitate was collected by filtration and washed
with water, before subsequently being washed with methanol
for 24 h and air-dried for 3 days.

MOF-LA2-1 was produced as detailed previously.” Briefly,
the linker (E)-S-(2-carboxyvinyl)-1H-pyrazole-3-carboxylic
acid (H,PZVDC) was dissolved in N,N-dimethylformamide
(DMF). An aqueous solution of AICl;:6H,0 was added
dropwise, and the new solution was held isothermally for 24 h
at 120 °C. After the solution was cooled to room temperature,
the precipitate was collected by centrifugation and washed with
H,0 and methanol before being activated under dynamic
vacuum for 12 h at room temperature, followed by gradual
heating to 120 °C for 6.5 h.

MIL-100(Fe) was purchased from novoMOF, and addi-
tional samples of MOF-303 were also purchased from
Framergy and novoMOF.

2.2. Breakthrough High-Temperature Water Adsorp-
tion Isotherms. A breakthrough system was constructed
similar to Lassitter et al.*’ shown in Figure S1 where a glass
tube of 1.5” inside diameter was loaded with 3.11 g of sample
and placed inside a chamber able to maintain temperatures
+0.1 °C to ensure thermal stability. A total flow of 200 mL
min~' of helium was delivered through two mass flow
controllers. The RH data acquisition was completed using
LabVIEW, similar to previously reported breakthrough experi-
ments,””~*” and the data were used to calculate the adsorption
capacity as detailed in the Supporting Information (SI).*® The
adsorption capacity calculated from breakthrough data was
compared with isotherm data collected via the volumetric
adsorption apparatus to validate the accuracy of the volumetric
high-temperature water adsorption apparatus.

2.3. Volumetric High-Temperature Water Adsorption
Isotherms. A volumetric adsorption apparatus was con-
structed similar to an apparatus constructed by Glover et al.
shown in Figure S2.*” The apparatus was placed inside of an
environmental chamber able to maintain temperatures +0.1 °C
to ensure thermal stability. High-performance liquid chroma-
tography (HPLC) grade liquid water, sourced from Sigma-
Aldrich SHBP9108, was used as the adsorbate. The pressure
was recorded using National Institute of Standards and
Technology (NIST) traceable, heated capacitance-manometers
from MKS Instruments, Inc. accurate to 0.01% of full scale and
0.5% of the indicated value. The accuracy values of the
transducer can be used to calculate instrument readout error
bars for each data point, but the bars are small enough that
they are not readily observable on the isotherm plot. The leak

rate of the apparatus was measured to be 1 X 107* Torr over
24 h.

The volumetric measurements are based on a mass balance
that requires precise measurements of the apparatus volume,
and the procedure required to calculate the volumes is detailed
in the SI. With the system volumes known, a sample of
approximately 200—300 mg of adsorbent was inserted into the
adsorbent bed. Pressure readings before and after exposure to
the adsorbent were recorded using LabView. Samples were
allowed to equilibrate until no change in pressure was observed
for 20 min to ensure equilibrium had been reached. Additional
details are given in the SI. Because the apparatus was newly
constructed, the device was validated to breakthrough data,
volumetric adsorption data collected on a commercial
porosimeter, and to molecular simulations.

The isosteric heat of water adsorption was calculated, using a
temperature range from 45 to 115 °C in 10-degree increments,
by the Clausius—Clapeyron equation as detailed in the SL°%*'

2.4. Single-Component Adsorption Isotherms. Prior
to collecting elevated temperature adsorption data, single-
component adsorption data were collected using a Micro-
meritics 3 Flex and Micromeritics ASAP 2020 at 25 °C as
shown in the SI.

