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ABSTRACT

According to the European Commission, in 2016 the residential sector represented 25.4% of the
final energy consumption. Heating and cooling in EU households account for 69.1 % of the total
energy consumption. The fraction of 84% for heating and cooling is still generated from fossil fuels,
and only 16% is generated from renewable energy. To decrease carbon dioxide emissions of fossil
fuel consumption, it is crucial to find alternatives to supply the heating and cooling demand.
Alternatives such as adsorption-based heat pumps and desiccant cooling systems are receiving
much attention because of their moderate energy consumption. These systems are based on
reversible exothermic adsorption and endothermic desorption of working fluids. In this work, we
combined experiments and simulations to evaluate the viability of several zeolites and MOFs with
water for cooling systems applications. We combined the study of adsorption mechanisms and the
dynamics of water inside the pores of the structures, thereby obtaining an overall understanding of
the working-pair. We found that the Al content in FAU-topology zeolites is a key factor for an
efficient process. We also identify ZJNU-30 metal-organic framework as a suitable candidate for
cooling applications because of its outstanding water capacity, cooling capacity and coefficient of
performance.

INTRODUCTION



One third of the world energy consumption is generated by households, which is principally used
for heating and cooling of residential areas.' The energy demand for heating is expected to rise,
resulting in a high impact for the global climate change. With the aim of decreasing carbon dioxide
emissions of fossil fuel consumption, it is crucial to find alternatives to supply the heating and
cooling demand. Adsorption-based heat pumps (AHP) and desiccant cooling systems (DCS) are
receiving a great deal of attention due to their moderate consumption of electric power.> The
working principle of both AHP and DCS systems is governed by reversible exothermic adsorption
and endothermic desorption of working fluids in porous materials. In this context, the capacity of
the adsorbent must be maximized, and the selected working fluid should have a high enthalpy of
evaporation. Commonly used working fluids for these systems are water, methanol, ethanol, and
ammonia.”>” In this work, we focus on the study of water as working fluid. We select this fluid
because in addition of having a high enthalpy of evaporation is the green solvent par excellence.

The schematic working mechanism of AHP and DCS is shown in Figure la. An initially dry
adsorbent is connected to the working fluid (water) evaporator (Fig 1a). During this process, heat is
taken from the surroundings by the evaporation of water (Q.v). The water is adsorbed inside the
pores of the adsorbent. Adsorption is an exothermic process. Therefore, heat (Qads) Will be released
to the surroundings with at intermediate temperature. As the adsorbent will become saturated with
water, regeneration is required (Figure 1b). Energy is taken up at a relatively high temperature
(Ques) to desorb the water. Next, water is condensed, releasing heat at an intermediate temperature
(Qcon). One can operate this adsorption cycle as a heat pump to generate heat (Qcon and Qags) at an
intermediate temperature (AHP) or to generate cold (Qe) at a low temperature (DCS).® From an
energetic point of view, it would be desirable to have an adsorption isotherm of water with a single
and pronounced step. This allows higher thermodynamic efficiency.” For realistic applications the
step in adsorption should be at p/po between 0.2 and 0.4 (620-1240 Pa), where po represents the
saturation pressure of water at room temperature (3100 Pa).” '° The cycle of the AHP consists of
four steps (Figure 1b). (1-2) Isosteric heating; the adsorbent is heated from T; to T, increasing the
pressure from Pe, to Peon. The adsorbent is saturated (Wmax) and needs regeneration (desorption); (2-
3) Isobaric desorption; adsorbent heating allows water desorption up Tae,. When desorbed water
(Wmax — Wmin) 1s condensed, heat is expelled to the environment in the condenser (Qcon, Figure 1a);
(3-4) Isosteric cooling; the system is cooled from Tges to T3 to reduce the pressure from Peon to Pey.
The adsorbent is regenerated and can be used for adsorption; (4-1) Isobaric adsorption; the cooling
continues as the adsorbent retains water. The process finishes at T; and the loading is, again,
maximal (Wma). Water has taken up energy from the environment at low temperature in the
evaporator (Qev). Ques is the energy needed for the isosteric heating and the isobaric desorption and
Q.as 1s the energy expelled during isosteric cooling and isobaric adsorption. For a given working
pair, the operational conditions are fixed when Tey, Teon, and Tges are chosen. This cycle could be
used for heating or cooling, as indicated in Figure 1c. For heating, energy at high temperature (Tqes)
is transferred to an intermediate temperature (Tcon, Tass). The energy taken from the environment
(Tey) is also expelled at the intermediate temperature. For cooling systems, it is desirable that the
energy taken by evaporation occurs at low temperature (T, is subambient temperature). The energy
at Tees is used as input energy to generate the cooling effect and Tcon Or Tags is rejected. More
detailed information on this cycle can be found in literature.''



