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uni-duesseldorf.de
bInstitut für Anorganische Chemie, Christian

Straße 2, 24118 Kiel, Germany
cFraunhofer Institute for Solar Energy Sy

Freiburg, Germany

† Electronic supplementary information
TGA curve, PXRD patterns for the sta
multicycle sorption stability, heat of adso
DOI: 10.1039/c9ta07465a

Cite this: J. Mater. Chem. A, 2019, 7,
24973

Received 10th July 2019
Accepted 1st October 2019

DOI: 10.1039/c9ta07465a

rsc.li/materials-a

This journal is © The Royal Society of C
aluminium muconate metal–
organic framework (MIL-53-muc) as a methanol
adsorbent for sub-zero temperature heat
transformation applications†

Tobie J. Matemb Ma Ntep,a Helge Reinsch, b Philipp P. C. Hügenell,c
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Employingmethanol as an adsorbate can enable adsorption-driven heat pumps and chillers to operate at/or

achieve temperatures below 0 �C, provided an appropriate pairing adsorbent is made available. By applying

the principle of reticular chemistry, an isoreticular twofold expansion of aluminium fumarate was designed

and synthesized using trans,trans-muconate as a linker to a new aluminium metal–organic framework

(MOF) termed MIL-53-muc. MIL-53-muc is isostructural to the prototypical aluminium terephthalate (Al-

MIL-53-BDC) and is therefore built from chains of trans corner-sharing AlO4(OH)2 octahedra connected

by muconate linkers to a microporous network with lozenge-shaped one-dimensional pores. Featuring

a high BET specific surface area of 1750 m2 g�1, a type V (S-shaped) stepwise methanol adsorption

isotherm in a 0.05–0.15 relative pressure range, a high methanol uptake capacity of about 0.5 g g�1 and

methanol stability of over 50 assessed ad/desorption cycles, MIL-53-muc is revealed as a promising

adsorbent applicable for adsorption-based heat transformation applications. The performance evaluation

indicates that high coefficient of performance COPH values above 1.5 could be reached for an

evaporator operating at a temperature as low as �5 �C under heat pump conditions, while very low

temperatures down to �10 �C could be achieved for refrigeration/ice making with COPC values of up to

0.73 under cooling conditions. This makes MIL-53-muc/methanol outperform most other working pairs

for adsorption-based cooling and heating applications under sub-zero temperature conditions.

Furthermore, MIL-53-muc is hydrothermally stable and presents a favorable water sorption profile

making this material also suitable for autonomous indoor humidity control applications.
Introduction

Adsorption-based heat pumps (AHPs) and thermally driven
adsorption chillers (TDCs) are air conditioning systems that
have been introduced as sustainable and clean alternatives to
traditional vapour-compression air systems operating on elec-
tricity or fossil fuels.1 As AHPs and TDCs operate using solar
heat or waste heat from industries, they can help to minimize
electricity consumption.2 Furthermore, unlike potentially ozone
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depleting chlorouorocarbons (CFCs) used as the working uid
in compression heat exchangers, AHPs and TDCs use water,
methanol or ethanol as coolants.3

The working principle of AHPs and TDCs is shown in Fig. 1.
It is based on the evaporation and subsequent reversible
adsorption of a coolant onto a porous material. The process
releases heat during the working cycle and the uid is desorbed
and re-condensed by low temperature heating (solar heat or
waste heat) during the regeneration cycle.4

The efficiency of AHPs and TDCs primarily depends on the
performance of the applied adsorbent. The adsorbent should
achieve high vapour uptakes at low relative pressures (P/P0¼ 0.05–
0.3) with a stepwise isotherm (sigmoidal, S-shaped) featuring no
or minor hysteresis. The material should also be stable over
multiple adsorption–desorption cycles.5,6 Although several types
of materials have been applied for adsorption-based heat trans-
formations including zeolites, silica gels, aluminium phosphates
and activated carbons,7 metal–organic frameworks (MOFs) are
emerging asmore promisingmaterials for this application.5,8 This
is due to MOFs' high surface area and porosity, yielding higher
J. Mater. Chem. A, 2019, 7, 24973–24981 | 24973

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ta07465a&domain=pdf&date_stamp=2019-11-02
http://orcid.org/0000-0001-5288-1135
http://orcid.org/0000-0002-4250-6291
http://orcid.org/0000-0002-6288-9605


Scheme 1 Twofold extension of aliphatic fumaric acid to t,t-muconic
acid, in analogy to 4-40-biphenyldicarboxylic acid being the twofold
extension of aromatic benzene-1,4-dicarboxylic acid.