2.5. Gibbs Ensemble Monte Carlo Simulations. Force-
field-based isobaric—isothermal Gibbs ensemble Monte Carlo
(NpT-GEMC) simulations®>* were performed in the Monte
Carlo for Complex Chemical Systems-MN software (MCCCS-
MN)*>* to compute the vapor-phase unary adsorption isotherm
of water in MOF-303 at 45 and 85 °C. The simulation setup
and force field for MOF-303 previously used by Chheda et
al.>® (details of the force field are provided in the SI) were used
in these simulations. Briefly, a 3 X 2 X 3 rigid supercell of the
MOF structure previously optimized using periodic density
functional theory (Perdew—Burke—Ernzerhof exchange—cor-
relation density functional along with Grimme’s D3 dispersion
corrections with Becke—Johnson damping®® and a plane-wave
basis set with an energy cutoff of 520 eV) in the Vienna Ab
Initio Simulation Package (VASP; wversion 6.2)°” in the
presence of water molecules adsorbed in the primary
adsorption site and constrained to the cell parameters obtained
using single crystal X-ray diffraction, denoted as the E4D4
structure, was used as the adsorbent phase at all temper-
atures.”> This adsorbent box was held in thermodynamic
contact with a second fluctuating-volume simulation box for
the water reservoir pre-equilibrated to the target conditions.
Rigid-body translational and rotational Monte Carlo moves
were performed on randomly selected water molecules.
Isotropic volume moves were performed on the water reservoir
box to hold it at the target pressure. Swap moves were
performed on the water molecules to exchange them between
the reservoir and the adsorbent phase. The translational,
rotational, volume, and swap analyses were randomly
performed in a ratio of 0.30:0.30:0.01:0.39.

The TIP4P model was used to describe the intermolecular
interactions of water molecules since it has been previously
found to give a better agreement of the water adsorption
isotherm in MOF-303 compared to the experimental data both
when the isotherms are expressed in terms of either the
absolute pressure or the relative humidity.”*® The TIP4P was
chosen over other models such as the TIP4P/2005 model
which outperforms the TIP4P model when g)lacing weight on
the prediction of crystalline phases of water.””*” However, the
TIP4P/200S water model underpredicts the vapor pressure of
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Figure 1. (a) 25 °C adsorption isotherms collected on the volumetric apparatus compared to commercial porosimeter for novoMOF MOF-303,
(b) MOF-303 25 and 4S5 °C isotherms, (c) 25 °C adsorption isotherms collected on the volumetric apparatus compared to commercial
porosimeter for Framergy MOF-303, (d) 25 °C adsorption isotherms collected on the volumetric apparatus compared to commercial porosimeter

for MOF-LA2-1.

water, which implies that the TIP4P/2005 model would
overpredict the strength of the water—water interactions. For
the computation of the vapor—liquid coexistence curve of neat
water, this problem can be addressed by adding a polarization
correction (e.g, an isolated water molecule can lower its
energy by changing from the polarized charge distribution
appropriate for condensed phases mimicked by TIP4P/2005
to a nonpolarized state). Although the TIP4P/200S5 model
performs well for neat water, it does not perform well for
mixtures. Xue et al. have compared the performance of simple
nonpolarizable models for water/alkane mixtures (where the
alkanes are described by the TraPPE force field) and found
that the TIP4P model performs significantly better for these
mixtures.”’ Unfortunately, there is no simple way to account
for changes in polarization for water molecules in the diverse
environments offered by MOF-303 and therefore, TIP4P was
used.

The MOF structure was held rigid through the simulation,
and thus, the intraframework interactions of the MOF were
excluded. The pairwise Lennard—Jones and Coulomb
interactions were truncated by using a spherical cutoff radius
of 14 A. Beyond this cutoff radius, analytical tail corrections
were included for the Lennard—Jones interactions. The cutoff
radius was set to 35% of the box length for large vapor
simulation boxes. The Ewald summation method was used for
the electrostatic interactions with the Ewald sum convergence
parameter set to 3.2/r.. The water adsorption simulations
were performed using N = 1000 water molecules and at p/p™*
= 0.05—0.9S, where p™ is the saturated vapor pressure of the
TIP4P>® water model at the respective temperature (p** = 4.54
+ 0.12 kPa at 25 °C, 13.747 4 0.043 kPa at 45 °C, and 82.06

11330

+ 0.22 kPa at 85 °C). The simulations were equilibrated for at
least 150000 MCC (Monte Carlo cycles, where 1 MCC
consists of N Monte Carlo moves) followed by another 80000
MCC for the production period. Additional details are
available in the SI.