Figure 1. (a) Principle of operation of an AHP, adsorption phase (left) and desorption phase (right).
Where arrows show the flow of the energy in different stages of the process: heat taken from the
evaporator (Q.y), heat released at intermediate temperatures (Qags), required energy for desorption
(Ques), and heat released by the condensed fluid at intermediate temperature (Qcon). (b) Diagram of
the isosteric cycle of an AHP including the vapor pressure of water (black line), temperature and
pressure of the evaporator (Tey, Pev) and the condenser (Teon, Peon), desorption temperature (Taes) and
intermediate cycle temperatures (T1-3). (c) Modes of operation of a heat pump cycle. Heating (up),
cooling (down), ambient temperature (dashed line). Arrows indicate the energy flow taken the heat
pump cycle as reference, from low (blue) to high (red) temperature of the thermodynamic process.

Nanoporous materials such as zeolites and metal organic frameworks (MOFs) have been recently
reported as candidates for energy storage applications.” '*'° Zeolites are a well-known class of
nanoporous crystalline structures based on tetrahedral coordinated T atoms, where T is usually
silica or aluminum, linked together by oxygen atoms. Aluminosilicates are negatively charged
frameworks compensated by cations. Water adsorption in zeolites could be controlled by varying
the framework composition (Si/Al ratio).'® It is reported that zeolite Y has a sharp step at low p/po
due to the high aluminum content. The charge compensation with cations results in a strong
hydrophilic character. This strong interaction is useful for gas drying but it becomes a disadvantage
for AHP because high temperatures are needed for regeneration. In contrast to zeolite Y, pure silica
zeolites have been found to be too hydrophobic materials and the adsorption of water is almost
negligible at room conditions.” !

MOFs are crystalline porous materials constructed by organic ligands connected through metallic
clusters.'® The combination of compositions and topologies result in a virtually infinite number of



possible of structures.'” Some properties of MOFs such as high porosity, low density, high surface
area, and thermal stability make these materials good candidates for applications in gas separation,
storage, and catalysis.”*** Despite their extraordinary features, another required property is the
stability in water.”” Advances in the synthesis of MOFs have led to water-stable MOFs for
adsorption-related applications.”*** Numerous zirconium-based MOFs attract attention for their
chemical and thermal stability and also for exhibiting stability in water. *'**> The choice of the
adsorbent for water as working fluid is crucial since the hydrophobicity of the material must ensure
water nucleation at about 30% of relative humidity (RH).* !

Reversible adsorption or irreversible capillary condensation depends on the pore size of the
adsorbent. Below critical pore diameter, D., adsorption is attributed to the cluster formation of the
fluid. For pore diameters larger than D, adsorption is due to both capillary condensation and cluster
formation. To ensure continuous reversible adsorption and to avoid hysteresis upon water

desorption, the pore size of the adsorbent must be lower than D.. The critical pore diameter can be
34-36
D,

expressed as a function of the vapor phase properties of the working fluid as,

4oTe /T _T where o is the size of the molecule, T. is the critical temperature of the working fluid,
c

and T is the adsorption temperature. For water (¢ = 2.8 A), the D, is approximately 21 A at room
temperature.’*

In the past years, the capture of fresh water is also receiving attention. The need of clean water is a
current reality in deserted climates or in places where water is scarce or contaminated.’’ The use of
porous materials to capture and release water is becoming an important research topic. It is a global
challenge to ensure the accessibility of fresh water, as this is a fundamental humanity right
established by UN in 2010.%* This can be done by using the changes in the ambient conditions i.e.
large temperature and relative humidity differences between day and night.”> * *° In their current
form, atmospheric water generators (AWGs) require high energy and capital costs.** * Adsorbents
with high capacity, steep uptakes at low relative pressures (about 30% of RH at 298 K), and
stability upon water treatment/adsorption are promising candidates for friendly environmental
AWGs applications.***

