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ABSTRACT: Metal−organic frameworks (MOFs) currently receive
high interest for cycling water adsorption applications like adsorption
heat transformation for air-conditioning purposes. For practical use in
adsorption heat pumps (AHPs), the microcrystalline powders must be
formulated such that their high porosity and pore accessibility are
retained. In this work, the preparation of millimeter-scaled pellets of
MIL-160(Al), Al-fumarate (Basolite A520), UiO-66(Zr), and Zr-
fumarate (MOF-801) is reported by applying the freeze granulation
method. The use of poly(vinyl alcohol) (PVA) as a binder reproducibly
resulted in highly stable, uniformly shaped PVA/MOF pellets with 80 wt
% MOF loading, with essentially unchanged MOF porosity properties
after shaping. The shaped pellets were analyzed for the application in
AHPs by water adsorption isotherms, over 1000 water adsorption/
desorption cycles, and thermal and mechanical stability tests. Furthermore, the Al-fum pellets were applied in a fixed-bed, full-
scale heat exchanger, yielding specific cooling powers from 349 up to 431 W/kg (adsorbent), which outperforms the current
commercially used silica gel grains in AHPs under comparable operating conditions.

■ INTRODUCTION

The worldwide energy consumption is increasing and a
significant proportion of this energy consumption is caused
by heating and cooling. In the EU, the heating of buildings
presents 52% of the energy demand for the residential sector.1

In countries with warmer climates, similar values are needed
for cooling and dehumidification processes. This amounts to
around 20% of the electrical energy worldwide, which is
currently used for refrigeration and air conditioning.2 The need
for refrigeration and air conditioning in private and nonprivate
households is expected to increase.3,4 Traditional air
conditioners are based on vapor compression technology
using refrigerants being increasingly restricted due to their high
global warming potential and have a high electricity
consumption. At the same time, there is an agreement in
society and politics that emissions of greenhouse gases must be
reduced. This can be achieved using technologies with a lower
carbon footprint. The use of cooling technologies like
adsorption heat transformation can contribute significantly to
a greener air-conditioned future.
Adsorption heat transformation (AHT) is a heating and

cooling technology, which is commercially available and is
based on an energy-saving and eco-friendly process, however,
requires further improvement for wider acceptance. This

process consists of two steps: an adsorption step during which
the working fluid is evaporated, consuming heat from a heat
source and then adsorbed by the adsorbent releasing the heat
of adsorption. As soon as the adsorbent reaches a certain
capacity, desorption is initiated by heating the adsorbent,
collecting the desorbed working fluid in the condenser.
AHT is eco-friendly by advantageously avoiding halogenated

refrigerants, operates silently by not using a compressor, and
regeneration is achieved through the use of low temperature
driving heat sources such as solar, geothermal, industrial waste
heat, etc.5−7 Environmentally friendly vapors like water8 or
alcohols9 can be used as working fluids, while water is
preferred in this work. Commonly, porous silica gels or zeolites
are applied as adsorbents in such sorption driven chillers,
because of their inexpensive synthesis and easy availability.6,10

The integration of sorption materials in AHT devices using
heat exchangers can be performed using a bulk of loose grains,
fixed/glued monolayers of grains, binder coatings, or direct
crystallization, e.g., by partial support transformation, the latter
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often with poor mechanical stability.11,12 Although alternatives
to fixed-bed heat exchangers are more efficient, this technique
is common because of its simplicity and its long-term
mechanical stability.
A promising class of porous adsorbent materials for AHT is

the class of metal−organic frameworks (MOFs), such as so-
called “air-con” MOFs. MOFs itself consist of metal ions or
metal clusters connected by organic ligands,13 and are actively
investigated toward various applications.14,15 MOFs get more
and more attention due to their ability to achieve high vapor
uptakes at configurable relative pressures.16,17 However, MOFs
are usually obtained as powders, which are unpractical for
direct applications where shaping is needed. Different shaping
of MOF leading to granules, pellets, thin films, foams, gels,
paper sheets, and hollow structures can be found in the
literature (see the Supporting Information (SI) for exam-
ples).18−20

MOF powders can readily be combined with the hydrophilic
commodity polymer poly(vinyl alcohol) (PVA), for example,
by freeze granulation, which involves dropping a slurry or
suspension into liquid nitrogen followed by freeze-drying of
the frozen droplets.21 The slurry can be obtained by dissolving
the PVA in water and adding MOF powder under stirring.
Instead of freeze-drying, a solvent exchange in acetone can be
carried out to avoid melting and deformation of obtained
pellets during the drying process. In previous work, a MOF
loading of 80 wt % was found to deliver PVA/MOF
composites with still high mechanical stability, which also
maintained the porosity properties of the MOFs. Thus, the
mass ratio of about 20/80 for PVA/MOF was used in this
work, without further optimization experiments.22

In this work, the isoreticular Zr-based MOFs UiO-6623 and
MOF-801/Zr-fumarate (Zr-fum)24 together with the MOF Al-
fumarate25,26 and MIL-160(Al) are used (detailed description
and structures are presented in Section S2 in the Supporting
Information).17,27 The latter two MOFs could be obtained
through an environmentally benign, water-based synthesis.27,28

Here, we present the fabrication and characterization of
PVA/MOF pellets being highly porous and stable as a ready-
to-use drop-in solution for such AHT applications using a
modified freeze granulation method.21 Figure 1 shows a
schematic drawing of the reactor setup and a picture of
obtained pellets. To proof the potential of the presented
methods and materials, the characterization includes measure-
ments with a full-scale heat exchanger filled with these grains.