2.6. Kinetic Data. A concentration swing frequency
(CSFR) system, similar to the one used by Glover et al., was
used to complete the CSFR measurements.*”*” Briefly, helium
was passed through a water saturator cell that was located in a
temperature-controlled water bath, allowing for gas phase
water concentrations to be controlled by setting the water bath
temperature. After regeneration, the bed was exposed to a
constant feed of water in helium at the selected humidity
overnight to equilibrate the bed at the selected water loading.
A range of concentration swing frequencies were then
examined to collect the diffusion data. Additional details are
in the SL

Transport diffusivities depend on the adsorbed phase
loading, and the influence of the adsorption isotherm slope
on the measured kinetic rate can be calculated by following the
approach outlined by Ruthven (eqs 1—6).%® In this approach,
eq 1 describes the transport diffusion where D is the transport
diffusivity that is the proportionality constant relating macro-
scopic flux ] to a spatial concentration gradient V¢ in Fick’s
law.

Equation 1 can be written in terms of the gradient in the
chemical potential to produce the Maxwell—Stefan form of the
flux eq (eq 2) where B is the molecular mobility, ¢ is the total

concentration in the pore, and 3—” is the gradient in chemical
X

potential, and substitution (eqs 3—6) leads to an expression
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Figure 2. (a) Elevated temperature adsorption isotherms on MOF-303 synthesized in the Yaghi lab from 25 to 125 °C represented in relative

humidity, (b) kPa, and (c) in semilog.

where BRT is referred to as Dy, the corrected diffusivity.”**’
This term
] = —Dy(c)Ve (1)
o
= —Bc—
P @)
u=pu +RTInp (3)
|
9 _ ppdlnp de
Ox dc  Ox 4)
dlnp oc
—BRT —
/ dlncox (%)
D, =Brr2 2P pr
t Inc ° (6)
accounts for the molecular mobility effects. The 4P term is

dlnc

referred to as the thermodynamic correction factor, and
accounts for the equilibrium effects on the measured diffusivity
and can also be written a I'. Therefore, for a system of interest
with an experimentally measured isotherm, it is possible to
calculate the thermodynamic correction factor and the value of
corrected diffusivity, Dy, can be determined using an
experimental value of the diffusivity obtained at a particular
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pressure.””*°"% It was assumed that the corrected diffusivity
was independent of the loading. The correction factor was
calculated from the isotherm data at 25 °C by utilizing a linear
interpolation of the isotherm slope. While the Darken relation
is an approximation, it provides an understanding of the
diffusion behavior across sorbate concentrations.””

3. RESULTS AND DISCUSSION

3.1. Validation of Adsorption Apparatus. Validation of
the custom-built volumetric adsorption apparatus was
completed by comparing water adsorption data collected on
the custom-built volumetric high-temperature water adsorption
apparatus to data collected on a commercially available
Micromeritics 3 Flex porosimeter. Data for validation were
collected on MOF-303 from different sources (Yaghi lab,
novoMOF, Framenergy) and on MOF-LA2 to ensure
reproducibility could be achieved regardless of sample.
Additionally, validation of the volumetric apparatus was
completed at different temperatures by comparing water
adsorption isotherms collected volumetrically to data collected
using a breakthrough device (Figure 1).

Figure la shows excellent agreement for water adsorption
data onto MOF-303 synthesized by novoMOF that were
collected on the custom-built volumetric system and on a
Micromeritics 3 Flex porosimeter. Water adsorption data for
MOE-303, produced by the Yaghi lab, and collected on a 3Flex
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Figure 3. (a) Elevated temperature adsorption isotherms on MOF-LA2-1 from 25 to 125 °C represented in relative humidity and (b) kPa.
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Figure 4. (a) Elevated temperature adsorption isotherms on MIL-100(Fe) from 25 to 125 °C represented in relative humidity and (b) kPa.

device, the volumetric system, and a breakthrough device are
compared in Figure 1b.** Again, agreement across the
instruments is satisfactory at 25 and 4S5 °C. In Figure 1lc, the
volumetric and 3Flex device yield consistent results for MOF-
303 prepared by Framergy but with somewhat lower
adsorption capacity than found for the novoMOF and Yaghi-
lab samples. Lastly, the volumetric apparatus and the 3Flex
yield excellent agreement when measuring water adsorption
isotherms on MOF-LA2-1. The isotherm shape shown in
Figure 1 is expected for these types of water harvesting
materials as discussed elsewhere.*”*” The results show that the
volumetric apparatus built for this work is capable of
measuring accurate water adsorption isotherms at and above
room temperature.