In this work, we combine experimental measurements and molecular simulation to study the
viability of selected zeolites and MOFs for adsorption heat pumps (AHP), desiccant cooling
systems (DCS), and their operating working windows. To this aim, we studied the molecular
mechanisms involved on the adsorption of water in FAU topology zeolites with different
composition (high silica and Si/Al=1.06), and in two MOFs based on zirconium metallic center:
MOF-841 formulated as ZrsO4(OH)4(MTB),(HCOO)4(H20)4, and ZJINU-30 MOF formulated as
[Zr9Os(OH)s(PhCOO)s(L)4]24DMA > ** The selected zeolites are commercial adsorbents, they are
currently used in scale-up applications. With their reported water stability, and relatively high water
capacity, zeolites can be good candidates for AHP and DCS applications. We study here the
influence of the composition to choose better working conditions which guarantee an efficient
process. On the other hand, Zr-based MOFs are reported to be stable in water, specifically MOF-
841 was already proposed for heat pump applications.” Our aim here is to compare it with ZJNU-
30, a recently synthetized Zr-based MOF with high pore volume and surface area. The selected
structures have also a characteristic in common; the size of at least one of the pore of the structures
is between 7-10 A. That allows as to study the influence of the pore size of the adsorbents for water
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capacity and heat pump applications. The promising properties and the suitable behavior found for
the studied structures encourage us to study their transferability to AWG applications. We focus on
adsorption mechanisms and thermodynamic properties of the systems, and on the dynamics of water
within the pores. There are only a few studies in literature that aboard the thermal transport and they
are focused on water-unstable MOF-5. There is also recent studied of Al fumarate.*** We found
that controlling the hydrophobicity of the zeolites, i.e. Al content, makes possible their use in
realistic AHP and DCS applications, improving the operational windows by decreasing the required
temperature for the water desorption. We identify ZJNU-30 as a great candidate for heating and
cooling applications with an enormous water capacity and coefficient of performance of 0.948, the
best efficiency found up to date. The fast diffusion and transport properties found here ensure that
the characteristic cycle times will be suitable for AHP, DCS, and also AWG applications.

METHODS AND MODELS
Computational section

Adsorption isotherms and isobars were calculated using Monte Carlo simulations in the grand-
canonical ensemble (GCMC), where the chemical potential, volume and temperature are fixed.*’
We used a three step equilibration procedure; first we performed 5x10° production cycles after 10*
cycles of initialization. Due to the need of water nucleation within the pores, we used the last
configuration of molecules as input to perform 2x10° production cycles. To ensure equilibrium, we
repeated this procedure until the average water adsorption converges to the instant adsorption
values (see Figure S1). The Ewald summation with a relative precision of 10 was used to compute
electrostatic interactions. The structures are modeled as rigid crystals with the framework atoms
placed at the crystallographic positions. We used SPC-E water model.”® All geometrical and force-
field parameters are provided in the Supporting Information (Figure S2).We used generic force-
field parameters given in DREADING®' and UFF** for the framework atoms and the metal atoms,
respectively. The standard Lorentz-Berthelot mixing rules were used for cross-interaction
parameters between MOFs and water molecules. For aluminosilicates, the host-guest and extra-
framework cation-guest interactions are parameterized to reproduce the experimental adsorption
isobars measured in this work and the adsorption isotherms taken from literature.”> >* We used
aluminosilicates with FAU topology, NaX (Si/Al = 1.06) and high silica FAU (Si/Al = 100). Si
atoms are distributed randomly over the T-atoms following the Lowenstein rules. Extra-framework
cations are placed at the crystallographic positions and are allowed to move during the simulations.
The FAU structures were minimized using Baker’s method.> The simulations were performed in
the NPT ensemble using a full-flexible core shell potential to obtain the most energetically
favorable structure. >> > The force field parameters, charges, and the cross interaction parameters
used for zeolites are listed in Table S1. All the simulations were conducted using the RASPA
code.’”* The charges for MOFs were calculated using the EQeq * method based on Ewald sums.

The amount of molecules adsorbed in porous materials (q) is a function of temperature (T) and
pressure (p). The adsorption equilibrium can be described as a plane in the p-T-q space,
(F(p,T,q)=0). The Dubinin-Polanyi theory reduces the two-dimensional description to a
characteristic curve W(A4) that expresses the relationship between the adsorption potential A and the
adsorbed specific volume W.*" > The adsorption potential is the molar Gibbs free energy of
adsorption (opposite sign) defined as,



_ po(T)
A= RT (ln—p ) ()
where po is the temperature-dependent vapor pressure of water. The amount of water adsorbed
expressed as the volume occupied by the adsorbate phase can be approximated by using the liquid
phase density:

_ a7
Plig(M

(eq2)

where ¢ is the mass adsorbed, 17 the volume liquid adsorbed, and pj;,the liquid density.

To obtain diffusion properties of water inside the cavities of the structures, we performed MD
simulations in the NVT ensemble using the GROMACS software.”* The loading of water
correspond to that in saturation for each structure. We run 5-10” MD steps with a time step of 1 fs
leading to a total simulation time of 50 ns. The trajectory was recorded every 1 ps and the
temperature was controlled using the Nose-Hoover thermostat.” *® We calculated the self-diffusion
coefficients (D;) of water from the slope of the mean squared displacement using the Einstein
equation in the 1-40 ns time interval. The diffusion of water is related to the temperature by the
Arrhenius law:

Ds = Dyefa/keT (eq 3)

where Ds are the self-diffusion coefficients, Dy is a constant, E4 is the activation energy of the
process, kg is the Boltzmann constant and T is the temperature in K. Activation energies (Ea) are
calculated from the slope of the natural logarithm of the self-diffusion coefficients as a function of
the inverse of the temperature.