Fig. 1 Working principle of adsorption-based heat exchangers. In the
working cycle (1), the coolant is evaporated by taking up the heat of
evaporation Qevap from the ambient. The fluid vapour is subsequently
adsorbed on the porousmaterial, releasing adsorption heatQads. In the
regeneration cycle (2), a driving heat Qdes is applied to the saturated
adsorbent resulting in the desorption of the fluid. The desorbed
vapours condense at a medium temperature level, releasing
condensation heatQcond. Qevap is exploited for cooling in TDCs, while
Qads andQcond are exploited for heating in AHPs. The image was taken
with permission from ref. 4.
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uid uptake capacities and the possibility to ne tune their pore
size/shape and functionality.9 As these materials are constructed
by connecting metal clusters with organic ligands into porous
networks, MOFs can be designed by a judicious choice of metal
clusters and linkers to achieve a targeted uid adsorption
prole.10 Designing MOFs to feature peculiar properties in view of
their application for efficient heat transformation is hence
a currently intensive research focus.11 Aluminium-based MOFs
have especially shown promise for this application owing to their
high hydrothermal stability, the lightness and environmental
friendliness of aluminium, and the availability of its sources.12

Several Al-MOFs have been reported as good adsorbents for
adsorption heat exchangers including aluminium fumarate,13

CAU-10-H,14 MIL-160,15 and MIL-53-TDC.16

Depending on the working conditions and the aimed
achievable performance of a heat exchanger, the choice of the
adsorbent–adsorbate working pair is of key importance. A good
combination of the adsorbent–coolant working pair can enable
reaching a targeted adsorption prole.17 In this respect, water has
widely been used as the working uid on account of its avail-
ability, high heat of evaporation and lack of toxicity.18 However
water presents some limitations under some heat transformation
conditions like ice making. Water has a relatively high freezing
point (0 �C) and cannot be used at sub-zero temperatures.
Furthermore, the low saturation vapour pressure of water
imposes that the system should be vacuum tight to provide very
low pressures. These drawbacks can be addressed by using
methanol as the refrigerant.19 Methanol has a low freezing
temperature (�97.6 �C) and can therefore be operated below 0 �C.
Also, methanol has high saturation vapour pressure, which may
result in faster mass transfer. Furthermore, the ease of regener-
ation due to its lower boiling point leads to faster adsorption–
desorption cycles. In addition, the stability of MOFs under
alcohol adsorption is less of an issue compared to water for
which many MOFs are discarded for use in AHPs/TDCs on
account of their poor hydrolytic stability. However, very few
investigations of MOFs–methanol working pairs are reported.20,21
24974 | J. Mater. Chem. A, 2019, 7, 24973–24981
Changing the working uid usually makes adsorbents that
were promising with water inappropriate for AHPs/ADCs. An
example is that of methanol adsorption in aluminium fumarate
(Al-Fum) which yields a type I isotherm, rather than the aimed
type V S-shape obtained with water.19 This therefore makes Al-
Fum inappropriate for efficient heat transformations when
paired with methanol. Taking advantage of the structural feature
of Al-Fum, increasing the linker length by an isoreticular
expansion should shi the step of the methanol sorption
isotherm to higher relative pressure, on account of increased
hydrophobicity. This could result in an S-shaped methanol
sorption isotherm within the targeted relative pressure range,
which is benecial for sub-zero heat transformation. This should
additionally increase the uptake capacity relative to Al-Fum. By
using the principles of reticular chemistry,22 such an isoreticular
expansion could be achieved by replacing the fumarate linker
with the trans,trans-muconate linker in the MIL-53 structure.23

Muconic acid (trans,trans-1,3-butadiene-1,4-dicarboxylic acid ¼
H2muc) can be regarded as a twofold extension of the aliphatic
fumarate linker analogous to 4,40-biphenyldicarboxylate being
a twofold extension of the aromatic 1,4-benzenedicarboxylate
linker (see Scheme 1). Muconic acid is a renewable dicarboxylic
acid that can be obtained from biomass.24 This linker is therefore
of interest for constructing MOFs in the context of sustainability
underlying the use of adsorption-based heat exchangers.