3.2. High Temperature Pure Water Isotherms.
Isotherms for pure water vapor at 25 and 45—125 °C in 10
°C increments were collected on MOF-303 (Figure 2). These
isotherms show a significant decrease in the adsorption
capacity from 25 to 45 °C along with a shift in the step of
the isotherm toward 15% RH. The novoMOF MOF-303 25
and 45 °C isotherms (see Figures S16—S18 in SI) showed even
greater reduction in adsorption capacity, but the trend was
consistent with the data shown in Figure 2. The Framergy
MOF-303 adsorption isotherms (see SI) showed a more
modest decrease in capacity from 25 to 45 °C, but the total

capacity of the Framergy MOF-303 at 25 °C was slightly lower
than that of the other sources of MOF-303.

The large decrease in loading of water upon increasing the
temperature to only 45 °C (Figure 2c) makes MOF-303 an
appealing candidate as a water harvesting material. Addition-
ally, the isotherm data in Figure 2 show the precise conditions
upon which the MOF can be regenerated through a
combination of temperature and vacuum. For example, the
data show that regeneration can be readily accomplished at
125 °C and 20 kPa or a similar loading can be obtained using
45 °C and 0.5 kPa. This type of data provides clear insight into
the amount of water that remains on the adsorbent during
regeneration and provides the foundation for system-level
energy consumption vs water production optimization that
may be required during water harvester design.

As reported previously, a linker extension strategy was used
for generating MOF-LA2-1, which exhibits an approximately
50% increase in water capacity and a shift in step position
toward higher RH values at 25 °C compared to MOF-303. To
understand the impact on uptake at higher temperatures, water
adsorption isotherms were collected up to 125 °C as shown in
Figure 3.*° Similar trends for MOF-LA2-1 were observed as
compared to those of MOF-303 where the step in the isotherm
shifts toward higher relative humidity with higher temper-
atures, and a significant decrease in capacity is observed at 45
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Figure 5. Comparison of synthesized MOF-303 water isotherms and water isotherms collected using GEMC simulations. The same data are shown

in (a) and (b).

Figure 6. (a) MOF-303 is formed from infinite Al(4t,-OH) rods aligned with the crystallographic a-axis that are connected by PZDC linkers. The
image shows a 3 X 2 X 3 supercell of MOF-303 as used in the simulations. (b) Illustration of the pore walls for an asymmetric unit (for clarity,
some of the surrounding atoms are shown) of the pristine MOF-303 structure.”” The linker arrangement with the polar parts (N-NH) of two
PZDC linkers pointing toward each other and their neighboring y1,-OH groups leads to the formation of one strongly hydrophilic surface region
(SH region shaded in green), whereas the surface region with the two CH groups of the PZDC linkers pointing toward each other is less
hydrophilic (LH region shaded in yellow). The distances, ryy.n, between opposite pyrazole functionalities are indicated. (c) Illustration of the
primary adsorption site (located in the SH region) for water in MOF-303 through hydrogen-bond formation with neighboring N(H)jiery Niinken
and O, functionalities (pink dotted lines)* Color code: Al, blue octahedra; O, red; N, light blue; C, brown; H, light pink. Reproduced with

permission from Chheda et al.>> 2023 American Chemical Society.

°C as compared to 25 °C. For MOF-LA2-1 additional
increases in temperature result in larger decreases in capacity
as compared to those of MOF-303 and provide a wider range
of temperature and vacuum conditions that can be used to
regenerate the MOF.

Lastly, MIL-100(Fe) was obtained from novoMOF and pure
water isotherms up to 125 °C were collected (Figure 4).
Unlike MOEF-303 and MOF-LA2-1 which have a single step
isotherm, MIL-100(Fe) has a two-step isotherm that shifts
toward high RH values as the temperature increases. While less
of a decrease in water adsorption capacity is observed between
25 and 45 °C the capacity did decrease, and similar to MOEF-
LA2-1, additional increases in temperature further decreased
the capacity more so than in MOF-303.