Experimental section

Adsorption isobars of water on NaX and high silica faujasite (HS-FAU) were determined with the
use of quasi-equilibrated temperature programmed desorption and adsorption (QE-TPDA)
experimental technique. The QE-TPDA measurements were performed with a homemade
apparatus, which is a modified flow setup for temperature programmed desorption equipped with a
chromatographic TCD detector (Micro Volume TCD, Valco). This setup is described in detail in
earlier works.%* 7

For the faujasite samples, we used commercial dealuminated HY (Si/Al>100, Degussa) and NaX
(Si/Al = 1.06) synthetized in the Fritz Haber Institute in Berlin.”' HY zeolite was exchanged for Na*
cations by placing 0.5 g of the sample in contact with 20 mL of 0.5 M NaNO; for 3 hours on
magnetic stirrer, decanting the mixture and replacing the solution every one hour.

Structures of the studied materials were confirmed by analysis of XRD patterns, which were
recorded by a Rigaku MiniFlex powder diffractometer with Cu Ka radiation at 10 mA and 10 kV,
20 step scans of 0.02°, and a counting time of 1 s per step. In Figure S3, one can observe a very
good agreement between the XRD patterns measured for the samples used for adsorption
measurements and patterns modelled from .cif files exploited in molecular simulations. It is
important to note that that all peaks for NaX are shifted to left comparing to HS-FAU, which is



consistent with expanding of the periods of the structure from 24.2446 A (HS-FAU) to 24.9274 A
(NaX).

Prior to adsorption measurements, the studied zeolites were pressed into pellets, crushed and sieved
(fraction of 400-500 um was used). The samples of 7-10 mg were activated before each
experiment by heating up to 400 °C (HS-FAU) or 500 °C (NaX) in a flow (6.75 cm’/min) of pure
He (Air Products, purity 5.0). After activation, the flow of carrier gas was switched to helium
containing water steam saturated at ambient temperature. After isothermal adsorption was
completed, the actual QE-TPDA measurements were performed by heating and cooling samples in
a flow of helium containing water steam saturated at RT.

In Figure S4, we presented the QE-TPDA profiles of water on HS-FAU and NaX, which are direct
representation of the data measured in the experiments. These profiles consist of desorption maxima
and adsorption minima, where their intensities are proportional to the amount of water being
adsorbed/desorbed at specific value of temperature. The profiles reveal differences in adsorption of
water in the two faujasites. For HS-FAU we observe sharp maxima at relatively low temperature
(300-350 K) showing that desorption is sudden, one-stage process taking place in narrow range of
temperature, which is of great importance in potential applications for AHP. The hysteresis between
desorption and adsorption branches may be caused either by different desorption and adsorption
mechanisms, or by deviations of the system from quasi equilibrium conditions.

In sharp contrast to HS-FAU and NaX, the QE-TPDA profiles for NaX are hysteresis free.
Desorption maxima and adsorption minima are smoother and are extended over wider range of
temperatures (300—675 K). Adsorption at 300-375 K is mostly driven by guest-guest interactions
and — due to the conditions of the experiment close to the saturation — can be disturbed by surface-
related effects. Most of the water molecules are desorbing/adsorbing at 375-475 K, which is
associated to the strongest overall interactions, including guest-host, guest—cations, and guest—
guest. At temperature above 475 K, a long tail is seen in the profiles, mainly due to the interactions
of the water molecules with cations. These interactions most strongly retain water in NaX zeolite,
hindering complete desorption of water from this material, which is significant for the studied
applications.

Integration of the QE-TPDA profiles, followed by averaging of the resulting integral profiles, leads
to adsorption isobars. More details concerning QE-TPDA methodology and formalism of data
reduction can be found in previous work.”> "3

The experimental adsorption isobars were also converted to characteristic curves according to
above-described methodology.

RESULTS

Figure 2 shows the Pore Size Distribution (PSD) of the topologies studied in this work. The FAU
topology has two types of cavities: sodalite units (ca. 5.5 A) and large cages (ca. 10.5 A). MOF-841
consist of cages of ca. 9 A and interconnected ca. 4.5 A windows. ZJNU-30 has three types of
cages, small cages of ca. 7 A, intermediate size cages (ca. 14 A), and large cages (ca. 21 A). The
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size of the cavities was calculated taken into account the Van der Waals radii of the framework
atoms. The colors of the spheres represent the pore cages, the studied structures have at least one
similar size cavity which is represented in green (from 7 to 11 A). The adsorption mechanisms
strongly depend on the nature and composition of the structures and the size of the cavities in which
adsorption takes place.

