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highly stable metal–organic
framework MIL-53(Al)-TDC (TDC ¼ 2,5-
thiophenedicarboxylate) as a new and promising
adsorbent for heat transformation applications†

Niels Tannert, ‡a Sebastian-Johannes Ernst, ‡bc Christian Jansen, a

Hans-Jörg Bart, b Stefan K. Henningerc and Christoph Janiak *a

The recently reported Al-based metal–organic framework MIL-53(Al)-TDC (TDC ¼ 2,5-thio-

phenedicarboxylate) shows desirable water sorption properties towards adsorption-driven heat

transformation applications with high thermal and solvent/pH stability as well as hydrothermal stability

over 40 cycles. Water vapor sorption measurements at 25, 40 and 60 �C yielded an advantageous

isosteric heat of adsorption of only 2.6 kJ g�1, favoring the use of MIL-53(Al)-TDC in sorption based

chilling where the released heat of adsorption corresponds to waste heat. The good cooling

performance of MIL-53(Al)-TDC comes from desirable low desorption temperatures below 65 �C, with

also desirable high condenser temperatures of around 40 �C and corresponding water exchange of

almost 0.35 g g�1. The thereby offered working window cannot be provided by common adsorbents and

renders the material an ideal candidate for adsorption cooling applications.
Introduction

Metal–organic frameworks (MOFs) receive continuous attention
due to their unsurpassed porosity and chemical variability,
which originate from the inherent modular cluster–linker
concept.1 The organic linkers in MOFs are typically bi-, tri- or
tetradentate carboxylates.2 Linker modulation enables tailoring
of the properties of a MOF towards applications3,4 and has
yielded thousands of MOFs with a broad range of properties to
date.5,6

Of recent interest is the application of MOFs in the eld of
water sorption/harvesting7,8 and related sorption heat trans-
formation processes.9–11 Fig. 1 illustrates the underlying prin-
ciple of heat transformation that can be separated into two
stages: a working cycle and a regeneration cycle. During the
working cycle, a working uid is evaporated taking up ambient
heat for the evaporation (Qevap), while the adsorbent adsorbs the
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working uid, releasing the heat of adsorption (Qads). As soon as
the adsorbent is sufficiently loaded, the regeneration cycle is
started by applying heat to the adsorbent (Qdes). The desorbed
working uid is condensed releasing heat of condensation
(Qcond).

Typically, two types of applications arise from this principle:
adsorption heat pumps and adsorption chillers. In heat pumps,
the released Qads and Qcond provide a heating system at
a medium temperature level, e.g. oor heating at 40 �C, whereas
Qevap comes from the environment at typically 10 �C. In the
chilling mode, Qevap is the amount of heat that can be used to
Fig. 1 In the working cycle, a working fluid (favorably water due to its
high evaporation enthalpy and no toxicity) is evaporated, taking up
evaporation heat Qevap. During incorporation into a porous material,
adsorption heatQads is released. In the regeneration cycle, driving heat
Qdes for desorption is applied, and further condensation takes place at
a medium temperature level and releases condensation heat Qcond.
The device can be used as a chiller or a heat pump. The image was
taken with permission from ref. 13.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (Top) The linker 2,5-thiophenedicarboxylate (TDC). (Bottom,
left) Section of the packing diagram of MIL-53(Al)-TDC viewed along
the channels with a cross-section of approximately 8� 8.2 Å. (Bottom,
right) Extended secondary building unit (SBU) with trans corner-
sharing AlO6 octahedra. The graphics were produced from a cif-file
that was generously provided by Serre and co-workers.
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chill, e.g., an industrial process, whereas Qads and Qcond can be
considered waste heat, which is dissipated to the environment.
In both cases, Qdes is the amount of heat that has to be provided
to drive the process. Desorption temperatures below 100 �C
are mostly favored, since they can easily be reached by solar
thermal heat or industrial waste heat. Utilization of the energies
Qevap or Qads and Qcond occurs by continuous cycling of the
adsorbent.12,13

Sorption heat transformation is gaining more and more
attention, as the proof of concept has already been demon-
strated on a pre-industrial scale.14–16 Thermally driven heat
transformation is a promising approach towards energy effi-
cient heating and cooling,17 since both the efficiency and cost
effectiveness of such processes are critically governed by the
performance of the applied adsorbents. Therefore, many MOFs
have been investigated with respect to application in thermally
driven heat transformation, looking mainly at water sorption
and stability characteristics.18–22