■ EXPERIMENTAL PROCEDURE
Materials. All reagents were used as received. Terephthalic

acid, ethanol, formic acid, and hydrochloric acid 37% (HCl)
were purchased from Sigma Aldrich. Acetone and N,N′-

dimethylformamide (DMF) were obtained from Fischer
Chemicals and fumaric acid from the Tokyo Chemical
Industry. Anhydrous ZrCl4 and basic aluminum acetate,
Al(OH)(CH3COO)2, were purchased from Alfa Aesar.
Basolite A520 was supplied from BASF SE, benzoic acid
from Riedel-de Haen̈, and furan-2,5-dicarboxylic acid from
Oxchem. Poly(vinyl alcohol) (Mowiol 20-98) average
molecular weight, Mw of 125 kDa, 98% hydrolyzed was
obtained from Sigma Aldrich. Water was deionized (DI).

Instrumentation. Powder X-ray diffraction (PXRD)
patterns were measured at ambient temperature by a Bruker
D2 Phaser (300 W, 30 kV, 10 mA) using Cu Kα radiation (λ =
1.54182 Å) from 5 to 50° 2Θ and a scanning rate of 0.125°/s.
The diffractograms were carried out on a flat “low background
sample holder”. For analysis of the diffractograms, Match 3.11
software was used. PXRD of pellets after 1000 water sorption
cycles were obtained using a Rigaku MiniFlex 600 powder
diffractometer with Cu Kα radiation (600 W, 40 kV, 15 mA),
0.02° step size, and 4 s step time. The most intense reflection
was normalized to 1 for all diffractograms. Thermogravimetric
analysis (TGA) was performed with a Netzsch TG209 F3
Tarsus instrument. Samples were heated in alumina pans from
25 to 600 °C with a rate of 5 °C/min under synthetic air.
Differential scanning calorimetry (DSC) was measured using a
Mettler Toledo DSC 3 with a temperature gradient of 15 °C/
min in the temperature range of −50−250 °C for the
determination of the glass temperatures. The results were
analyzed with STARe SW 16.00 software. Nitrogen (purity
99.999%) physisorption isotherms were executed on an
Autosorb-6iSA from Quantachrome at 77 K (except for
pellets, after 1000 cycles, which were measured on a
QuadraSorb evo at 77 K). Water sorption isotherms were
collected on a vapor sorption analyzer (VSTAR) from
Quantachrome. Prior to the measurements, the samples were
filled into glass tubes capped with septa for initial weighing.
The tubes including the samples were degassed under vacuum
at 100 °C for 3 h and weighed again. The samples were
attached to the analysis port and measurements were started.
The Brunauer−Emmett−Teller (BET) surface areas were
calculated using Rouquerol plots.29 Gravimetric vapor sorption
analysis was carried out on an SPS-11 from ProUmid GmbH &
CoKG at a relative humidity (rH) of 74.5% and 40 °C.
Scanning electron microscopy (SEM) images were taken with
a Jeol JSM-6510LV QSEM Advanced electron microscope
equipped with a LaB6 cathode at 5−20 keV. The microscope
was equipped with a Bruker Xflash 410 silicon drift detector for
energy-dispersive X-ray spectrometric elemental analysis. The
resistance against deformation of the pellets up to 63 N was
determined with a texture analyzer TA-XT2i from Stable
Micro Systems with a constant speed of 0.35 mm/s.

Figure 1. Fabrication process of pellets including the preparation of PVA/MOF-slurry (exemplary MOF-structure and PVA; left), schematic
drawing of the setup (middle), and the picture of the product with scanning electron microscopy (SEM)-image exemplary shown for the PVA/
UiO-66 pellet (right).
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Alternatively, mechanical stabilities were measured by an
Erweka TBH210 with a force capacity of 300 N. All values are
referred to an average from a measurement of 10 pellets. X-ray
microcomputed tomographic imaging was performed on a CT
Alpha (Proxon X-Ray, D) with a voxel size of 3 μm. The data
were reconstructed using VG Studio 3.0 software (Volume
Graphics, D). Data visualization and separation was conducted
with Avizo Fire 9.0 (FEI). Binarization was performed by
applying a watershed algorithm. The necessary starting points
were defined by thresholding. Hg-porosimetry of at least 10
pellets was performed with a Hg-intrusion PASCAL 140-440
porosimeter from Thermo Scientific. The data were analyzed
with Solid 1.6.3 software. For the granulation process, a
spheronizer Schlüter RM 300 with a 2 mm sieve and 6000 rpm
was used. Pellets from large-scale production were compressed
on a rotary die press IMA Pressima from Kilian equipped with
a pelleting tool with the following parameters: filling depth
4.08 mm, precompression 7.04 mm, and compression 0.63
mm.
Synthesis of MOF Powder, Small-Scale Pellets, and

Large-Scale Pellets. The synthesis of UiO-66 is adapted
from Pullen et al.30 ZrCl4 (3.24 g, 13.9 mmol), H2BDC (2.31
g, 13.9 mmol), and benzoic acid (51.24 g, 420 mmol) were
dissolved in DMF (400 mL) under stirring in a round bottom
flask and transferred into a vial. The vial was closed and
allowed to react at 120 °C for 24 h in a preheated oven. After
cooling, the as-synthesized product was washed by soaking in
DMF (2 × 50 mL for 24 h each) and then the solvent was
exchanged by soaking in ethanol (50 mL, 24 h). After 3 d of
soaking in DMF and ethanol, the solid was centrifuged and
dried under vacuum.
The synthesis of Zr-fum was carried out following the

procedure of Wißmann et al.24 ZrCl4 (2.4 g, 10.3 mmol) and
fumaric acid (3.6 g, 30.9 mmol) were dissolved in a glass flask
at room temperature in DMF (400 mL). Then, formic acid (38
mL, 100 equiv) was added. The glass flask was capped and
heated in an oven at 120 °C for 24 h. After cooling, the white
precipitate was washed with DMF (2 × 50 mL) and ethanol
(50 mL), with each of the solvent aliquots exchanged every 24
h.
Al-fum was supplied from BASF SE, synthesized following

