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re sorption through regulated
MIL-101(Cr) synthesis and its integration onto heat
exchangers†

Mei Gui Vanessa Wee, ab Amutha Chinnappan, *b Runxin Shang,c Poh Seng Leec

and Seeram Ramakrishna *ab

From residences to industries, cooling processes are energy-intensive yet indispensable. Decoupling the

sensible and latent heat loads and delegating the latter to desiccant-coated heat exchangers (DCHEs)

permits more energy-efficient cooling. However, the commonplace desiccant – silica gel – has limited

water sorption capacity. As a crystalline and water-stable metal–organic framework, MIL-101(Cr) (where

MIL stands for Materials Institute Lavoisier) is a promising next-generation desiccant. The current

challenges lie in scaling up MIL-101(Cr) production and incorporating it into DCHEs. This work

demonstrates how tetraethylammonium hydroxide (TEAOH) is not only less toxic for scaled-up additive-

based MIL-101(Cr) synthesis but also produces smaller MIL-101(Cr) particles (40–159 nm) with water

uptake capacity up to 1.41 g g−1. Subsequently, TEAOH-MIL-101(Cr) was integrated into heat exchangers

using polyvinyl alcohol (PVA) to concurrently bind the cuboctahedral particles and enhance heat and

mass transfer. In all three adsorption–desorption cycles, the MIL-101(Cr)/PVA-coated heat exchanger

had a gravimetric water uptake twice that of the control silica gel-coated heat exchanger. Moreover, the

MIL-101(Cr)/PVA-coated heat exchanger can be regenerated at a desorption temperature of less than

50 °C while adsorbing up to 0.91 g g−1 of moisture. Therefore, the MIL-101(Cr)/PVA-coated heat

exchanger is feasible for applications in dehumidification and other systems.
Introduction

Space cooling is a ubiquitous need that remains energy-inten-
sive.1 Not only are cooling processes required to ensure the
thermal comfort of room occupants, but they are also integral to
preserving various equipment and products.2–5 Since 2018, the
International Energy Agency (IEA) has highlighted the need for
efficient cooling because the energy demand for space cooling
was projected to triple by 2050.1 This need has become more
pressing because of the ongoing global energy crisis.6 Unfor-
tunately, the mainstay vapour compression refrigeration
systems (VCRS) for cooling applications2,7,8 have limited energy
efficiencies with coefficients of performance (COPs) between
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2.8–3.8.4,9,10 Hence, there is an impetus for developing more
sustainable cooling systems.2,11

One strategy towards more energy-efficient cooling entails
decoupling the latent and sensible heat loads. Solid desiccant-
coated devices can remove the latent heat load before the
VCRS (or alternative cooling system) focuses on handling the
sensible heat load, thus raising the cooling efficiency.7,12 There
are at least three categories of solid desiccant-coated devices:
stationary beds, desiccant wheels and desiccant-coated heat
exchangers (DCHEs).7,10,12 Notably, DCHEs have several advan-
tages over the other two types of solid desiccant-coated
devices.7,10,13 The DCHEs are typically air-to-liquid cross-cooled
devices whereby cool water removes the adsorptive heat when
the desiccant dehumidies the airstream.2,7,10 Since water
conducts heat more effectively than air, dehumidication using
DCHEs can be almost isothermal with high moisture removal
capacities (MRCs).2,7,14,15 For instance, using DCHEs cause
a change in humidity ratio between the inlet and outlet air that
can be 2.5 g kg−1 higher than those for stationary beds or
desiccant wheels.7 Moreover, the total cooling load is reduced as
dehumidied air from the DCHEs is about 1–3 °C cooler than
the ambient air whereas the dehumidied air from stationary
beds and desiccant wheels is around 5–10 °C warmer than the
ambient air.16,17
This journal is © The Royal Society of Chemistry 2024
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Generally, DCHEs have numerous applications including
heat transformation, energy storage, atmospheric water har-
vesting and moisture control.18–21 Nonetheless, DCHEs can be
improved via desiccant development, heat exchanger design
and application-specic optimisation.2 Existing studies have
demonstrated how operation parameters such as air velocity, air
specic humidity, water temperature and operation time
inuence the DCHE's performance.10,14,15,22–26 Subsequently,
suitable desiccants can be developed based on these working
conditions. For example, the novel desiccant should be stable
and have S-shaped type V or type IV water sorption isotherms
within the target working temperature and relative humidity
(RH) range.2,10,15,27–29 Furthermore, the new desiccant should
enable efficient heat and mass transfer for fast kinetics and
regeneration at lower temperatures.27,28 Currently, silica gel-
based desiccants dominate DCHE investigations.9,22–25,30,31