The trans,trans-muconate linker had already been used to
expand the structure of iron(III) fumarate (MIL-88A) to MIL-89
(ref. 25) and the structure of zirconium fumarate (MOF-801) to
UiO-66-muc,26 but to the best of our knowledge no report of
muconate-based Al-MOFs is found.

We, herein, report the isoreticular twofold expansion of
aluminium fumarate (Al-Fum) by using the aliphatic trans,trans-
muconate dianion as a linker to a new MIL-53-muc MOF. The
synthesis, thorough characterization, water sorption and espe-
cially methanol sorption are investigated for the intended
application of this material as an adsorbent for sub-zero
temperature adsorption-based heat transformations.
Experimental
Materials and methods

trans,trans-1,3-Butadiene-1,4-dicarboxylic acid (t,t-H2muc,
purity > 98%) and aluminium nitrate nonahydrate
This journal is © The Royal Society of Chemistry 2019
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(Al(NO3)3$9H2O, purity > 98%) were obtained from Alfa Aesar;
aluminium sulphate 18-hydrate (Al2(SO4)3$18H2O, purity >
99%) was obtained from Applichem Panreac; dimethylforma-
mide (DMF, analytical grade) was obtained from Fischer
Chemical. All reagents were used as received.

Powder X-ray diffraction (PXRD) patterns were recorded on
a Bruker D2 Phaser diffractometer using Cu Ka1/a2 radiation
with l ¼ 1.5418 Å at 30 kV, covering 2 theta angles 5–50� over
a time of 1 h, that is, at a scan rate of 0.0125� s�1. PXRD data for
structure determination were collected in transmission geom-
etry using a STOE Stadi MP diffractometer with mono-
chromated CuKa1 radiation, equipped with a Dectris Mythen
detector system.

Elemental analysis (CHN) was performed using a PerkinElmer
2400 series 2 elemental analyzer.

The infrared (IR) spectrum was obtained on a Bruker FT-IR
Tensor 37 spectrometer in the 4000–550 cm�1 region with 2
cm�1 resolution as KBr disks. The Raman spectrum was ob-
tained on a Bruker MultiRAM-FT Raman spectrometer equip-
ped with a Nd:YAG-laser (wavelength 1064 nm). The
measurements were executed in the solid state for 2500 scans
with a laser power between 10 and 20 mW.

Thermogravimetric analysis (TGA) was carried out with
a Netzsch Thermo-Microbalance Apparatus TG 209 F3 Tarsus, at
a ramp rate of 5 �C min�1 under an air ow. Scanning electron
microscopy (SEM) images were obtained using an ESEM Quanta
400 FEG SEM equipped with a secondary electron detector.

Vapour sorption isotherms of water and methanol were ob-
tained using a VSTAR™ vapour sorption analyzer (Model
number Vstar4-0000-1000-XS) from Quantachrome. For this
purpose, about 25 mg of activated sample were introduced in
the measuring cell and connected to the analysis port of the
analyzer. The methanol used was of gradient grade (purity
99.85%) ChemSolute from Th. Geyer.

Nitrogen sorption isotherms were measured on a Quantach-
rome Autosorb iQ MP gas analyzer at 77 K. The Brunauer–
Emmett–Teller (BET) specic surface area was evaluated from the
nitrogen physisorption isotherms. The pore distribution traces
were calculated using density functional theory (DFT) of NovaWin
11.03 soware using the “N2 at 77 K on carbon, slit pore,
nonlinear density functional theory (NLDFT) equilibrium”model.
Synthetic procedures

Conventional solvothermal synthesis in an oven. 250 mg of
t,t-muconic acid (1.76 mmol) and 600 mg of aluminium nitrate
nonahydrate (1.6 mmol) were ultrasonically mixed in a water/
DMF (5.6 mL/1.9 mL) solvent mixture. The obtained suspension
was sealed in a 12 mL Teon lined autoclave and placed for 3 h
in an oven preheated at 120 �C. Aer cooling to room temper-
ature, the yellow powder was decanted and separated from the
brown mother liquor by centrifugation. The powder was aer-
wards washed three times by stirring (about 2 h each) in DMF
and then three times in water. The product was nally centri-
fuged and dried in air.