Figure 2. Schematic representation of the framework connectivity (top) and pore size distribution
(bottom) of (a) FAU zeolite (b) MOF-841, and (c) ZJINU-30. Oxygen atoms in red, T atoms in
yellow (Si and Al), carbon atoms in turquoise, Zr metal centers are shown as gray polyhedral and
hydrogen atoms are omitted for clarity. The blue, green, yellow, and purple spheres represent the
pore cages.

Figure 3 shows the calculated adsorption isotherms of water in NaX (Si/Al=1.06), MOF-841, and
ZJNU-30. Comparisons with the experimental data for NaX and for MOF-841 are included in
Figure S5. The adsorption in NaX zeolite shows a step at low values of the pressure with a capacity
about 320 mg/g. The step of water adsorption in MOF-841 and ZJNU-30 is at approximately
p/p0=0.18 and p/po=0.22 (equivalent to RH of about 20%), respectively. We found that ZJNU-30
shows an exceptional sorption capacity for water of about 1200 mg/g.

To have better perspective of the large adsorption capacity of ZJNU-30, it was compared to a very
large number of porous structures compiled by de Lange and coworkers.'' Figure 4 shows the water
capacity as a function of the pore volume. The color map indicates the relative pressure
(comparable to RH) at which the uptake rises to saturation. Blue color indicates that the step for
water adsorption is at low p/po (<0.1) at room temperature. These systems need high temperatures
for regeneration (Tqes) and therefore are not efficient for AHP such as NaX zeolite (see the isobar of
Figure S6). The red-orange indicates water adsorption near saturation pressure (p/po=0.7-1). These
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systems are too hydrophobic and/or show high pore sizes, which cause (1) cryogenic conditions (Tey
< 273 K) in the isobaric adsorption (last step of the AHP cycle Figure 1b) and/or (2) hysteresis
during desorption, (Cr)-MIL-101 is an example.”* "> The desirable relative pressure range is from
0.2 to 0.5 (green) where the structure guarantees enough hydrophobicity. An excellent example is a
recent synthetized CoCl(BTDD) MOF with open metal sites (hydrophilic), with pore diameter near
to the critic conditions for water (aprox. 22 A), and high capacity (1000 mg/g).”® On the basis of
these results, we proposed ZJNU-30 as excellent candidate for the targeted applications. To the best
of our knowledge, ZJNU-30 is a thermal, hydric, and chemically stable Zr-based MOF with the
highest sorption capacity for water reported until now (1200 mg/g) at operational conditions. The
adsorption starts in the small pores of the structure which are totally interconnected to the medium-
size cages and the large pores that allow nucleation at optimal conditions (p/p¢=0.2). Moreover, the
large cavity has a diameter of 21 A (Figure 2c) which maximizes the pore volume avoiding
irreversible capillary condensation.

As we previously mentioned, NaX zeolite shows a step in the uptake at low pressure (p/po < 0.1)
which indicates that it is not efficient for heat pump applications, since high temperatures are
needed for desorption (Tqes > 600 K). For this reason, we explored the efficiency of high silica FAU
(HS-FAU) with Si/Al = 100. The presence of Al atoms and Na cations results in sufficient
hydrophilicity to ensure the water adsorption at operational conditions. Figure S7 shows the
calculated adsorption isotherm of water in HS-FAU at 298 K and Figure S6 the comparison of
experimental data measured in this work and the calculated adsorption isobar at 2000 Pa.