Since MOFs can show a signicant loss of retention of
surface area and crystallinity aer water sorption,23 hydro-
thermal cycle stability is one key factor for utilization of MOF
materials in such applications.9,13,24–26

There is a rising demand for adsorbents with tailor-made
water sorption properties,27,28 which is underlined by the
ongoing research towards both new materials15,29–31 and pre-
industrial scale applications.9,12,16

An important performance indicator for the evaluation of
porous materials in heat transformation applications is the
working uid uptake capacity together with adsorption and
desorption within the possible temperature boundaries for heat
of evaporation (Qevap), driving heat (Qdes) and heat dissipation
or useful heat in the heat pumping mode (Qads and Qcond). For
cooling applications the material must be capable of evapo-
rating the working uid from as low as possible reservoir
temperatures and still showing an uptake when itself reaches as
high as possible temperatures through Qads. The latter is more
effectively dissipated to the environment from an as high as
possible temperature level. For regeneration, an as low as
possible temperature level for Qdes is desirable together with
an as high as possible temperature level for the dissipation
of Qcond.

In particular Al-based MOFs proved to be highly thermally
and hydrolytically stable and therefore most suitable for heat
transformation applications,9,13,26,32 and furthermore Al is an
abundant, inexpensive light metal with low toxicity.

The most investigated Al-MOFs for sorption heat trans-
formation are MIL-100 (linker ¼ trimesate, MIL ¼Matériaux de
l'Institut Lavoisier),13,33,34 Al-fumarate (linker ¼ fumarate, trade
name Basolite A520),35 CAU-10 (linker ¼ isophthalate, CAU ¼
Christian-Albrechts-Universität)36 and MIL-160 (linker ¼ 2,5-
furandicarboxylate).18 These Al-MOFs exhibit pore sizes in the
microporous region, yielding pore lling with water vapor at
relative pressures around 0.1 < p/p0 < 0.4, which is an ideal
range for sorption heating and cooling.10,37,38

In 2017 Maurin and co-workers presented theoretical
calculations for promising water sorption properties of ligand
functionalized MIL-160 materials, including the linker 2,5-
This journal is © The Royal Society of Chemistry 2018
thiophenedicarboxylate (TDC) (Fig. 2).39 In this case, they
predicted an isotherm with an inection point of a ¼ 0.19 and
an uptake of 0.44 g g�1. Recently, Stock et al. published a new Al-
based MOF with the MIL-53 topology (Fig. 2).40 It was denoted as
MIL-53(Al)-TDC and proven to exhibit 0.469 g g�1 water uptake at
a ¼ 0.19, displaying the formula [Al(m-OH)(TDC)] and
comprising lozenge-shaped pores with a diameter of 8 � 8.2 Å.

MIL-53(Al)-TDC was found to exhibit porosity parameters of
BET ¼ 1150 m2 g�1 (BET ¼ Brunauer–Emmett–Teller), a micro-
pore volume of 0.48 cm3 g�1 and a maximum water vapor
uptake of 469 mg g�1.40 Parallel to our study, MIL-53(Al)-TDC
was evaluated for CO2 capture.41 Stock and co-workers sug-
gested its applicability in the eld of heat transformation
processes due to the desirable S-shape of the water isotherm,
relatively high water uptake in a good pressure region, and high
thermal stability.40 Herein we thoroughly characterize MIL-
53(Al)-TDC towards cyclic water sorption heat transformation
applications.

Experimental
Materials and instrumentation

All chemicals were used as received from suppliers. For further
information about all materials see Section S1 in the ESI.†

Powder X-ray diffractometry (PXRD) was performed at
ambient temperature on a D2 phaser (Bruker, Billerica, US)
using Cu-Ka radiation (l ¼ 1.54182 Å) in the range of 5� < 2Q <
50� with a scan rate of 0.0125� s�1 (300 W, 30 kV, 10 mA).
Analyses of the diffractograms were carried out with Match 3.11
soware.