the procedure of Gaab et al.28

MIL-160 was synthesized following the procedure of
Permyakova et al.27 Al(OH)(CH3COO)2 (5.86 g, 37.5
mmol) and 2,5-furandicarboxylic acid (6.08 g, 37.5 mmol)
were added to a round-bottomed flask (250 mL) containing
distilled water (37.5 mL). Then, the mixture was stirred under
reflux for 24 h. The resulting white solid was recovered by
filtration, washed with ethanol, and dried in the oven at 100
°C.
For the small-scale production of pellets, 3 g of poly(vinyl

alcohol) (PVA) was dissolved in 50 mL of DI water at 90 °C in
a closed vial (ratio 60 mg PVA/1 mL water). Then, the MOF
powder was added in a mass ratio of 4 (MOF):1 (PVA) and
stirred for at least 3 h until a homogenous suspension was
obtained. The suspension was drawn up in a syringe and added
dropwise into liquid nitrogen using a diffuser (dropping rate 6
mL/min) to achieve freeze granulation. The pellets were
collected, and a solvent exchange in acetone was carried out
over a time of 24 h, followed by drying in air. The air-dried
pellets were further dried in a vacuum at 80 °C for 3 h.
For the large-scale production of pellets, the slurry was

prepared similar to the above pelletizing process but with 30 g

of PVA in 500 mL of DI water. The PVA/MOF/water slurry
was directly poured into liquid nitrogen (alternatively frozen at
−20 °C in a freezer). The obtained larger PVA/Al-fum pieces
of 5 cm diameter and more were collected, and a solvent
exchange in acetone was carried out with a duration time of 24
h. The pieces were dried in a vacuum at 80 °C overnight and
crushed in a spheronizer (6000 rpm with a 200 μm sieve). The
obtained powder was then compressed to 2 × 1.8 mm sized
pellets using a rotary die press.

■ RESULTS AND DISCUSSION
Sample Characterization. Figure 2 shows the powder X-

ray diffraction (PXRD) patterns of the obtained MOF powders

and pellets along with the simulated patterns verifying their
high crystallinity and phase purity by positive matching with
the literature data. The amorphous PVA binder causes neither
extra peaks nor a significant background. The pellets have
slightly reduced peak intensities in comparison to the pure
MOF powder, which is caused by dilution through the added
PVA binder. The peak broadening of the experimental versus
simulated patterns is due to a rather fast scan rate of 0.125°/s
in combination with small and defect crystallites (see SEM
images in Figure S8, SI and missing linker calculation in
Section S8, SI).
The N2 sorption isotherms of the neat MOFs and the PVA/

MOF pellets (Figure S1, Supporting Information) yielded for
the former BET surface areas (SBET) and pore volumes in the
range of their literature values. The MOF pellets retained in
most cases over 90% of the calculated SBET from the sum of
the mass-weighted surface areas of the MOF and the PVA
(Table 1).
A comparison between SBET of the synthesized PVA/MOF

pellets and calculated SBET for the 80 wt % MOF content
shows pore accessibilities varying between 74 and 99% of the
mass-weighted areas. We already note that for the decisive
water uptake, the PVA/Al-fum composite will feature nearly
100% water uptake when compared to the constituents. Also,
the total pore volumes of pellets are varying in a similar range
between 73 and 93% compared to the calculated total pore
volume considering the mass ratio of PVA/MOF (for a
detailed comparison of the porous properties of MOFs before
and after shaping by various shaping methods, see the
Supporting Information, Section S1 and S3).

Figure 2. PXRDs of MIL-160, Al-fum, Zr-fum, and UiO-66 powder
(pwd.), pellets and their simulated (sim.) diffractograms from
deposited crystal structure files. Simulated patterns were calculated
with the program Mercury31 from CSD-Refcode RUBTAK02 for
UiO-66,32 from BOHKAM for Zr-fum,33 from DOYBEA for Al-
fum,26 and from PIBZOS for MIL-160.34
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Differential scanning calorimetry and thermogravimetric
analysis (DSCs and TGAs, see the Supporting Information,
Section S8) indicate no significant effect of the MOF content
on the glass transition and decomposition temperature of the
polymer.

For analysis of the macropore structure, X-ray micro-
computed tomography (micro-CT) was performed. With a
resolution of 3 μm/voxel, only pores with a diameter of > 9 μm
can be detected, as the accepted limit to reliably identify a
feature is 3 × 3 voxels. In Figure 3, micro-CT cross-sections
(left), SEM pictures of the pellet surface (middle), and
macropores of a single pellet particle (three-dimensional
micro-CT rendering, right) are presented. Even with the
detection limitation of 9 μm, remarkable differences can be
observed between the samples. Al-fum and UiO-66 pellets
show larger numbers of distinct void spaces that are clearly
separated from each other (Figure 3a,c). MIL-160 and Zr-fum
pellets also have some separated pores, but the majority of the
void volume is clustered in one or few large pore(s) in the
center of the pellets. The shape of pores cannot be attributed
to the sample morphology. SEM reveals that Al-fum and MIL-
160 have a similar microscopic appearance but the pore system
is vastly different. The SEM pictures (Figures S6−S9,
Supporting Information) show the particles of the MOF
powder before embedding in PVA and the surface and cross-
section morphology of the prepared pellets. The two Al-MOFs
Al-fum and MIL-160 already show a strong agglomeration of
primary particles in the powder, whereas the Zr-MOF powders
Zr-fum and UiO-66 feature separate, octahedrally shaped
particles. These individual Zr-MOF particles can still be
identified on the surface of the PVA/Zr-MOF pellets. In all

Table 1. N2 Adsorption of Zr-fum, Al-fum, MIL-160, and
UiO-66 Pellets

MOF

SBET of
MOF
powder
(m2/g)

SBET of
pellets (m2/
g) (% of
calcd

SBETa)

total pore
volume of
MOF
powder
(cm3/g)b

total pore
volume of

pelletsb (cm3/
g) (% of calcd

vol.c)

SBET in
Lit. (m2/

g)

MIL-
160

1122 866 (96) 0.46 0.32 (83) 968−
118035

Al-fum 988 595 (74) 0.51 0.30 (73) 108026

Zr-fum 643 479 (91) 0.31 0.22 (85) 40836−
85624

UiO-
66

1295 1031 (99) 0.57 0.44 (93) 10328−
146137

aCalculated as the sum of the mass-weighted areas of the MOF (0.8)
and freeze-granulated pure PVA (0.2) from the following formula,
respectively: SBETcalcd = SBETMOF × 0.8 + SBETPVA × 0.2; with
SBETPVA = 46 m2/g. bTotal pore volume is calculated at p/p0 = 0.90
using Gurvich-rule for pores ≤21 nm. cCalculated as the sum of the
mass-weighted pore volumes of the MOF and freeze-granulated neat
PVA from the following formula: Vcalcd = VMOF × 0.8 + VPVA × 0.2;
with VPVA = 0.05 cm3/g.