We found that the selection of the regeneration conditions of the working pair is crucial for the
effective performance. Here, we established a working pressure based on the pressure of the step in
the adsorption isotherm. The value of this pressure is the one that shows an uptake near to saturation
but with a low value of p/po. Figure S8 shows the adsorption isobars of water in HS-FAU at 700 Pa,
900 Pa, 1200 Pa, and 1700 Pa (0.22-0.53 p/po) which shows that variations in the conditions for the
regeneration process conduct to large changes in the regeneration temperature (Tqes). Specifically
for HS-FAU the Tges needed for the system increase with the pressure ( 20 °C in the selected
pressures). The pressure control is a mechanism to improve the efficiency of the system due to it
can decrease the regeneration temperature. Using the described criterion, we calculated adsorption
isobars of water in HS-FAU, MOF-841, and ZJNU-30 at 700 Pa, 800 Pa and 1000 Pa, respectively,
corresponding to approximately 22, 25 and 30 % RH at room temperature. Figure 5 shows that at
these conditions the regeneration is achieved with a 20-23 °C temperature lift for MOF-841 and
ZJNU-30 and 40 °C for HY-FAU (283 to 323 K). The first temperature lift is the range required for
an air conditioner applications.” MOF-841 is already proposed for cooling applications and for
AWGs being one of the best materials with a capacity about 42 wt % of water. Rieth et al.” recently
proposed a suitable alternative, CoClI(BTDD) which capacity is about 82 wt % of water. This makes
this MOF one of the best candidates to generate water in realistic desert conditions. We predicted
sorption capacity of about 33 wt % of water for HS-FAU, the same as for NaX but with a clear
improvement in the regeneration process. This makes HS-FAU better candidate than NaX for AHP
and AWGs applications. ZJNU-30 shows high stability, and no alteration is exhibited in the surface
area with the exposition to the air for one month, and it losses only a 14 % of surface area after one
week in liquid water.” Based on the characteristic curve (Figure 6a), at realistic conditions, 318 K
and 5 % RH (day) and 298 K and 35 % RH (night), we calculated the deliverable capacity of water



(Figure 6b). We reproduced water capacity of MOF-841 and we predict that ZJNU-30 captures
100.5 wt % water, taking into account the surface area losses. This Zr-based MOF shows the
highest capacity reported until now and becomes the best candidate for water generation propose.
The improvement in the regeneration process of HS-FAU comparing with NaX is also reflected in
the release of water in day-night cycles under realistic conditions. HS-FAU shows 32 wt % of water
while NaX is not an efficient candidate with only 10 wt % water.

Figure 7a shows the working volume as a function of the regeneration temperature. The lowest Tes
at which the water capacity reaches a maximum value is 303 K for ZJNU-30 at 1000 Pa, 313 K for
MOF-841 at 800 Pa, and 323 K for HS-FAU at 700 Pa. Figure 7b shows the volumetric heat energy
released to the condenser (Qcon) as a function of temperature lift (Taes-Tev) Where Tey is fixed at 283
K and Tges goes from 298 K to 343 K. The highest Qcon, the highest cooling capacity is obtained.
From this, we obtained the temperature lift which achieves a maximum cooling capacity. The ideal
regeneration temperature should guarantee the maximum energy transferred and also maintain the
highest working volume. In this case, the chosen Tqes is 303 K for ZINU-30 which corresponds to
temperature lift of 20 K, 313 K (temperature lift of 30 K) for MOF-841, and 323 K (temperature lift
of 40 K) for HS-FAU. The working pair ZJNU-30-water exhibits a great performance of heat
transfer. The energy released with a temperature lift of 20 K is 550 kWh/m’. It is the highest
cooling capacity per cycle obtained considering the regeneration temperature.'" ’° The energy
released to the condenser is directly related to the coefficient of performance. The coefficient of
performance (COP) is the most commonly used parameter to describe the energetic efficiency of a
heat pump.® '* For cooling devices the COP is defined as the ratio of useful cold energy output
divided by input heat energy, COP= Q,,/Qreg , more details can be found in the Supporting
Information. We estimated the COP for HS-FAU, MOF-841, and ZJNU-30 using T.=283 K,
Teon=298 K, and T4es=323, 313, 303 K, respectively. At these conditions HS-FAU has a COP=0.42,
MOF-841 has a COP=0.7, and ZJNU-30 shows a COP=0.948 of efficiency for cooling applications,
being the highest reported COP up to date.'" "