Thermogravimetric analysis (TGA) was carried out on
a Netzsch TG209 F3 Tarsus (Netzsch, Selb, Germany) device
under a nitrogen atmosphere and heating at a ramp rate of
5 K min�1 to the target temperature (600 �C).

Elemental analysis was performed on a vario MICRO cube
(Elementar Analysensysteme, Langenselbold, Germany).

Infrared spectra were acquired on a Bruker Tensor 37 FT-IR
device. SEM images were acquired on a JEOL JSM-6510
J. Mater. Chem. A, 2018, 6, 17706–17712 | 17707



Table 1 Synthesis results of MIL-53(Al)-TDC with different starting
materials

Al source BETa [m2 g�1] Pore volumeb [cm3 g�1] Yield [%]

Al(OH)(ac)2$xH2O 885, 1092 0.41, 0.52 95, 91
NaAlO2 395 0.37 39
Al2(SO4)3$18H2O 1102 0.46 88
AlCl3$6H2O 1096 0.49 83
Ref. 40c 1150 0.48 84

a Determined by ve adsorption points of nitrogen isotherms in the
range 0.005 < p/p0 < 0.05. b Determined using the NLDFT method
(carbon, slit pore, nitrogen, 77 K) at p/p0 ¼ 0.9. c Micropore volume at
p/p0 ¼ 0.5.

Fig. 3 Water sorption isotherms at three different temperatures (filled
symbols: adsorption and open symbols: desorption) and differential
heat of adsorption determined from the adsorption (dark blue line) and
desorption (light blue line) branches of the isotherm. The solid lines in
the adsorption isotherms symbolize simulations with a weighted dual
site Langmuir (wDSL) approach (see Section S13, ESI†). The dotted line
with DHevap,H2O ¼ 2.4 kJ g�1 marks the heat of vaporization of water at
25 �C.
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advanced electron microscope (Jeol, Akishima, Japan) with
a LaB6 cathode at 5–20 keV. The microscope was equipped with
an Xash 410 (Bruker, Billerica, US) silicon dri detector.

Surface areas (BET) were determined by nitrogen (purity
99.999%, 5.0) sorption experiments at 77 K using liquid
nitrogen with a Quantachrome NOVA-4000e (Quantachrome,
Odelzhausen, Germany) instrument within a partial pressure
range of p/p0 ¼ 10�3 to 1 bar. Each sample was degassed under
vacuum (<10�2 mbar) at 150 �C for ca. 3 h, prior to measure-
ment. All surface areas (BET) were calculated from ve
adsorption points in the pressure range p/p0 ¼ 0.005–0.05 by
applying Roquerol plots (r > 0.998). This range is indeed not
recommended by IUPAC (International Union of Pure and
Applied Chemistry) for BET surface area determination, but is
also suitable for microporous materials.42 Total pore volumes
were calculated from the N2 sorption isotherm at p/p0 ¼ 0.95.
NLDFT calculations for the pore size distribution curves were
performed with the native NovaWin 11.03 soware using the ‘N2

at 77 K on carbon, slit pore, NLDFT equilibrium’ model. Argon
(purity 99.999%, 5.0) sorption experiments were done at 87 K
using a Quantachrome cryocooler (Quantachrome, Odelzhau-
sen, Germany) for appropriate adjustment of T ¼ 87 K on
a Quantachrome Autosorb iQ MP (Quantachrome, Odelzhau-
sen, Germany) instrument within a partial pressure range of p/
p0 ¼ 10�7 to 1 bar. All water sorption isotherms (25, 40, and 60
�C) were measured with a Quantachrome VStar4 (Quantach-
rome, Odelzhausen, Germany) within a partial pressure range
of p/p0 ¼ 10�3 to 0.9 bar.

Water cycling stabilities were examined with a Setaram™

TGA-DSC-111 (Setaram, Caluire, France) on powdered samples. A
humidied argon gas ow (40 �C, 76.3% relative humidity) was
generated by a Setaram™ WetSys (Setaram, Caluire, France)
humidity controller and passed through the sample chamber,
while the temperature of the sample was varied and the mass of
the adsorbent was monitored. For the multi-cycle adsorption/
desorption experiments, the temperature of the sample was
varied between 40 �C and 140 �C with a cycle time of 5 h.