Microwave assisted solvothermal synthesis. In a second
synthesis route, 232 mg of t,t-muconic acid (1.63 mmol) and
This journal is © The Royal Society of Chemistry 2019
1088 mg of aluminium sulphate octadecahydrate (1.63 mmol)
were ultrasonically mixed in a water/DMF (7.5 mL/2.5 mL)
solvent mixture. The obtained suspension was sealed in a 20mL
Pyrex glass tube, placed in a monowave (400 W) microwave
reactor Anton Paar and heated for 1 h whilst stirring. Aer
cooling, the product was separated from the mother liquor and
washed the same way as aforementioned.

The activated sample was obtained by heating the dry as-
synthesized sample at 150 �C for 12 h under dynamic vacuum
(10�3 mBar). Elemental analysis of the activated sample: calcd
for [Al(OH) (C6H4O4)]$0.25H2O: C 38.17%; H 2.91%. Found: C
38.21%; H 2.84%. The yield based on the aluminium salt: 200
mg, 66% from classical solvothermal synthesis and 240 mg,
78% from microwave assisted synthesis.

Synthesis of aluminium fumarate. Aluminium fumarate was
synthesized according to a previously reported method.27 In
short, 513 mg of Al2(SO4)3$18H2O, 179 mg fumaric acid and 92
mg urea were dissolved in 5 mL water, sealed in a Teon lined
autoclave and heated for 32 h at 110 �C in an oven. The resulting
powder was washed with water and ethanol. It was activated by
heating for 7 h at 150 �C under a dynamic vacuum. This
synthesis procedure was adopted because it yields Al-Fum of
high crystallinity. This is of importance for a rational compar-
ison of the adsorption prole of Al-Fum with its twofold
expansion MIL-53-muc. Water sorption in Al-Fum obtained by
other synthetic routes usually displays a considerable hysteresis
loop and capillary condensation effect at high P/P0, which is
rather the result of a poor crystallinity of the material than
a reection of structural features.28

Structural modelling and elucidation. Anticipating that
extension of the fumarate linker to muconate would preserve
the fundamental framework structure, we initially generated
a structural model using force-eld calculations. Thus the
linker molecules in the aluminium fumarate structure were
extended and the structure was energetically optimised using
the universal force-eld as implemented in Materials Studio.29

This resulted in a model with a changed space-group symmetry
(C2/m compared to P21/c), which was subsequently super-
imposed. Based on the positions of the observed reections,
suitable unit cell parameters were deduced using the squared
Bragg equation for monoclinic symmetry. Aer imposing these
cell parameters and a second framework optimization by force-
eld calculations, the obtained model was rened by Rietveld
methods using TOPAS academics.30 The (half) linker molecule
was considered as a rigid body and residual electron density
inside the channels detected by Fourier synthesis was modelled
as partially occupied oxygen atoms. Moreover, a preferred
orientation along (110) had to be taken into account. However,
one additional peak had to be considered as not being part of
MIL-53-muc, indicating a crystalline impurity. Due to all these
necessary corrections, the rened structure must be interpreted
in any case only as a good model, since the low number of
reections and the limited crystallinity prevent a free rene-
ment. The most important parameters are summarized in Table
S1 and the Rietveld plot is shown in Fig. S5 (see the ESI†).

Multicycle methanol ad-/desorption experiment. The mate-
rial MIL-53-muc was cycled using a DVS vacuum from Surface
J. Mater. Chem. A, 2019, 7, 24973–24981 | 24975



Fig. 3 Powder XRD pattern of MIL-53-muc (blue) in comparison with
aluminium fumarate (black).
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Measurement Systems. The sample was cycled between 25 �C
and 100 �C with methanol as the adsorbate at a relative pressure
between 0.05 and 0.9P/P0. Before cycling, aer 25 cycles and
aer 50 cycles, the material was examined for equilibrium
conditions. Therefore, equilibrium points at 3%, 25%, 50%,
75% and 90% methanol moisture were approached. For the dry
mass equilibrium points, the material was heated at 120 �C
under vacuum.