Figure 8 shows the heat of adsorption of the studied structures at low coverage and near saturation
conditions. Low coverage corresponds to the loading at T in each structure and high loading at
Tey=283 K (see Figure 5). The preferential sites of adsorption for FAU topology zeolites are near
the Al atoms and cations which provide the hydrophilic character to the structure. Once the
preferential sites are occupied, water molecules are forced to be adsorbed at less favorable sites.
Two different type of behavior can be observed: NaX shows high interactions with the structure in
addition to the adsorbate-absorbate energy contribution due to water nucleation. For HS-FAU, once
the more favorable adsorption sites are occupied, the interaction of the structure decreases.
Therefore the heat of adsorption decreases. In this case the adsorption is due to water-water
interaction and nucleation. Their hydrophilic nature is also responsible of the low difference
between the heat of adsorption at saturation and low loading conditions. MOF-841 and ZJNU-30
are more hydrophobic materials and the interaction with the structure is lower than for the studied
zeolites. As in the case of HS-FAU, adsorption is induced by confinement in the pores (water-walls
interactions) and the step in the adsorption is due to the water-water interaction and their nucleation
within the cavities of the structure. Their hydrophobic nature makes possible the largest differences
between the heat of adsorption at saturation and low loading.
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Besides the thermodynamic properties, the dynamic properties of the system are crucial for AHP
and DCS applications which has implications for the power of charging and discharging. We
performed Molecular Dynamics simulations to study the transport of water within the pores of the
structures under study at saturation conditions. Figure 9 shows the Arrhenius plot of the working
pairs using the self-diffusion coefficient as a function of the inverse of the temperature. The slope of
the fitting line is proportional to the activation energy (Ea) (eq 3). At fixed temperature, the
hierarchy of the self-diffusion coefficients of water is ZJNU-30 > HS-FAU > MOF-841 > NaX
(Figure S10). The activation energy follows the trend NaX > MOF-841 > ZJNU-30 > HS-FAU. The
Ea of water in HY-FAU is similar to that of water in the bulk phase (about 18 kJ/mol) which
implies the absence of diffusion limitations. There are also slight differences between the activation
energy of water in ZJNU-30 and MOF-841 and water in the bulk phase, 2.5 and 3.1 kJ/mol
respectively. The highest value is obtained for NaX due to the strongest interaction of water with
the cations of the zeolite. The self-diffusion coefficient is usually proportional to the pore size.
However, the self-diffusion coefficient for NaX is lower than for HS-FAU, although they have
similar pore size, due to the more hydrophilic nature of NaX.

CONCLUSIONS

We showed that the composition of the structure strongly affects the water adsorption in FAU-
topology zeolites. The Al atom content and the proper selection of the pressure for the regeneration
process reveal that high silica faujasite (HS-FAU) is a suitable candidate for water capture and
release. This material also shows high self-diffusion coefficients at saturation conditions and low
Ea. We found that a combination of properties of ZJNU-30 make this material a promising
candidate for cooling applications and atmospheric water generator. In this case, the adsorption
mechanism makes the difference. The step in adsorption takes place at p/po=0.22 due to the
combination of the cage sizes. Water adsorption starts in the small cages, then adsorbed molecules
cross to intermediate cages and the big cages by nucleation and diffusion. This is responsible for the
high sorption capacity of the structure. It is remarkable that ZJINU-30 exhibits records in water
capacity (1200 mg/g), cooling capacity (550 kWh/m?), and COP for cooling applications (0.948).
Due to the size of the cages, the diffusion of water within the pores is the highest of the studied
structures. The procedure used in this work may be useful to explore new materials and the optimal
conditions for AHP and AWGs applications. Based on our findings, we propose the search of
structures with interconnected cages of different sizes; small enough to ensure the water adsorption
at relatively low pressures (near to p/po=0.3) and other cages should be near to critical diameter, to
ensure a high water capacity.
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Figure 3. Calculated adsorption isotherms of water in NaX (red), MOF-841 (yellow), and ZJNU-30
(blue) at 298 K.

Figure 4. Comparison of the water capacity as a function of the pore volume in several structures.
The values are taken from literature'' and from this work at saturation conditions. The color map
indicates the relative pressure at which the step takes place.
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Figure 5. Calculated adsorption isobars from MC simulations of water in (a) HS-FAU (Si/Al=100)
at 700 Pa, (b) MOF-841 at 800 Pa, and (c) ZJNU-30 at 1000 Pa.

Figure 6. (a) Characteristic curves of HS-FAU, MOF-841, and ZJNU-30 determined using Eqs 1
and 2 and (b) water capacity at realistic desert conditions (day 318 K and 5% RH, night 298 K and
35% RH).
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Figure 7. (a) Working volume as a function of the regeneration temperature (Tqes) at 700 Pa, 800
Pa, and 1000 Pa in HS-FAU, MOF-841, and ZJNU-30, respectively. (b) Volumetric heat energy
transferred to the condenser as a function of temperature lift.

Figure 8. (a) Heat of adsorption for low coverage (Taes) and high loading (Tey)
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Figure 9. Arrhenius plot for the working pairs at saturation conditions. Lines correspond to a linear

fit. The activation energies (E) in kJ/mol are calculated from these slopes.
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Figure S1. Equilibration of water adsorption in MOF-841 at 800 Pa and 298 K as a function of the
number of production runs. Instant values of adsorption in red and average in blue.
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Figure S2. SPC/E water model with geometrical and force-field parameters.'