More detailed information on analytical procedures is given
in the ESI.†
Reux synthesis optimization

In order to nd a reliable ambient pressure synthesis instead of
the only reported solvothermal route for MIL-53(Al)-TDC, we
performed synthesis optimization according to Tschense et al.
in mixtures of water and dimethylformamide (DMF) (4 : 1).40

Generally, Al-MOFs are synthesized using various Al reagents
and it remains somehow unclear what source of Al is advanta-
geous for the formation of [Al(OH)(linker)]-type MOFs. There-
fore, we developed a reux synthesis (135 �C, 24 h) with varying
Al sources (Table 1 and Section S2 in the ESI†) and obtained the
desired product as a microcrystalline powder in each case.
Formation of the desired phase already took place within a few
hours; however, we carried out the reaction for 24 h to ensure
the completeness of the reaction and superior porosity. Struc-
tural verication was performed by PXRD (Fig. S1†) and
nitrogen sorption studies (Table 1 and Fig. S13 in the ESI†).
17708 | J. Mater. Chem. A, 2018, 6, 17706–17712
Results and discussion
Synthesis optimization

Within the described optimization towards a reux-based
synthesis we tested the following Al reagents: AlCl3,
Al(OH)(acetate)2, Al2(SO4)3 and NaAlO2. All products were
characterized by PXRD and nitrogen sorption. The PXRD
patterns of all MIL-53(Al)-TDC compounds showed similar
crystallinity, revealing the robustness of the formation of the
MOF phase (Fig. S1 in the ESI†).

From scanning electron microscopy images the products
were microcrystalline agglomerates (Fig. S8–S11 in the ESI†).
Except for NaAlO2 as the Al source, all obtained products were in
the same range of crystallinity and porosity (Table 1 and Fig. 1,
see also ESI†).

Besides the difference in porosity, the Al source shows
inuence on the water sorption performance, mostly in terms of
This journal is © The Royal Society of Chemistry 2018



Fig. 4 First (a) and second (b) 20 cycles of adsorption and desorption
of MIL-53(Al)-TDC in a thermogravimetric analyzer. Red curve:
temperature, blue curve: sample mass, and green dots: uptake.
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uptake, which in turn directly correlates with the pore volume
(nitrogen sorption: Fig. S12† and water sorption: Fig. S14 in the
ESI†). More information can be found in the ESI.†

Stability tests

Additionally, we performed solvent stability tests by dispersing
ca. 10 mg of MIL-53(Al)-TDC into 3 mL of different solvents and
stirring the dispersion for 24 h. By PXRD, no loss of crystallinity
was apparent in any solvent. At least partial decomposition and
loss of crystallinity occurred within 24 h in aqueous solutions
with pH 12 and pH 1 (Fig. S3 and S4 in the ESI†).

Further characterization with infrared spectroscopy (IR), and
thermogravimetric analysis (TGA), scanning electron micros-
copy (SEM), and argon (87 K), nitrogen (77 K) and water (20 �C)
sorption isotherms of MIL-53(Al)-TDC products from synthesis
optimization are provided in the ESI.†

All further analyses were carried out with the material
synthesized from Al(OH)(ac)2 (BET ¼ 885 m2 g�1 from nitrogen
sorption, i.e. 827 m2 g�1 from argon sorption, see Section S11 in
the ESI†). This approach showed the highest yield and satis-
factory porosity.

Water sorption characteristics

In order to evaluate the potential of MIL-53(Al)-TDC for ther-
mally driven heat transformation, water sorption isotherms
were measured at 25, 40 and 60 �C. Prior to the measurements,
each sample was activated at 150 �C under reduced pressure.
Fig. 3 shows the water adsorption isotherms, where the solid
lines represent thermodynamic ts. The adsorption isotherms
show an S-shaped type-V isotherm according to the IUPAC
classication,42 with a steep increase of the uptake at relative
pressures in the range 0.35 < p/p0 < 0.4. This uptake is correlated
with lling of the micropores. The maximum uptake is about
434 mgH2O g�1. Such an adsorption characteristic is comparable
to that of aluminium fumarate, but slightly less hydrophilic,
allowing desorption at higher relative pressures, synonymous
with lower desorption temperatures.