These types of trends are consistent with those of Rudisill et
al., where the shape of the isotherm and capacity of water
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adsorption on activated carbon changed at elevated temper-
atures up to 125 °C.*

3.3. GEMC Simulations. To gain more insight into water
adsorption behavior as well as the water adsorption sites at
elevated temperatures, isobaric—isothermal Gibbs ensemble
Monte Carlo (NpT-GEMC) simulations were performed on
MOFEF-303. GEMC calculations were selected because the
adsorption loading is an observable property in GEMC
simulations that can be obtained as an ensemble average,
and in NpT-GEMC simulations, the (gas-phase) reservoir is
simulated explicitly and, hence, an equation of state is not
needed.”® The simulated adsorption isotherms are compared
to isotherms of MOF-303 collected on the volumetric
apparatus, as shown in Figure 5. When the comparison is
done in absolute pressure (i.e., reflecting the change in
translational entropy upon adsorption), the position of the step
is found to be underestimated by a consistent factor of about
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Figure 7. (a) Experimental heat of adsorption for water on various MOFs and (b) simulated versus experimental isosteric heat of adsorption.

1.2 in the simulations compared to the experimental data
(Figure Sa). As pg, is approached (ie, RH > 90%), the
simulations yield a smaller decrease with increasing temper-
ature than the experimental measurements (Figure Sb). It is
known that the TIP4P model represents the energetics of
water better at ambient temperature than at elevated
temperatures (as evidenced by deviations in vapor—liquid
coexistence curve), and this may explain why the step in the
simulated isotherms is shifted to increasingly lower RH values
compared to experiment (i.e., the strength of the guest—guest
interactions decreases faster than the guest—host interactions).
Furthermore, the simulations utilize the same rigid host
structure independent of temperature, while a change in the
MOF structure may also contribute to the significant decrease
in the adsorption capacity from 25 to 45 °C observed in the
experiments. Nevertheless, the simulated and experimental
data sets do show consistent trends in the shape, and this gives
confidence in the analysis of the simulation trajectories to learn
about how the occupation numbers of the different known
water adsorption sites change with increasing temperature.

As in prior work,>® a set of distance-based criteria was used
to identify the hydrogen-bond interactions and to calculate the
number of water molecules adsorbed to the different
framework adsorption sites of MOF-303. MOF-303 exhibits
alternating hydrophilic and hydrophobic cavities where the
hydrophilic cavities are constituted by the different H-bondin
functionalities, viz. -N(H)jinery -Ninker 4a-(OH),oq groups.””’
Each of these hydrophilic cavities is asymmetric and consists of
a wider primary patch and an opposite narrower secondary
patch that adsorb water molecules through hydrogen bonds
with at least one of the H-bonding functionalities of the MOF
as previously detailed by Chheda et al. (Figure 6 and additional
figures detailing the spatial distribution of water molecules at
these sites are available in Chheda et al.).*® The change in the
occupancy of each of these water adsorption sites per unit cell
at elevated temperatures was investigated at characteristic
water loadings before and after the major water adsorption
isotherm step.

At 2.5% RH across the temperature range (Table S2 in SI), a
majority of the water molecules (~4.15 H,0 molecules/cell at
25, 45, and 85 °C) are adsorbed in the primary patch.
Adsorption at this primary patch is facilitated by about two to
three hydrogen bonds. At 25 °C 96% of the water molecules in
the primary patch form three H-bonds with the -N(H)jen
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Niinker and p,-(OH),o4 groups (~3.96 H,O molecules/cell),
while the number of water molecules forming the complete set
of hydrogen bonds within this patch decreases slightly to 93%
(3.88 H,O molecules/cell) at 85 °C due to the increased
thermal motion at higher temperatures. Notably, the
occupancy of the secondary patch at this RH is more than
halved from ~1.75 molecules/cell to ~0.80 molecules/cell.
The number of water molecules adsorbed only at the pu,-
(OH),,q remains constant (0.05 H,O molecules/cell) upon
increasing the temperature between 25 to 85 °C while the
number of “free” water molecules (i.e., not forming a hydrogen
bond) increases slightly from 0.04 to 0.06 H,O molecules/cell.
Similar trends in the occupancy of the different water
adsorption sites with temperature are also observed at 5.1%
RH (total water uptake = 7.56 molecules/cell at 25 °C) (Table
S3 in SI). The number of water molecules adsorbed in the
primary patch decreases by 3%, while the number of water
molecules located in the secondary patch decrease significantly
by ~40% (from 2.76 to 1.58 H,O molecules/cell) upon
increasing the temperature from 25 to 85 °C.