Being abundant and highly stable, silica gel is an economical
desiccant.26,32,33 Yet, silica gel is not an ideal desiccant because
of its low water uptake capacity and low thermal conductivity
which translate to its high heat of adsorption and requirement
for high regeneration temperatures.3,26,32,33 Hence, novel desic-
cants with properties including higher water uptake capacities
and lower regeneration temperatures are desirable.10,12,15,27

Novel screening methods, such as the infrared detection
method proposed by Wöllner et al., can also accelerate the
determination of a desiccant's water sorption isotherm and
cyclic stability.20 Next, applying the new desiccant onto the heat
exchanger also requires careful consideration: the desiccant
coating should have the optimal thickness (for example, 0.1–0.2
mm)9,14,22,23 and uniformity for high desiccant utilisation while
mitigating the pressure drop.12,14,27 Hence, studies on new
binder selection and novel uniform coating techniques are
necessary.12,27,34 For instance, Li et al.'s work has highlighted the
ve characteristics of ideal binders for such applications.33,35

The heat exchanger's design also inuences the DCHE's
performance.2,10,14 Besides the commonplace n-tube heat
exchangers, other designs such as the wire-and-tube, micro-
channel,19 concentric tube, metal foam, plate,23 nless and
lattice heat exchangers have been developed.10 Modifying
existing designs, such as the size and pitch of a heat exchanger's
tubes, can also translate to improved heat and mass trans-
fer.14,15,27 Lastly, the new and improved DCHE should be inte-
grated and evaluated within existing systems.10,12,25

Novel desiccants under investigation include those based on
metal–organic frameworks (MOFs). With inorganic metal clus-
ters and organic ligands arranged in specic frameworks, MOFs
have large specic surface areas and hence many potential
sorption sites for related applications.33 Currently, MOFs are
promising next-generation sorbents with the increasingly
feasible transition from laboratory- to industrial-scale produc-
tion.36 Unlike silica gel, MOF-based desiccants offer several
advantages: increased water sorption capacities (for example,
above 1 g g−1),37,38 increased specic surface areas (for example,
above 650 m2 g−1)22 and lower desorption temperatures (for
example, below 70 °C).4,32,39 Moreover, specic MOFs such as
aluminium fumarate,39–41MIL-100(Fe)4,40 andMIL-101(Cr),28,40 are
stable in air and water and have been explored for water sorption.
This journal is © The Royal Society of Chemistry 2024
This work focuses on MIL-101(Cr) (where MIL stands for the
Materials Institute Lavoisier) which has one of the highest water
uptake capacities among existing water-stable MOFs.33,42 Firstly,
the low water ligand exchange rates translate to this Cr(III)
carboxylate MOF's water stability.43 MIL-101(Cr)'s hydrophilic
chromium oxo-clusters44 and mesoporous cages45,46 are also
essential to its high water uptake capacity and type V water
sorption isotherm.47 Specically, mesopores around 2 nm in
diameter favour the capillary condensation of water.48 Overall,
MIL-101(Cr) has a cubic unit cell belonging to the Fd�3m space
group and high permanent porosity: specic Brunauer–Emmett–
Teller surface area (SBET) = 2300–4230 m2 g−1 43 and total pore
volume (Vpore) = 1.37–2.15 cm3 g−1.49

Existing studies on MIL-101(Cr)-coated heat exchangers
typically rely on numerical models for performance evaluation.
Graf et al. reported a prototype heat exchanger consisting of
extruded aluminium pipes with ns and desiccant material
(less than 250 mg) as packed beds between the ns.28 It was
used experimentally to determine the heat transfer and diffu-
sion coefficients that then serve as inputs into a full-scale
adsorption chiller model.28 From the model, for adsorption at
20 °C, desorption at 80 °C, condensation at 20 °C and evapo-
ration at 10 °C, MIL-101(Cr) has a COP of 0.57.28 Elsewhere, Han
and Chakraborty synthesised MIL-101(Cr), NH2-MIL-101(Cr)
and NH3

+Cl−-MIL-101(Cr), collected their water sorption
isotherms from 30–80 °C at 10 °C intervals and investigated
their cyclic stability with adsorption at 30 °C and 90% RH fol-
lowed by desorption at 70 °C and 10% RH with each adsorp-
tion–desorption cycle lasting ve minutes.34 Subsequently,
these isotherms and kinetics data were used for simulating the
adsorption desalination performance of coated nned-tube
heat exchangers.34 Under these conditions, MIL-101(Cr) resul-
ted in a COP of about 0.07, increasing to about 0.12 for NH2-
MIL-101(Cr) and about 0.9 for NH3