Furthermore, the isotherms show a slight hysteresis at all
temperatures, especially for the uptake aer the steep rise that
has been attributed to kinetic inhibition.40 However, hyster-
esis behaviour occurs on different scales. Yet, a water sorption
hysteresis is undesired for the targeted application, because it
decreases the usable range of the working uid exchange
within the cycle.13 Only MIL-53(Al)-TDC obtained from
aluminium sulfate and from basic aluminium acetate showed
water desorption with almost absence of hysteresis (Fig. S14 in
the ESI†). The absence of hysteresis is explained by a lower
number of defects. Defects in the form of missing linkers and
terminal Al–OH and Al–OH2 groups will provide stronger
binding sites and mesoporous cavities with kinetically delayed
desorption, i.e. hysteresis.

The isosteric heat of adsorption was determined directly
from the adsorption isotherms using the Clausius–Clapeyron
equation (Fig. 3, lled squares).43,44 Also depicted in Fig. 3 is the
heat of adsorption calculated according to Van't Hoff (eqn (1))
using the tted thermodynamic model.45
This journal is © The Royal Society of Chemistry 2018
DHadsðX ;TÞ
RT2

¼ �
�
vln p

vT

�
Xðp;TÞ

(1)

For the largest adsorbed amount, the heat of adsorption
DHads remains constant around 2.6 kJ g�1, corresponding to
46.8 kJ mol�1. This value is comparable to those of other Al-
based MOFs like aluminium fumarate9 or CAU-10-H21 and is
only a few percent higher than the heat of vaporization of
water.46 Other DHads reports for MOFs determined mostly
higher values.9,10,13,21,28,43,47 In combination with the water
adsorption characteristic, this low value favors the use of
MIL-53(Al)-TDC in sorption based chilling, where the released
heat of adsorption is tantamount to waste heat.
Multicycle hydrothermal stability and cooling performance

Multicycle stability towards water is a very crucial point when it
comes to the envisioned application. Therefore, the sample has
been tested in a thermogravimetric setup exposing the sample
to a humidied argon ow. Adsorption and desorption are
induced by switching the temperature between 40 �C and
140 �C. Prior to and aer 20 cycles an equilibrium desorption
and adsorption segment was performed. The plot of mass,
temperature and water uptake in g g�1 over time for 2 � 20
hydrothermal cycles is shown in Fig. 4. Over the rst 20 cycles
a slight decrease of dry mass (Dm ¼ 1.3%) as well as equilib-
rium water uptake (DX ¼ 3.7%) occurred. This behaviour has
been observed before for aluminium fumarate and can be
explained by post-synthesis activation of the MOF by the des-
orbed water comparable to steam distillation.9 In order to
further conrm the stability, a second run of 20 cycles was
performed on the same sample. Over these cycles no further
decrease in dry mass and just a slight decrease in the equilib-
rium uptake (DX ¼ 2.7%) were observed which is on the order
of the balance dri. Conclusively, the material can be sug-
gested to be stable towards cyclic water adsorption and
desorption within the test procedure and even more under
application related conditions.
J. Mater. Chem. A, 2018, 6, 17706–17712 | 17709



Fig. 6 Sensitivity of uptake capacity towards desorption temperature
and condenser temperature, showing that MIL-53(Al)-TDC can be
desorbed even at very high condenser temperatures with desorption
temperatures below 70 �C.
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For additional stability investigations, a fresh sample of the
material was investigated with PXRD over 12 cycles at 40 �C with
varying humidities. Within the rst and the last cycle
a complete isotherm (0 < p/p0 < 0.8) was recorded, followed by
PXRD (Fig. S1 and S2 in the ESI†), whereas all other cycles
only consisted of adsorption at p/p0 ¼ 0.8 and desorption at
p/p0 ¼ 0.02.

MIL-53 is known for its breathing effect, that is, a network
adapting to guest molecules yielding a wide-pore or narrow pore
form.48 For MIL-53(Al)-TDC we have not observed any reversible
or irreversible structural changes upon (repeated) water sorp-
tion measurements with in situ powder X-ray diffraction. As can
be seen from the diffractograms depicted in Fig. 5 (Fig. S2 and
S3 in the ESI†), only the height of the peaks reproducibly
decreased during adsorption (increasing humidity) and
increased during desorption (decreasing humidity). During
these cycles no loss in crystallinity and no phase change, which
would be marked by additional peaks, can be observed. This
result supports MIL-53(Al)-TDC to be structurally stable towards
water.