Figure 3. Micro-CT cross-section (left), SEM pictures of surface structure (middle) and macropores (right) of a representative PVA/MOF pellet
with the MOF (a) Al-fum, (b) MIL-160, (c) UiO-66, and (d) Zr-fum.
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cases, the surface macropores, which allow for the pore
accessibility of the embedded MOFs, are visible.
The macropores of the pellets apparently result from

different interactions between the MOF, polymer, and water
in liquid nitrogen. As shown below, with the increase in defect
sites for the case of Zr-fum (see defect formation and SEM
images), the MOFs respond differently to the conditions of the
shaping treatment (water, liquid nitrogen and washing with
acetone). A different phase separation rate will lead to different
macropore formation.38 So far, it has not fully become clear
what influences the markedly varied formation of the
macropores in the polymer/MOF composites. The elucidation
of these interface phenomena will be the subject of future
studies.
Hg-porosimetry further confirms the micro-CT observations

(intrusion data is shown in Section S9 in the Supporting
Information). At least 10 pellets were investigated per sample
via Hg-porosimetry to characterize the bulk properties of the
material complementing the micro-CT imaging. Figure S15
displays the intrusion of large quantities of Hg at large pore
sizes for MIL-160 and Zr-fum. Steps in the intrusion data can
be attributed to large bottleneck pores as they are expected
from the micro-CT data, especially for MIL-160. These steps
are also visible as sharp peaks in Figure S15. Bottleneck pores
are large pores with a narrow access point that prevents Hg
from intruding at the assumed pressure. Only above the
necessary pressure to pass the accessing pore, Hg will intrude
the larger cavity. Numerous pores between 0.3 and 3 μm are
found for the pellets fabricated of MIL-160, Zr-fum, and UiO-
66. The one fabricated of Al-fum shows no pores >0.3 μm and
the majority of pores at 0.15 μm.
The different pore systems are also reflected in the

mechanical stability of pellets. Even though the mechanical
resistance is high in all cases (lowest crushing strength 14 ± 2
N for Zr-fum, Table 2), the observed differences are

pronounced. Micro-CT images show that the larger and
more isodiametric pores of Al-fum are of comparable size and
evenly distributed throughout the pellet. This favors the
distribution of the force within the pellets, which leads to the
highest crushing strength of 79 ± 11 N. Compared to the other
Al-MOF MIL-160, the large central pore reduces the
mechanical resistance, displayed in a lower crushing strength
of 34 ± 7 N. The irregularly shaped pores of UiO-66 and Zr-
fum promote crack propagation, leading to crushing strengths
of 22 ± 3 N and 14 ± 2 N. The deformation behavior of all
samples is similar. The pellets display comparable elastic and
elastic−plastic deformation (Force−Displacement curves are
presented in Section S5 in the Supporting Information) before
reaching a critical crushing force Fc. The force higher than Fc
leads to brittle fragmentation.39 Only a few values can be found

in the literature for shaped MOFs, and show reduced
mechanical stabilities compared to the pellets presented here.
The typical average crushing strength of robust silica gel pellets
is about 57 N,40 while zeolite-shaped bodies are around 40−50
N.41 Noteworthily, scratch tests of zeolite coatings give typical
stabilities of around 2−3 N.12

Water Sorption Isotherms and Long-Time Stability
Tests. An adsorbent material for heat transformation should
have a sorption isotherm with an S-shape (IUPAC
classification Type V)43 giving the steep rise in the relative
pressure range of p/p0 ≈ 0.10−0.30,44,45 depending on the
aimed application. There should be no or only little hysteresis,
which reduces the usable part of the loading and causes loss of
sensible heat.46,47 The S-shape is advantageous as it provides a
large sorption lift within a narrow relative pressure range.45

The uptake or working capacity should be higher than 0.20 g/
g.46 The shape of the isotherm depends on chemical
interactions between the water molecules and the surface of
the material. The hydrophobicity/hydrophilicity of the ligand,
pore size, defects (missing linkers and missing clusters), open-
metal site of clusters, and hydrogen-bonding capabilities of
functional linker groups can be important for the water
sorption process.47−52 Based on the above prerequisites, we
had selected the already mentioned MOFs for shaping toward
a close to realistic use in AHTs.
Characteristics of shaped materials strongly depend on the

used binder. Herein, we show that the hydrophilic polymer
PVA as the binder material has no negative effect on the
underlying MOF porosity and uptake capacities. The water
sorption isotherms of the Zr- and Al-MOF powders and pellets
measured volumetrically at 20 °C are shown in Figure 4.