+Cl−-MIL-101(Cr).34 This
result stems from introducing the amino group and proton-
ating MIL-101(Cr) to raise its hydrophilicity in the low-pressure
regions, thus enhancing the higher water transfer per desali-
nation cycle.34 More recently, Pan et al. proposed a model based
on the rst law of thermodynamics to evaluate the cooling
power utilisation efficiency (CPUE) of DCHEs for dehumidi-
cation.50 The different desiccants investigated were silica gel,
FAM-Z01, FAM-Z02, FAM-Z05, HKUST-1 and MIL-101(Cr).50 The
MIL-101(Cr)-coated heat exchanger had the highest CPUE
(above 0.95), followed by FAM-Z02 and HKUST-1 in joint
second, FAM-Z01 and FAM-Z05 in joint third and lastly the silica
gel-coated heat exchanger (CPUE 0.6–0.8).50

Therefore, MIL-101(Cr)-coated devices have demonstrated
promise in several applications, particularly in dehumidica-
tion. The current literature also lacks physical experiments on
MIL-101(Cr)-coated heat exchangers. Finned-tube heat
exchangers are conventionally large devices (400 mm× 400 mm
× 88 mm)23 although smaller units (for example, 200 mm ×

160 mm × 50 mm) are also available.22,51 As a gauge, the typical
nned-tube heat exchanger requires one to two kilograms of
silica gel for coating its pipes and ns to a thickness of
0.17 mm 23 and the smaller units may still need a few hundred
grams of silica gel for coating.51 Hence, to realise MIL-101(Cr)-
J. Mater. Chem. A, 2024, 12, 824–839 | 825
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Fig. 1 Reaction scheme for TEAOH-based MIL-101(Cr) synthesis
alongside the subsequent purification procedure and process of
coating MIL-101(Cr) onto heat exchangers. Created with https://
BioRender.com.
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coated heat exchangers, scalable MIL-101(Cr) synthesis and
methods of coating MIL-101(Cr) onto heat exchangers are
necessary. This work presents a scalable and less toxic additive-
based MIL-101(Cr) synthesis (Fig. 1) for controlled particle size
and high water uptake capacity. It also highlights the dual use
of superabsorbent polymers to absorb moisture and bind the
MIL-101(Cr) particles. Finally, MIL-101(Cr)-coated heat
exchangers were tested to determine their water sorption
performance.
Experimental
Synthesis of MIL-101(Cr)

The synthesis procedure was adapted from literature
reports.38,52 Following the preparation of the quaternary alky-
lammonium hydroxide solution, terephthalic acid was added
and stirred at room temperature for 10 min. Next, an equimolar
amount of chromium(III) nitrate nonahydrate was added before
stirring the grey-green suspension for another 20 min at room
temperature. The mixture was then transferred to a Teon-lined
autoclave and heated at 180 °C throughout the desired reaction
time. Aer cooling, the suspension obtained was washed
successively with deionised water, dimethylformamide and
ethanol before being isolated by centrifugation and oven-dried.
One-litre autoclaves can produce up to 30 g of TEAOH-MIL-
101(Cr) per batch.
Preparation of MIL-101(Cr)/binder samples

The synthesised MIL-101(Cr) was rst ground before overnight
drying in an oven. Next, MIL-101(Cr) dispersions were prepared
by adding known masses of dried and ground MIL-101(Cr) to
deionised water and sonicating the mixture for 30 min as the
temperature increased from 22 to 50 °C. The green MIL-101(Cr)
dispersion was then placed on a hot plate (preheated at 100 °C)
and stirred whilst adding known masses of the respective
binders. Aer 30 min of heating and stirring, each dispersion
826 | J. Mater. Chem. A, 2024, 12, 824–839
was pipetted onto a clean and dry aluminium foil of xed
dimensions and known mass. The samples were air-dried to
remove liquid water before being oven-dried. On the other
hand, the 2MIL-101(Cr)/1silicate sample was prepared based on
previous work by Cui et al.4
Coating on prototype heat exchangers

Before applying the desiccant coating, the prototype cross-ow
tube bank heat exchangers53 were cleaned sequentially with
deionised water, concentrated nitric acid, sodium hydroxide
and deionised water again. The heat exchanger was dried
overnight in an oven and its dry mass (MHE) was recorded. As
described above, MIL-101(Cr) dispersions were prepared (1.9 g
of MIL-101(Cr), 0.63 g of PVA and 150 mL of deionised water).
The suspension was applied onto the heat exchanger, air-dried
and then oven-dried. This process was repeated to reach the
targeted mass of desiccant coating (2.2 g).
Results and discussion
Scalable and less toxic MIL-101(Cr) synthesis

Obtaining sufficient MIL-101(Cr) for coating onto heat
exchangers presents an obstacle to conducting experiments.
MIL-101(Cr) is conventionally prepared using Férey et al.'s
pioneering approach of heating chromium nitrate nonahydrate
(Cr(NO3)3$9H2O), terephthalic acid (H2BDC) and hydrouoric
acid (HF) at 220 °C for eight hours.54 However, HF is highly
toxic, thus spurning multiple investigations into other additives
and additive-free syntheses to realise the large-scale synthesis of
MIL-101(Cr).43 Furthermore, uoride-free or fully hydroxylated
MIL-101(Cr) oen have higher water sorption capacities.55