Up to this point, the general suitability of MIL-53(Al)-TDC for
adsorption heat transformation has been proven in terms of the
demanded S-shaped isotherm, a high maximum water uptake
and a good hydrothermal stability. The low heat of adsorption
favors MIL-53(Al)-TDC for cooling applications. To further
assess the suitability, experimental data were t using a recently
proposed dual-site Langmuir approach,49,50 which is stated in
detail in Section S13 in the ESI.†

During desorption, driving heat (Qdes) has to be provided at
the adsorbent and heat of condensation (Qcond) has to be dis-
charged at the condenser (cf. Fig. 1). The sensitivity of the
sample towards these two temperature levels is shown in Fig. 6.
As can be seen from this plot, MIL-53(Al)-TDC can almost
completely be desorbed at low temperatures between 50 and
70 �C, depending on the condenser temperature. Even at a high
condenser temperature of 40 �C a desorption temperature of
about 60 �C is sufficient to dry the material, enabling the
possibility to dissipate the heat of condensation to the
Fig. 5 Ten adsorption (blue)/desorption (red) cycles of MIL-53(Al)-
TDC with in situ XRD observation, confirming its structural stability
upon hydrothermal cycling.

17710 | J. Mater. Chem. A, 2018, 6, 17706–17712
environment via heat exchangers. Thus, low temperature waste
heat can be utilized that cannot be used for other processes for
desorption (see ref. 51 for an overview of waste heat temperature
levels).

For the investigation of the adsorption stage, the desorption
temperature was xed at 65 �C, and the water uptake was
calculated depending on the evaporation temperature and the
heat rejection temperature corresponding to the adsorption
temperature (Fig. 7). A desirable high water uptake of 0.35 g g�1

can be achieved for comparably high evaporation temperatures
of above 15 �C and/or heat rejection below 30 �C. These ndings
recommend MIL-53(Al)-TDC for thermally driven cooling in
industrial processes, as it can work at evaporation temperatures
(providing the cooling) above 10 �C on one hand and can be
regenerated with waste or solar thermal heat at around 65 �C on
the other hand. Thereby, a working window is offered that is not
accessible for conventional adsorbents with the corresponding
water loading li.
Fig. 7 Water uptake capacity as a function of heat rejection temper-
ature and evaporation temperature, showing a broad plateau for
different temperature settings. Drying conditions were set at 65 �C.

This journal is © The Royal Society of Chemistry 2018
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Conclusion

MIL-53(Al)-TDC is preferably synthesized from aluminium
sulfate or from basic aluminum acetate as water hysteresis is
not observed in these cases, which renders this material
advantageous for water sorption applications. Extensive water
sorption studies followed by in situ PXRD and mass balance
demonstrated the stability of MIL-53(Al)-TDC during hydro-
thermal cycling for at least 40 cycles. Besides the technically
feasible water uptake of 0.3 g g�1, the low heat of adsorption
(2.6 kJ g�1) favors the use of MIL-53(Al)-TDC in chilling
processes, since this heat must be rejected to the environment
and is waste heat. The thermodynamic evaluation gives good
low desorption temperatures at comparably good high
condenser temperatures and sufficient water uptake capacities
(cf. Fig. S17, ESI†) at medium evaporator temperatures. In
combination with the previously reported MOFs based on Al3+,
like aluminum fumarate or CAU-10-H that show similar stability
towards water, the assumption of Al-based MOFs being the
most promising MOF adsorbents for application in thermally
driven heat transformation can be sustained.
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J. Dutour and I. Margiolaki, Angew. Chem., 2004, 116, 6456–
6461.

34 C. Volkringer, D. Popov, T. Loiseau, G. Férey,
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41 G. A. González-Mart́ınez, T. Jurado-Vázquez, D. Soĺıs-Ibarra,
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D. Louër and G. Férey, J. Am. Chem. Soc., 2002, 124, 13519–
13526.

49 M. Hei, L. Joss, Z. Bjelobrk and M. Mazzotti, Faraday
Discuss., 2016, 192, 153–179.

50 S.-J. Ernst, M. Baumgartner, D. Fröhlich, H.-J. Bart and
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