The water adsorption of MOF powders and comparison
between PVA/MOF pellets at an rH of 0.76 is given in Table
3. The water uptake of the neat MOFs is in good agreement
with reported results in the literature (see Table 3). Al-fum,
MIL-160, and UiO-66 pellets show a water uptake close to the
calculated values within the measurement error for 80 wt % of
MOF and 20 wt % of PVA. Water is a small molecule with a
kinetic diameter of 0.27 nm. Therefore, it can penetrate very
small pores, which are not accessible for nitrogen and argon at
cryogenic temperatures.53 Despite lower pore accessibility of

Table 2. Diameter and Hardness (Mechanical Stability) of
PVA/MOF Pelletsa

MOF average diameter (mm)b crushing strength Fc (Lit.) (N)
b,c

MIL-160 2.6 ± 0.1 34 ± 7
Al-fum 2.7 ± 0.2 79 ± 11d (24−8041)
Zr-fum 2.9 ± 0.3 14 ± 2
UiO-66 3.1 ± 0.3 22 ± 3 (542)

aFrom small-scale production. bAverage diameter and standard
deviation from 10 pellets. cRounded off to whole numbers. dValue
with Erweka TBH210 (higher than 63 N).

Figure 4.Water adsorption isotherms of UiO-66, Zr-fum, Al-fum, and
MIL-160 powder and pellets. Water uptake of pellets is not corrected
to 100% MOF loading. Lines with data points (filled circles) are
PVA/MOF pellets; lines without data points are neat MOF powders.
Water adsorption isotherms are measured at 20 °C (water sorption
isotherms of MOF pellets at different temperatures are given in the
Supporting Information, Section S4).
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74% for N2 molecules in Al-fum, a water uptake capacity of
96% can still be reached.
The possibly higher than 100% water uptake in PVA/Zr-

MOF pellets compared to calculated values can be explained
by two effects. First, defects can influence the water sorption
isotherms. Not only the uptake amount58 but also the relative
pressure can be shifted depending on the type of defects.56 The
increased water uptake capacity of Zr-fum is mainly due to the
formation of new defect sites during the shaping process (see
the Experimental Procedure). The defect sites, that is, missing
linkers were calculated similar to the work of Shearer et al.57

During the shaping process, all MOF powders are treated with
water and liquid nitrogen (LN2) and finally washed with
acetone. To check if the shaping process impacts the number
of defects, the neat MOFs were treated as in the shaping
process with the PVA polymer. The neat MIL-160, Al-fum, and
UiO-66 MOF powders show unchanged TGAs, concomitant
with no change in linker deficiencies. However, in the case of
Zr-fum, the shaping treatment strongly increases, i.e., more
than doubles the linker deficiencies from 1.13 to 2.40 per {Zr6}
cluster, resulting in increased water uptakes (calculations are
presented in Supporting Information Section S8).58 Further-
more, SEM images reveal that the freeze-drying process has led
to fracturing of the Zr-fum particles with smaller particles in
the PVA/Zr-fum composite than in the neat MOF. The
smaller particles have a larger outside surface area and will also
have a higher particle−polymer interface volume, which can
rationalize the relative increase of the water uptake of the
PVA/Zr-fum pellets over neat Zr-fum.
Second, we also note that the pretreatment and the

microstructure of the hydrophilic polymer PVA has an
influence. More separated polymer strands, which become
available through freeze-drying, have their C−OH groups more
readily accessible for water hydrogen bonding. This results in a
higher water uptake compared to strongly agglomerated
random coils in native PVA (for a comparison of water
sorption isotherms of freeze-granulated and untreated PVA see
the Supporting Information, Figure S16 top, left).59 In Figure
S16 (top, left), it is shown that the freeze-granulated neat
polymer PVA is able to adsorb a high amount of water (about
180 mg/g at p/p0 = 0.9). If the polymer would not be able to
adsorb water and/or would lead to significant pore blocking,
we would expect a water uptake corresponding to only 80% or
less of the neat MOF powder. In the case of Zr-MOFs, we
noticed an increased water uptake to 113%.

For application of these PVA/MOF composites under real
conditions, it is important to prove their long-term hydro-
thermal stability. For this reason, 1000 water ad- and
desorption cycles in a custom-made cycle test have been
performed. This setup does not allow an in-situ determination
of the water uptake. Therefore, the characterization of pellets is
repeated after running 1000 water sorption cycles between 25
°C adsorption and 130 °C desorption for water vapor of 12
mbar. The stability for Al-fum and MIL-160 after 1000 cycles
of water ad- and desorption is verified by PXRD and N2
sorption measurements through an unchanged structure and
porosity. No loss of porosity, within the measurement error,
was observed for Al-fum and MIL-160 pellets, such that SBET
and pore volume was fully retained. Zr-fum shows a slight
reduction of SBET and pore by about 9%, while UiO-66 is
decreased by about 19% (all values are given in the Supporting
Information, Section S7). This verifies the results of Jeremias
et al. for amino-functionalized UiO-66.8 It is assumed that
hydrolysis occurs between the metal and the linker such that
the bond is broken by the addition of hydroxyl groups on
metal, and a free, protonated linker is released.60

After the initial 1000 cycles, water sorption was continued to
be followed for another 20 cycles with the ad- and desorption
temperature of the sample chamber set to 40 and 140 °C with
a cycle time of 200 min. Water sorption was measured in-situ
under a humidified argon flow (pH2O = 5.6 kPa) on a
thermogravimetric balance (Figure 5). The water uptake at

each cycle (green dots in Figure 5) seems to have stabilized for
all MOFs. In this setup, thermodynamic analysis cycles were
performed over 10 h at the 1001st and 1020th (last) cycling
experiment to determine the total H2O uptake capacity of the
material (following the 1000 water sorption cycles). The total
water loading lift under thermodynamic uptake conditions
after 1000 cycles is around 0.28 g/g for PVA/UiO-66 and 0.20
g/g for PVA/Zr-fum pellets, to be compared with 0.38 and
0.25 g/g from the volumetric measurement at 40 °C before
cycling (Table S3, Supporting Information), respectively.
Thus, both PVA/Zr-MOF pellets have strongly decreased
their water uptake during cycling.
PVA/MIL-160 pellets have an uptake of 0.30 g/g, and PVA/

Al-fum pellets of about 0.28 g/g after 1000 cycles. The

Table 3. Comparison of Water Uptake between MOF
Powders and PVA/MOF Pellets

water uptake of
MOF at rH of
0.76 (g/g)a

water uptake of pellets at
rH of 0.76 (g/g)a (% of
calcd water uptaked)

water uptake
MOF in Lit. at rH
of 0.76 (g/g)

MIL-
160

0.39 0.32 (96) 0.3717 c

Al-fum 0.39 0.32 (96) 0.3654 b

Zr-fum 0.27 0.27 (113) 0.27−0.3433 b

UiO-
66

0.52 0.45 (103) 0.388−0.5655 b

aWater sorption isotherm is measured at 20 °C. bAt 25 °C. cAt 30 °C.
dCalculated as the sum of the mass-weighted water uptake of the
MOF and neat, freeze-granulated PVA from the following formula:
water uptakecalcd = water uptakeMOF × 0.8 + water uptakePVA × 0.2;
with water uptakePVA = 0.11 g/g.