Across the temperature range, 20.5% RH corresponds to the
completion of the major step in the water adsorption isotherm
(Figure S19). At this higher RH, the primary patch reaches
saturation. The occupancy of the strong water adsorption sites
in the primary patch decreases by ~6% from 8.34 to 7.84 H,0O
molecules/cell as the temperature is increased from 25 to 85
°C. However, the number of adsorbed water molecules
forming a complete set of hydrogen bonds within this primary
patch remains nearly the same (~4.09 H,O molecules/cell at
25 °C and ~4.03 molecules/cell at 85 °C) while the water
molecules forming an incomplete set of hydrogen bonds
decreases by ~10% at the elevated temperature decrease from
(~4.25 H,0O molecules/cell at 25 °C to ~3.81 molecules/cell
at 85 °C), which can be attributed to their lower adsorption
enthalpy which is overcome by the thermal energy of the water
molecules.

In contrast to the near 50% decrease found at the two lower
RH values, the site occupancies of the secondary patch
decrease only by ~14% at 20.5% RH (from ~7.07 H,O
molecules/cell at 25 °C to ~6.08 H,0 molecules/cell at 85
°C). The number of water molecules adsorbed at the fi,-
(OH),oq groups (~1.65 H,O molecules/cell at 25 °C)
decreases to ~1.30 H,O molecules/cell at 85 °C. Since this
RH corresponds to the completion of the major isotherm step,
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water molecules are adsorbed in the pores which form the
central cavity of the 1-D channels of the MOF. At 25 °C,
~15.47 H,0 molecules/cell (~48% of the total loading) are
found without a hydrogen bond to the framework. The
occupancy of the central cavity decreases to ~10.84 H,O
molecules/cell (~42% of the total loading) at 85 °C.

Thus, the effect of temperature is most pronounced for
water molecules adsorbed in the secondary patch at lower RH
while the water uptake in the central cavity is most affected at
higher RH. The occupancies of the primary patch are not
largely affected across this range of RH since the primary patch
constitutes the very strong water adsorption sites.

3.4. Isosteric Heats of Adsorption. The experimental
heats of adsorption for MOF-303, MOF-LA2-1, and MIL-
100(Fe) are shown in Figure 7 (additional data in the SI
Figure S20). The first water molecules adsorb to the most
active surface sites, and the heat of adsorption is larger in
magnitude than that of the condensation of bulk water. These
results are consistent with heats of adsorption on wood based
activated carbon collected by Liu et al.”" where the initial water
bonding sites have an isosteric heat of adsorption above the
heat of condensation of bulk water resulting from the
hydrophilicity of the surface of the adsorbent. These results
are also consistent with isosteric heat of adsorption data
collected on MIL-160.”* The hydrophilic nature of these initial
sites is shown in Figure 7 with the heat of adsorption near 54
kJ/mol for MOF-LA2-1 and 60 kJ/mol for MIL-100(Fe),
while the average isosteric heats of adsorption (Table 1) are 47
and 48 kJ/mol, respectively (details on the calculation can be
found in the SI).

Table 1. Average Isosteric Heats of Adsorption Calculated
from 45 to 115 °C

Average
MOF Isosteric Heat of Adsorption
(kJ/mol)
50.3+1.3x107
48.9+2.1x 102
483+ 1.9x 107
48.24+2.0x 107
46.7+1.0x 102

novoMOF MOF-303
MOF-303
MIL-100(Fe)
Framergy MOF-303
MOF-LA2-1

The trend in the average isosteric heat of adsorption values
is consistent with the decreases in capacity at temperatures
above 45 °C with MOF-LA2-1 having the lowest isosteric heat
of adsorption and decreasing in capacity the most at
temperatures above 45 °C.