Results and discussion
Synthesis

The new aluminium MOF termed MIL-53-muc of formula
[Al(OH)(muc)] was synthesized solvothermally by reacting t,t-
muconic acid with an aluminium salt in a water/DMF solvent
mixture at 120 �C. The material was obtained as a yellowish
microcrystalline powder with rectangular rod-like micro-crys-
tals about 10 mm long (Fig. 2). Obtaining MIL-53-muc was
successful by alternatively using aluminium sulphate (Al2(-
SO4)3$18H2O) under microwave assisted heating for 1 h or
aluminium nitrate (Al(NO3)3$9H2O) under conventional heating
in an oven for 3 h (see the ESI† for details concerning the use of
different Al salts).

Structure description

The powder X-ray diffraction (PXRD) pattern of MIL-53-muc is
shown in Fig. 3. Its pattern broadly resembles that of
aluminium fumarate (Al-Fum), except that the strongest
reection of MIL-53-muc is shied to lower 2q angle values. This
is the rst indication of their structural similarity, with MIL-53-
muc featuring a larger lattice size, consistent with the longer
linker compared to Al-Fum.

In the Raman spectrum of activated MIL-53-muc (Fig. S3 in
ESI†), the strong band at 1644 cm�1 is assigned to the stretching
vibration of C]C of the muconate linker, while the band at
about 103 cm�1 is attributable to the Al–O stretching vibration.
In the IR spectrum of the activated sample (Fig. S2, ESI†), the
bands at 1570 and 1420 cm�1 correspond to the asymmetric and
symmetric stretching modes of coordinated carboxylates of the
linker (–COO), respectively. The C]C stretching vibration
appears at about 1623 cm�1 and the olenic C–H at 3052 cm�1.
The band at 3666 cm�1 is attributable to the structural m2-OH,
characteristic for the corner-sharing chain of aluminium
octahedra.

Being an analogue of the archetypical MIL-53 structure, the
framework of MIL-53-muc is based on innite chains of trans-
Fig. 2 SEM micrographs of MIL-53-muc.
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corner sharing AlO6-polyhedra which are connected via OH-
groups. The remaining four oxygen atoms are part of carbox-
ylate groups of the muconate linker. In this manner, each
inorganic unit is connected to four adjacent innite units,
resulting in a framework with rhombic channels (Fig. 4). Their
maximum diameter can be estimated to be 8 � 11 Å, based on
the van der Waals radii of the framework.
Porosity determination

The nitrogen sorption at 77 K exhibits a fully reversible type I
isotherm according to the IUPAC classication (Fig. 5),31 indi-
cating the permanent microporosity of MIL-53-muc. The BET
specic surface area, total pore volume and micropore volume
were calculated to be 1750 m2 g�1, 0.72 cm3 g�1 and 0.52 cm3

g�1, respectively. These values are quite higher than those of
aluminium fumarate (SBET ¼ 1021 m2 g�1; Vmicro ¼ 0.45 from
the literature).13 The isoreticular expansion of aluminium
fumarate to MIL-53-muc therefore results in about 70%
increase in surface area. The average pore size was calculated to
be about 0.9 nm (see Fig. S10 in the ESI†).
Fig. 4 Section of the 1D infinite chain of AlO6 polyhedra (left) and the
unit cell packing diagram (right) in the structure of MIL-53-muc (guest
molecules are not shown and hydrogen atoms were not included in
the Rietveld refinement).

This journal is © The Royal Society of Chemistry 2019



Fig. 5 Nitrogen sorption isotherm of MIL-53-muc at 77 K.
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Water and methanol sorption

The water sorption experiment at 20 �C gives a type V (S-shaped)
isotherm like aluminium fumarate (Fig. 6), which is in confor-
mity with the same structure. However, some important
differences are noticed: (i) the step of the water isotherm is
shied to higher relative pressures (P/P0 ¼ 0.4–0.6) compared to
aluminium fumarate (P/P0 ¼ 0.2–0.3). The decreased hydro-
philicity/increased hydrophobicity in MIL-53-muc can be traced
back to the extension of the hydrophobic (organic chain)
portion of the muconate linker. (ii) Unlike aluminium fuma-
rate, there is a pronounced type H1 hysteresis loop between the
adsorption and desorption branches in MIL-53-muc. (iii) The
water uptake capacity of MIL-53-muc at P/P0 ¼ 0.9 amounts to
0.54 g g�1 and is in agreement with the micropore volume
determined from the nitrogen sorption. This corresponds to
a 35% increase in water uptake capacity compared to
aluminium fumarate (0.4 g g�1 at P/P0 ¼ 0.9).