Figure 5. Cycle 1001 to 1020 of water sorption measured on a
thermogravimetric balance for (a) UiO-66, (b) Zr-fum, (c) Al-fum,
and (d) MIL-160 pellets. The green dots illustrate the specific water
uptake.
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obtained results are comparable with volumetrically deter-
mined water uptake capacities in the case of the Al-MOF
composites before cycling (Table S3, Supporting Information).
It is remarkable that there is no significant performance loss
after 1000 cycles for the PVA/Al-MOF pellets, which renders
them as promising candidates for an adsorption-based cycling
heat transformation application.
We note that in an earlier study where aluminum fumarate

was deposited on a metal substrate, this Al-fum coating was
found to be stable for the first 4500 ad-/desorption cycles with
water vapor. After 1500 and 4500 cycles, the desorption isobar
for the Al-fum coating corresponded well to the isobar
acquired for bulk Al-fum. Also, the H2O capacity of 0.37 g/g
from the desorption isobars corresponded to the equilibrium
loading in the multicycle experiments of bulk Al-fum.16

As mentioned above, hydrolysis between metal and linker
occurs and the Zr-MOFs get more and more unstable. This Zr-
MOF decomposition is confirmed by a decrease in N2 uptake
in the N2 sorption isotherms after 1000 cycles (Figure S11).
Care must be taken not to cycle at too high temperatures so

as to avoid a loss of OH groups from the PVA polymer chains.
It is known that the degradation of side groups (−OH) to
polyene and elimination of residual acetate groups can occur in
PVA.61,62 Furthermore, a thermally induced chain scission to
aldehydes can occur.61 It requires, however, temperatures
above 200 °C to induce the decomposition of the polymer.
The glass transition temperature of the PVA/MOF composites
is shifted to lower temperatures by heating to 250 °C in the
DSC. Hence, it is desirable to be able to work at low driving
temperatures of less than 100 °C in the regeneration process of
AHPs to avoid any organic polymer decomposition.
Adsorption Heat Transformation. From the above-

determined hydrothermal stability and its commercial
availability, Al-fum was chosen as the best MOF to be tested
within a real heat exchanger (HX). Radu et al. described water
sorption dynamics for various particle sizes and packing
configurations for sorption driven chillers. In summary, pellets
with smaller diameters and less layers of particles on the metal
heat exchanger show the highest specific sorption rate.63 We
considered pellets with a diameter size of around 2.5 mm, still
too large for the AHP application. Therefore, pellets with a
diameter size of 2 × 1.8 mm were shaped using the large-scale
production method. Within 1 h, it was possible to produce
more than 300 g of uniformly shaped PVA/Al-fum pellets with
very high mechanical stability. For the pelleting process,
spheronized PVA/Al-fum fragments were prepared, the solid
material was compressed and ejected by a pelleting device (a
detailed description of the production process is given in the
Supporting Information, Section S11). A pipe-lamella heat
exchanger was filled with the pelletized PVA/Al-fum adsorbent
(denoted as ads-HX) (Figure 6). A home built adsorber

element test setup (AdElTest) was used for the adsorption
measurements under pure water vapor conditions. The setup
performs pressure jumps at quasi-isothermal adsorption
temperatures (a scheme of the setup is given in Figure S19
in the Supporting Information, for a detailed description of the
method, see ref 64.)
Two types of measurements were conducted at two different

temperature sets. Prior to all measurements, the ads-HX was
degassed at a temperature of 90 °C under vacuum for 6 h. It is
noteworthy that a statement regarding the full cycle can
therefore not be made based on this data. After letting the ads-
HX cool to the set adsorption temperature, the adsorber was
either preloaded according to the assumed desorption
conditions (referred to as preloaded) or used fully desorbed
(referred to as desVac). The measurement is started by
opening a valve to the evaporator.
The temperatures of desorption, adsorption/condensation,

and evaporation (Tdes/Tads/Tevap) are set to 90/30/18 °C
representing a standard cooling application54 and to 60/22/18
representing a more advanced cooling scenario, e.g., data
center cooling.
Table 4 summarizes the key parameters of the measurement

and results of the PVA/Al-fum pellet-filled heat exchanger.
Figure 7 shows the mass signal of the ads-HX over time. The
maximum water uptake achieved was around 70 g during cycle

Figure 6. Pipe-lamella heat exchanger unfilled (left) and filled (right) with pellets.