Figure S3. Comparison of the experimental and modeled XRD patterns of the studied Faujasites.
For clarification, intensities of all peaks except the one at ca 6° of the modeled patterns were
multiplied by a factor 3.
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Figure S4. QE-TPDA profiles for water in HS-FAU (Si/Al > 100) and NaX (Si/Al = 1.06). ssr
denotes the specific sorption rate unit, which is positive for desorption, negative for adsorption, and
equal to zero when the initial concentration of the adsorbate is not changed. Values of partial
pressures of water steam were equal to 2000 Pa for HS-FAU and 3100 Pa for NaX. The profiles for
HS-FAU and NaX were recorded using a heating/cooling rate of 1 and 2 °C/min, respectively.

Figure SS5. Comparison of computed adsorption isotherms of water in NaX (red) and MOF-841
(yellow) at 298 K. Experiments (black lines) are taken from literature.”*
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Figure S6. Comparison of adsorption isobars of water in NaX (purple) at 3100 Pa and HS-FAU
(green) at 2000 Pa. Simulations (symbols) and experiments measured in this work (lines). For each
experiment three curves are plotted. The one shifted to higher temperatures stands for desorption,
while the one shifted to lower temperatures for adsorption. Averaging of adsorption and desorption
curves leads to obtaining actual adsorption isobar reflected the intermediate curve.

Figure S7. Calculated adsorption isotherm of water in HS-FAU at 298 K. py is the vapor pressure of
water at room temperature (3100 Pa)
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Figure S8. Calculated adsorption isobars of water in HS-FAU at 700, 900, 1200, and 1700 Pa.

Figure S9. Comparison of calculated characteristic curves from simulations (symbols) and
experiments (lines) for (a) MOF-841 and (b) NaX. Experiments are taken from the literature** and
measured in this work (NaX).
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Figure S10. Diffusion coefficient of water in ZJNU-30 (blue), MOF-841(yellow), HS-FAU (red),
and NaX (purple) as a function of temperature at calculated saturation.

Thermodynamic model

We used the thermodynamic model described by de Lange et al. * to calculate the energies and the
coefficient of performance (COP) of the systems. The steps of the process are as depicted in the
diagram of the isosteric cycle of an AHP (Figure 1b).

Energy of the evaporator:

_AHvap (Tev)pliqmsAW
Qev = M
w

Energy of the condenser:

_ AHvap (Tcon)pliq msAW

con —
M.,

Energy needed in the regeneration:

Qreg = Q12 + Q23

T, T,
Q1—2 = f C;f(T)dT + f plqumaxcz‘;V(T) dar
T

con TL‘OTL

Tdes Tdes w. + w..:
Q2—3 = f C;f(T)dT + f Piiq wcz‘y (T)dT - Qsorp
T, T,

Energy obtained in the adsorption:

Qaas = Q3-4 + Q41
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T3

T3
Q3—4 = f C;f(T)dT + f plqumasz‘;V(T)dT
T

des Tdes

T, T,

con con w. + W, :

Q41 = f C;f (T)dT + f Piiq —= > - ¢y (TYAT + Qsorp
T3 T3

Energy released in the adsorption:

Wmax

1
Qsorp = M_ pliqAHads W)aw

W S Winin

AH,,qp, is the enthalpy of evaporation, m; is the amount of adsorbent used in adsorption, AW is the
working capacity, p;;q is the density, M, is the molar mass of water, AH,q, 1is the enthalpy of

adsorption, c;f is the heat capacity of water and ¢ is the heat capacity of the material.

We assumed that (1) the heat capacity of the adsorbent is 1 J/g K and this value is independent of
the temperature; (2) mass transfer limitations are neglected as studies of mass transport in MOFs are
scare and often unknown

Table S1. Aluminosilicate-water Lennard-Jones parameters and partial charges.

Atom Oal Os;i Na*
¢ [K] c (A) ¢ [K] 6 (A) ¢ [K] o (A)
Ow 80 33 80 33 50 3.3
Atom OAl OSi Si Al 1V:'l+
q [e] -1.20 -1.025 2.05 1.75 1.0

Oar are oxygen atoms that are bridging one Si and one Al atom, Os; are oxygen atoms that are
bridging two Si atoms, and Ow are the oxygen atoms of water.

1. Water models, http://wwwl1.Isbu.ac.uk/water/water _models.html, (accessed 07/13/2018).

2. H. Furukawa, F. Gandara, Y.-B. Zhang, J. Jiang, W. L. Queen, M. R. Hudson and O. M. Yaghi, J.
Am. Chem. Soc., 2014, 136, 4369-4381.

3. M. F. de Lange, K. J. Verouden, T. J. Vlugt, J. Gascon and F. Kapteijn, Chem. Rev., 2015, 115,
12205-12250.

4. C. Lehmann, S. Beckert, R. Glaser, O. Kolditz and T. Nagel, Applied Energy, 2017, 185, 1965-
1970.
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