The isosteric heat of water adsorption DHads(H2O) was
calculated by applying the Clausius–Clapeyron equation from
water adsorption isotherms collected at 20, 30 and 40 �C,
respectively. The plot of the heat of water adsorption (Fig. S16 in
Fig. 6 Water vapour sorption isotherm of MIL-53-muc (blue) at 20 �C
in comparison with aluminium fumarate (black) (filled symbols:
adsorption; empty symbols: desorption).

This journal is © The Royal Society of Chemistry 2019
the ESI†) shows the same shape and trend as that previously
reported for Al-Fum,13 with an average value of 47–50 kJ mol�1

about 10% above the evaporation enthalpy of water (44 kJ
mol�1). This indicates that water adsorption in both materials
occurs following the same mechanism.

Meanwhile aluminium fumarate features an ideal water
sorption prole with respect to adsorption-driven heat trans-
formation as previously reported,13 MIL-53-muc rather falls
short due to its relatively high hydrophobicity and wide
hysteresis loop. Nevertheless, the water sorption prole of
MIL-53-muc happens to be convenient for autonomous indoor
moisture control application.32 It was established that a good
candidate material for such application should have (i) S-
shaped water vapour sorption isotherms with adsorption and
desorption branches separated in the 40–60% relative
humidity (RH) range (recommended by the American Society
of Heating, Refrigerating, and Air-Conditioning Engineers
ASHRAE)33 and (ii) a high water vapour uptake from the
adsorption branch between 40% and 60% RH. These proper-
ties demonstrated by MIL-53-muc would enable the dual
ability of starting to adsorb water as the RH exceeds 55% and
starting to release water as the humidity level drops below
45%. Very few reported adsorbents like MIL-53-muc display
these characteristics, among those that do are Y-shp-MOF-5,
MCM-41 and Cr-soc-MOF-1.32,34

The methanol vapour sorption of MIL-53-muc yields also
a sigmoidal shaped isotherm but with a negligible hysteresis
loop (Fig. 7). The step of the isotherm is located within the
narrow pressure range of 0.05–0.2 (inexion point a ¼ 0.08; the
inexion point is dened as the relative pressure a ¼ P/P0 at
which half of the total adsorption capacity is reached),19

achieving a methanol uptake capacity of about 0.5 g g�1 at P/P0
¼ 0.9. Compared to aluminium fumarate which has a methanol
adsorption isotherm with a type I prole and an uptake capacity
of 0.32 g g�1, the methanol sorption isotherm of MIL-53-muc is
slightly shied to higher relative pressure. The structure
expansion therefore results in a 50% increase of the methanol
uptake capacity for MIL-53-muc compared to Al-Fum.
Fig. 7 Methanol vapour sorption isotherm of MIL-53-muc (blue) at 20
�C in comparison with aluminium fumarate (black) of MIL-53-muc
(filled symbols: adsorption; empty symbols: desorption).

J. Mater. Chem. A, 2019, 7, 24973–24981 | 24977



Fig. 8 Sample temperature in �C (red), relative pressure (green) and
relative loading (blue) during the multicycle methanol ad/desorption
experiment plotted over time.

Fig. 9 Achievable methanol uptakes of MIL-53-muc during adsorp-
tion for different evaporator and adsorption temperatures calculated
using a fitted Dubinin–Astakhov approach.