Table 4. Key Parameters, Values, and Results of
Measurement with PVA/Al-fum Pellet-Filled Heat
Exchangera,c

unit pellets

cycle 1 cycle 2

desVac preloaded desVac preloaded

specific temperaturesb (°C) 90/
30/
18

90/30/18 60/
22/
18

60/22/18

masspellet (g) 334 334 334 334
Δm (H2O) (g) 69 67 85 82
t of Δm90 (H2O) (s) 1587 1693 1650 1660
loading change Δx
(90%)b

(kg/
kgADS)

0.24 0.24 0.28 0.28

adsorption power (W) 118 107 143 137
integral cooling power
P90

(W) 103 93 115 111

mean specific cooling
power MSCP90

b
(W/
kgADS)

386 349 431 416

peak adsorption
power

(W) 457 336 535 426

aPVA/Al-fum pellets from large-scale production. bTemperatures of
desorption, adsorption/condensation, and evaporation (Tdes/Tads/
Tevap).

cReferred to mass of adsorbents (Masspellet*wt %MOF).
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1 and around 85 g for cycle 2, resulting in a water exchange of
0.20 and 0.25 g/g being slightly lower than expected from
equilibrium adsorption experiments (0.25 and 0.28 g/g).
However, as can be seen, the adsorption equilibrium state has
not been reached in the experiment, explaining the deviation.
Furthermore, it is noteworthy that it is of minor influence for
the uptake capacity if the adsorber was desorbed under vacuum
or under realistic conditions. The higher uptake during cycle 2
is mainly caused by the higher relative pressure in the
adsorption stage.
As shown in Figure 7, the mass increase of the heat

exchanger through water adsorption is near to 90 g (around
90% of maximal adsorption reached in 32 min) for pellets. A
more pronounced effect of the desorption conditions can be
seen in the peak of the adsorption power that is much higher
for the vacuum-desorbed samples (457 vs 336 W and 535 vs
426 W, respectively) and further in the position of the peaks of
cooling power calculated from the derivative of the mass
uptake.
The pellet-filled HX (Figure 6) delivers specific cooling

powers of 386 W/kgADS for standard conditions of 90/30/18,
while 431 W/kgADS is reached for 60/22/18 (Table 4). Freni
et al. have already successfully demonstrated that the coated
heat exchangers result in higher performance compared to
loose-grain-filled heat exchangers. In brief, it was shown that
the coating process delivered faster adsorption rate, higher
mass-specific cooling power, and higher differential water
loading compared to a fixed-bed heat exchanger.11 On the
other hand, the loose-grain technique offers a much simpler
alternative procedure for loading a full-scale functional heat
exchanger. Also, these pellets were proven to be mechanically
highly stable (about 79 N for Al-fum pellets), while coatings
are often criticized for their low stability.12 For a better
comparison of the obtained specific cooling powers with
literature values, we refer to Table 5. As can be seen, the
specific cooling powers of the pellet-filled heat exchangers are

higher than other loose-grain-filled heat exchangers with
comparable configurations. While silica gel typically reaches
values from 50 to 230 W/kgADS under time optimized
conditions, Al-fum pellets reach about 386 W/kgADS.

65,71

Furthermore, we want to underline that the Al-fum material
allows a desorption temperature down to 60 °C with specific
cooling powers (SCP) of 431 W/kgADS, seldom seen in the
literature, especially for loose grains. None of the reported data
have been collected at the more advanced temperature triplet
of 60/22/18. At this triplet, the Al-fum shows a very promising
performance that can further be optimized. An increase of SCP
can be realized by optimization of cycle time, the S/m ratio
(ratio between the surface of HX fins to the adsorbent mass),
and grain size as presented by Aristov et al.66−68

■ SUMMARY AND OUTLOOK
Herein, we present a simple method for the shaping of MOFs
into pellets by freeze granulation. The use of poly(vinyl
alcohol) (PVA) as a binder resulted in highly mechanically
stable, uniformly shaped PVA/MOF pellets with 80 wt %
MOF loading, which show excellent resistance against
mechanical stress from 14 N up to 79 N. All MOFs maintain
their porous properties after shaping with PVA. UiO-66, Zr-
fum, Al-fum, and MIL-160 pellets are produced and
characterized for application in sorption driven chiller systems.
While Zr-MOF pellets show decreased water uptakes after
cycling processes, Al-fum and MIL-160 pellets exhibit
unchanged water uptakes without performance loss over
more than 1000 water ad- and desorption cycles. Finally, a
full-scale heat exchanger was equipped with PVA/Al-fum
pellets showing comparably good results to other loose-grain-
packed beds at a standard driving temperature of 90 °C.
Following the aim of smaller temperature differences between
the ad- and desorption step, the driving temperature can be
reduced to 60 °C successfully obtaining specific cooling
powers (SCPs) up to 431 W/kgADS. In summary, the ease of
handling, possibility of low regeneration temperature, high
mechanical and chemical stability, environmentally benign
production, and long-term resistance to repeated cycles are
interesting features of the presented composite material.
Further investigation will address the production of smaller
granules and the optimization of the contact between the
granule and heat exchanger to speed up the sorption process.
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Table 5. Comparison of Different Adsorbent Heat
Exchanger Configurations

material,a literature
loading time

(min)f
temperature set

(°C)f
SCP (W/
kgADS)

f

Zeolite 13X69 b 132 310/25/10 26
silica gel70 c 80 80/30/15 68
silica gel71 13 86/30/15 120
silica gel71 10 62/30/15 50
AQSOA-FAM-
Z0272 d

7 90/28/13 260

Al-fume (this work) 26 90/30/18 386
Al-fume (this work) 28 60/22/18 431

aMaterials are used as loose grains (packed bed); water is used as
adsorbate; grain size. b2−3 mm. c∼2 mm. d0.25−0.45 mm. e1.8 × 2.0
mm. fValues are rounded to whole numbers.
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(22) Hastürk, E.; Schlüsener, C.; Quodbach, J.; Schmitz, A.; Janiak,
C. Shaping of Metal-Organic Frameworks into Mechanically Stable
Monoliths with Poly(vinyl alcohol) by Phase Separation Technique.
Microporous Mesoporous Mater. 2019, 280, 277−287.
(23) Cavka, J. H.; Jakobsen, S.; Olsbye, U.; Guillou, N.; Lamberti,
C.; Bordiga, S.; Lillerud, K. P. A New Zirconium Inorganic Building
Brick Forming Metal Organic Frameworks with Exceptional Stability.
J. Am. Chem. Soc. 2008, 130, 13850−13851.
(24) Wißmann, G.; Schaate, A.; Lilienthal, S.; Bremer, I.; Schneider,
A. M.; Behrens, P. Modulated Synthesis of Zr-Fumarate MOF.
Microporous Mesoporous Mater. 2012, 152, 64−70.
(25) Leung, E.; Müller, U.; Trukhan, N.; Mattenheimer, H.; Cox, G.;
Blei, S. Process for Preparing Porous Metal-Organic Frameworks
Based on Aluminum Fumarate. U.S. Patent US8524932B22013.
(26) Alvarez, E.; Guillou, N.; Martineau, C.; Bueken, B.; Van de
Voorde, B.; Le Guillouzer, C.; Fabry, P.; Nouar, F.; Taulelle, F.; de
Vos, D.; Chang, J.-S.; Cho, K. H.; Ramsahye, N.; Devic, T.; Daturi,
M.; Maurin, G.; Serre, C. The Structure of the Aluminum Fumarate
Metal−Organic Framework A520. Angew. Chem., Int. Ed. 2015, 54,
3664−3668.