3.5. Kinetics. Detailed mass transfer data describing the
rate of water adsorption are necessary to design, model, and
optimize water harvesting systems so that simultaneous mass
transfer events, such as convection and diffusion, can be
quantified.”* To examine the rate of water adsorption,
concentration swing frequency response (CSFR) was used
because frequency response methods are preferred to uptake or
step test methods when measuring mass transfer resistances. In
particular, during uptake experiments, the gas concentration is
increased in a step, the response of the adsorbent is measured
(gravimetrically, volumetrically, or chromatographically), a
mass transfer model is assumed, and the system response is
fit to obtain a rate parameter. In many cases uptake methods
fail to account for heat effects and system nonlinearities, due to

large concentration steps, are not identified or accounted for,
which results in parameters with limited general significance.””

CSFR has been used previously to measure the rates of
water adsorption in MOF-303, MOF-333, and 4/4-MTV-
MOF* and has been described elsewhere.”****7*7® In brief,
the adsorption rate experiment was conducted by equilibrating
each MOF with a known amount of water, after which the
concentration was oscillated sinusoidally. The effluent
amplitude was diminished relative to the inlet amplitude due
to adsorption occurring. The ratios of the inlet and effluent
amplitudes were calculated, and data points for each oscillation
frequency are shown in Figure 8a and Figure 8b.

The data in Figure 8 were fit to both a linear driving force
model and a micropore diffusion model. The linear driving
force model can be used for describing systems in which the
rate-limiting mass transfer step is a surface barrier where a
constriction at the pore mouth is the dominant resistance, and
the micropore diffusion model is the governing rate-limiting
mechanism based on a description of the microparticle as
spherical in the nanoporous domain.”*’® For both MOF-LA2-
1 and MIL-100(Fe) water adsorption is rate-limited by
micropore diffusion through the pore, which is consistent
with water diffusion rates in other MOFs.*’

Next, the Darken relation was used to predict the rate of
micropore diffusion as a function of isotherm loading based on
the data collected at 40% RH and 50% RH of MOF-LA2-1 and
MIL-100(Fe) respectively (Figure 8c,d and Table 2). Based on
the limited adsorption hysteresis reported in these samples
previously, it was assumed that the adsorption and desorption
isotherm slopes were the same and the adsorption isotherm
slope was used to complete the calculation.””*>*° The Darken-
predicted diffusion rate data show the expected dependence on
loading, where diftusion slows at the step in the isotherm
corresponding with all the strong adsorption sites being
occupied. The large change in the isotherm slope arises from
increased guest—guest interactions (adsorbate—adsorbate),
which has an impact on the transport diffusion rate. This has
been detailed previously for S-shaped isotherms and has been
shown to result in adsorption where the self-diffusion (or
tracer diffusion of tagged particles) is greater than the transport
diffusion.”” This is consistent with previously reported MOF-
303 diffusion data reported by Lassitter et al. where the
diffusion rate was determined at various loadings across the
isotherm.*”

4. CONCLUSION

Elevated temperature water isotherms on MOF-LA2-1, MOF-
303, and MIL-100(Fe) provide detailed thermodynamic
conditions where heat and vacuum can be used to regenerate
these materials and provide a method to examine the
maximum possible working capacity that can be achieved
under specific regeneration conditions. Molecular simulations
show that as the temperature of the adsorption is increased, the
water adsorption in the strongest adsorption sites, the primary
patch, does not change appreciably. At lower RH and higher
temperature, the secondary adsorption patch sees a reduction
in loading, and at higher RH a reduction in loading is observed
in the broader pore space. With a wide range of isotherms from
4S5 to 125 °C the calculated heats of adsorption as a function of
loading are consistent with previous reports for these MOFs
and show active initial adsorption sites with heats of adsorption
higher than those of the condensation of bulk water. The
diffusion rate of water through these materials can be described
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Figure 8. (a) Frequency response curves for MOF-LA2-1 and (b) MIL-100(Fe) and the Darken rate of micropore diffusion plotted alongside the
water adsorption isotherm for (c) MOF-LA2-1 and (d) MIL-100(Fe).

Table 2. Water Diffusion Rates for MOF-LA2-1 and MIL-
100(Fe)

MOF Diffusion Rate (s!)
MOF-LA2-1 4.65x 103
MIL-100(Fe) 3.17 x 104

with a micropore diffusion model, and the Darken relationship
shows significant reductions in the perceived adsorption rate
due to the thermodynamic effects of the isotherms slope. More
broadly, the data show precise control over high-temperature
isotherm shape that can be provided by reticular chemistry and
provide key insight into the application of these materials in
water capture systems.
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