Journal of Materials Chemistry A Paper
The methanol sorption prole of MIL-53-muc makes this
material a suitable adsorbent for adsorption-driven heat
transformation applications. The step position around 0.1P/P0
is especially favourable for adsorption thermal batteries (ATB)
as it reduces the need to incorporate a compressor into the
system. In this regard, the applied adsorbent should achieve
a high heat storage capacity (CHS).35

In order to evaluate the heat storage capacity CHS of the MIL-
53-muc–methanol pair, the isosteric heat of methanol adsorp-
tion DHads(MeOH) was determined using the Clausius–Cla-
peyron equation frommethanol adsorption isotherms collected
at 10 �C, 20 �C and 30 �C, respectively (calculation details for
DHads(MeOH) and CHS are in the ESI†). The plot of isosteric heat
of methanol adsorption is shown in Fig. S17 (in the ESI†). It has
an average value of 48 kJ for loading in the range of 100–320 mg
g�1. This value is well above the latent heat of methanol (34.4 kJ
mol�1). With a working capacity Dw of about 0.3 g g�1 (vide
infra), the heat storage capacity was calculated to be 450 kJ kg�1

(0.125 kW h kg�1).

Hydrothermal and chemical stabilities

The thermal and hydrolytic stabilities are basic requirements to
use an adsorbent for many applications, especially for heat
pumps and chillers.36 This is due to elevated temperatures and
the ubiquitous nature of water, even when water not the applied
working uid. The thermogravimetric analysis in air (Fig. S6†)
reveals that MIL-53-muc is thermally robust, withstanding
temperatures of up to 400 �C. Therefore, MIL-53-muc and
aluminium fumarate have similar thermal stabilities. The PXRD
pattern (Fig. S7 in the ESI†) of a sample stirred in water for 24 h
reveals complete retention of its crystallinity, while both the
crystallinity and water uptake capacity were retained over ve
consecutive water ad/desorption cycles (see Fig. S11 in the ESI†).
Furthermore, PXRD patterns of MIL-53-muc samples aer stir-
ring for 24 h in solvents/solutions like acetone, DMF, ethanol,
methanol, aqueous NaOH (pH ¼ 12) and aqueous HCl (pH ¼ 1)
(Fig. S7 ESI†) also show retention of their crystalline phase. These
observations show that MIL-53-muc is a material suitable for
practical use.

Multicycle methanol sorption stability test

To assess the multicycle stability of MIL-53-muc, a multicycle
sorption experiment under a pure methanol atmosphere was
performed. The plots of temperature, relative pressure and
relative uptake over time are shown in Fig. 8.

During the rst 25 cycles, the material shows a maximum
degradation of 5.6%. For the remaining 25 cycles, the equilib-
rium uptake during the isothermal measurement sequences
reveals a maximum degradation of another 1.4% (shown in
Fig. 8 and S12 in the ESI†). Over the entire 50 cycles, the
material shows a degradation of 7%. The decrease in degrada-
tion over cycles indicates that this is not a continuous process.
Therefore, the stability of Mil-53-muc towards methanol can be
concluded. A cycling experiment over 50 cycles in water vapour
(see Fig. S13 and related text in the ESI†) further indicated that
MIL-53-muc is stable towards cyclic ad-/desorption stress.
24978 | J. Mater. Chem. A, 2019, 7, 24973–24981
Performance evaluation

In order to assess the performance of the working pair MIL-53-
muc–methanol, achievable uptakes during the adsorption and
desorption stage have been calculated for a variety of evapo-
rator, middle and desorption temperatures making use of
a Dubinin–Astakhov approach.37 In general, two different
applications can be thought of using methanol as the working
uid: a heat pump process enabling evaporator temperatures
below 0 �C delivering heating temperatures of around 40 �C or
an adsorption chiller process supplying freezing temperatures
(e.g., direct freezing of sh on ships).21,38,39

The heatmap of achievable uptakes during adsorption in
Fig. 9 shows that MIL-53-muc can adsorb more than 0.3 g
methanol per gram MOF for a broad range of temperatures.
Even at temperatures as low as �5 �C and adsorption temper-
atures being sufficiently high to supply a oor radiation system
(40 �C), a fairly high methanol uptake of 0.15 g g�1 can be
achieved. For cooling applications, very low evaporator
This journal is © The Royal Society of Chemistry 2019



Fig. 11 Values of COP calculated for a middle temperature level of 40
�C and different evaporator and desorption temperatures.