Industrial & Engineering Chemistry Research Article

DOI: 10.1021/acs.iecr.9b04394
Ind. Eng. Chem. Res. 2019, 58, 21493−21503

21501

https://www.iea.org/futureofcooling/https://www.iea.org/futureofcooling/
https://www.iea.org/futureofcooling/https://www.iea.org/futureofcooling/
http://dx.doi.org/10.1021/acs.iecr.9b04394


(27) Permyakova, A.; Skrylnyk, O.; Courbon, E.; Affram, M.; Wang,
S.; Lee, U.-H.; Valekar, A. H.; Nouar, F.; Mouchaham, G.; Devic, T.;
Weireld, G. D.; Chang, J.-S.; Steunou, N.; Frere, M.; Serre, C.
Synthesis Optimization, Shaping, and Heat Reallocation Evaluation of
the Hydrophilic Metal−Organic Framework MIL-160(Al). Chem-
SusChem 2017, 10, 1419−1426.
(28) Gaab, M.; Kostur, M.; Müller, U. Stable Spherical, Porous
Metal-Organic Framework Shaped Bodies for Gas Storage and Gas
Separation. U.S. Patent US201402138322014.
(29) Rouquerol, J.; Llewellyn, P.; Rouquerol, F. Is the BET Equation
Applicable to Microporous Adsorbents? Stud. Surf. Sci. Catal. 2007,
160, 49−56.
(30) Pullen, S.; Fei, H.; Orthaber, A.; Cohen, S. M.; Ott, S.
Enhanced Photochemical Hydrogen Production by a Molecular
Diiron Catalyst Incorporated into a Metal−Organic Framework. J.
Am. Chem. Soc. 2013, 135, 16997−17003.
(31) Macrae, C. F.; Bruno, I. J.; Chisholm, J. A.; Edgington, P. R.;
McCabe, P.; Pidcock, E.; Rodriguez-Monge, L.; Taylor, R.; van de
Streek, J.; Wood, P. A. Mercury CSD 2.0 - New Features for the
Visualization and Investigation of Crystal Structures. J. Appl.
Crystallogr. 2008, 41, 466−470.
(32) Valenzano, L.; Civalleri, B.; Chavan, S.; Bordiga, S.; Nilsen, M.
H.; Jakobsen, S.; Lillerud, K. P.; Lamberti, C. Disclosing the Complex
Structure of UiO-66 Metal Organic Framework: A Synergic
Combination of Experiment and Theory. Chem. Mater. 2011, 23,
1700−1718.
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Valdepeŕez, D.; Witte, G.; Parak, W. J.; Rad̈ler, J. O.; Wuttke, S.
Exploration of MOF Nanoparticle Sizes Using Various Physical
Characterization Methods − Is What You Measure What You Get?
CrystEngComm 2016, 18, 4359−4368.
(37) Gökpinar, S.; Diment, T.; Janiak, C. Environmentally Benign
Dry-Gel Conversions of Zr-Based UiO Metal−Organic Frameworks
with High Yield and the Possibility of Solvent Re-Use. Dalton Trans.
2017, 46, 9895−9900.
(38) Matsuyama, H.; Nakagawa, K.; Maki, T.; Teramoto, M. Studies
on Phase Separation Rate in Porous Polyimide Membrane Formation
by Immersion Precipitation. J. Appl. Polym. Sci. 2003, 90, 292−296.
(39) Antonyuk, S.; Tomas, J.; Heinrich, S.; Morl, L. Breakage
Behaviour of Spherical Granulates by Compression. Chem. Eng. Sci.
2005, 60, 4031−4044.
(40) Denton, D. A. Method of Preparing Silica Gel Pellets. U.S.
Patent US42566821981.
(41) Gaab, M.; Kostur, M.; Müller, U. Stable Spherical, Porous
Metal-Organic Framework Shaped Bodies for Gas Storage and Gas
Separation. U.S. Patent US201402138322014.
(42) Valekar, A. H.; Cho, K.-H.; Lee, U.-H.; Lee, J. S.; Yoon, J. W.;
Hwang, Y. K.; Lee, S. G.; Cho, S. J.; Chang, J.-S. Shaping of Porous
Metal−Organic Framework Granules Using Mesoporous ρ-Alumina
as a Binder. RSC Adv 2017, 7, 55767−55777.
(43) Thommes, M.; Kaneko, K.; Neimark, A. V.; Olivier, J. P.;
Rodriguez-Reinoso, F.; Rouquerol, J.; Sing, K. S. W. Physisorption of
Gases, With Special Reference to the Evaluation of Surface Area and
Pore Size Distribution. Pure Appl. Chem 2015, 87, 1051−1069.
(44) Aristov, Y. I. Challenging Offers of Material Science for
Adsorption Heat Transformation: A Review. Appl. Therm. Eng. 2013,
50, 1610−1618.

(45) Henninger, S. K.; Jeremias, F.; Kummer, H.; Janiak, C. MOFs
for Use in Adsorption Heat Pump Processes. Eur. J. Inorg. Chem.
2012, 2625−2634.
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