Fig. 12 Values of COPC calculated for a middle temperature level of
28 �C and different evaporator and desorption temperatures.
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temperatures down to �10 �C can be reached for adsorption
temperatures of 28 �C showing the huge potential of MIL-53-
muc for freezing applications.

During desorption, the target is to dry the adsorbent as far as
possible at the preferred middle temperature (meaning
condenser and adsorption temperature) applying an as low as
possible desorption temperature. The heatmap for achievable
uptakes during the desorption stage is shown in Fig. 10. This
plot indicates that temperatures of up to 120 �C have to be
applied at a condenser temperature of 40 �C (heat pump mode)
and the efficiency of a heat pump cycle can further be increased
by applying a slightly lower condenser temperature of 35 �C and
a thereby enabled lower desorption temperature of 110 �C. For
a cooling process, a desorption temperature of slightly above
100 �C is sufficient to fully dry MIL-53-muc at condenser
temperatures of around 28 �C.

These boundary temperatures dene a process cycle and can
be used to calculate the efficiency of such a process, the so-
called coefficient of performance (COP). The COP is dened as
the useable amount of heat per amount of heat that has to be
spent for driving the process (eqn (1)) (see ref. 5, 19, 21 and 37
for further information):

COPHP ¼ Qads þQcond

Qdes

and COPC ¼ Qevap

Qdes

(1)

The thereby calculated COPs for heat pump conditions (middle
temperature of 40 �C, a variety of evaporator temperatures and
desorption temperatures) are plotted in Fig. 11. As can be seen,
even at evaporator temperatures of around 0 �C, a comparably
high COPHP of over 1.6 can be reached for desorption tempera-
tures of above 100 �C being in a range or slightly higher than other
MOFs like CAU-3, ZIF-8, HKUST-1, MIL-53(Cr) or UiO-67 that have
been investigated for the use in adsorption driven heat trans-
formation with methanol as the working uid before.5,19,21 It is
noteworthy that high COP values of almost 1.4 can still be reached
for evaporator temperatures of around �10 �C.
Fig. 10 Achievable methanol uptakes of MIL-53-muc during
desorption for different condenser and desorption temperatures
calculated using a fitted Dubinin–Astakhov approach.

This journal is © The Royal Society of Chemistry 2019
Due to the comparably high methanol uptake within
a demanded working window, also high values for COPC can be
reached (see Fig. 12). This large variety of feasible working
windows along with the proven cycling stability towardsmethanol
feature MIL-53-muc as a very promising material for applications
that require evaporator temperatures of around or below 0 �C.
Regarding the specic application for ice-making, the activated
carbon–methanol pair was reported to be one of the best per-
forming pairs with a COPC of about 0.6, surpassing all (but
limited) MOF–methanol pairs studied so far in this context.5,40

Interestingly, the COPC value for the MIL-53-muc–methanol
pair is over 0.7 under conditions for ice making (Tevap¼�5; Tads
¼ 25 �C; Tdes ¼ 85–105 �C) surpassing that of the activated
carbon–methanol pair.41
Conclusions

In summary, we have successfully synthesized a twofold
expansion of an aluminium fumarate metal–organic framework
J. Mater. Chem. A, 2019, 7, 24973–24981 | 24979
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by replacing the fumarate linker by the t,t-muconate linker in
the MIL-53 structure. The new microporous material termed
MIL-53-muc possesses high hydrothermal and chemical
stabilities. Featuring a reversible stepwise (S-shaped) isotherm
of methanol adsorption with a relatively high methanol
capacity, combined with a multicycle stability upon methanol
adsorption–desorption, MIL-53-muc–methanol is disclosed to
be a very promising adsorbent–adsorbate pair applicable for
adsorption-based heat transformation applications. Further-
more, the methanol adsorption prole of MIL-53-muc allows
reaching evaporator temperatures as low as �10 �C both in the
heat pump and chilling modes with COP values of up to 1.6 at
that temperature. These characteristics make MIL-53-muc
a prominent material for heat transformation applications in
the realm of temperatures below 0 �C, outclassing at the same
time many materials reported for use in this context.
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13 (a) F. Jeremias, D. Fröhlich, C. Janiak and S. K. Henninger,
RSC Adv., 2014, 4, 24073–24082; (b) H. Kummer,
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