Although additive-free syntheses are inherently less
hazardous,43 MIL-101(Cr) prepared through additive-free
syntheses may be present as irregularly shaped particles52,56–58

and obtained in low yields (for example, 14% based on Cr).59

Therefore, additive-based MIL-101(Cr) syntheses remain perti-
nent.60 Nitric acid (HNO3) is currently the leading additive for
scaled-up MIL-101(Cr) synthesis because it has provided over
300 g of product61 with yields of around 65–82% based on
Cr.56,61–64 However, HNO3 is toxic and a strong oxidiser. It also
accelerates metal corrosion in the autoclaves used for hydro-
thermal syntheses.65 Hence, less hazardous additive-based MIL-
101(Cr) syntheses are necessary.

By deprotonating terephthalic acid, alkali-based syntheses
facilitate coordination between chromium cations and these
dicarboxylic acid linkers to yieldmoreMIL-101(Cr).43,52 Alkalis for
synthesising MIL-101(Cr) include tetramethylammonium
hydroxide (TMAOH) and sodium hydroxide (NaOH).55 Currently,
NaOH-based MIL-101(Cr) syntheses still pend optimisation
because the resulting MIL-101(Cr) has highly variable SBET from
SBET = 1537,66 1767 67 to 4065 m2 g−1.56 On the other hand, Yang
et al. had previously optimised TMAOH-based MIL-101(Cr)
synthesis (1Cr(NO3)3 : 1H2BDC : 0.25TMAOH : 280H2O) whereby
lower TMAOH concentrations produce MIL-101(Cr) containing
unreacted terephthalic acid and even traces of MIL-53(Cr)
whereas higher concentrations yield amorphous solids instead
This journal is © The Royal Society of Chemistry 2024
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of crystalline MIL-101(Cr).52,68 TMAOH-MIL-101(Cr) has several
advantages. Firstly, the hydrothermal reaction proceeds at the
lower temperature of 180 °C instead of 200–220 °C for HF-MIL-
101(Cr) syntheses.43,52 TMAOH also produces smaller MIL-
101(Cr) particles by slowing crystal growth.55,56 For example,
Yang et al. and Zhao et al. both reported a narrower particle size
distribution for TMAOH-MIL-101(Cr) versus HF-MIL-101(Cr).52,56

Thirdly, TMAOH hinders the recrystallisation of terephthalic
acid to enable higher yields (for example, 88% based on Cr).43,52

Moreover, TMAOH-MIL-101(Cr) has water sorption capacities
above 1.30 g g−1,69,70 which is the maximum water uptake
capacity for HF-MIL-101(Cr).45,46,71

Nonetheless, TMAOH remains inherently toxic (Fig. 2) and
further improvements to alkali-based MIL-101(Cr) syntheses are
feasible. Longer chain quaternary alkylammonium hydroxides,
such as tetraethylammonium hydroxide (TEAOH), tetrapropy-
lammonium hydroxide (TPAOH) and tetrabutylammonium
hydroxide (TBAOH), have Globally Harmonised System of
Classication and Labelling of Chemicals (GHS) symbols or
hazard pictograms (Fig. 2) that indicate their lower toxicity
versus TMAOH. Not only are these hydroxides miscible in
water,72 but theymay also be stronger Lewis bases than TMAOH,
thus permitting the reaction to proceed at lower hydroxide
concentrations. In practice, basicity does not increase propor-
tionally with the quaternary alkylammonium hydroxide's alkyl
chain length. We observed that for the same mass of tereph-
thalic acid in 5% solutions, terephthalic acid was more soluble
in TMAOH and TEAOH than TPAOH or TBAOH. Gao et al. also
reported that for the same concentration of 0.1 M, TBAOH has
a lower degree of ionic dissociation and is a weaker base than
TMAOH and TEAOH.72 From their base dissociation constants
(pKb), TEAOH is a stronger alkali (pKb = −1.75)73 than TMAOH
(pKb = 4.2)74 and TBAOH (pKb = −0.56).75 To our knowledge,
there is one report on TEAOH-based MIL-101(Cr) synthesis.
However, the low SBET = 1270 m2 g−1 for the milligram scale
reaction76 suggests that the reaction conditions have yet to be
optimised because MIL-101(Cr) typically has SBET = 2300–3500
m2 g−1.43 Therefore, this work optimises the TEAOH concen-
tration for less hazardous and scalable MIL-101(Cr) synthesis.

The synthesis procedure was adapted from existing
reports38,52 and is detailed in the Experimental section. Five
Fig. 2 Hazard pictograms depicting the toxicity of additives for syn-
thesising MIL-101(Cr).

This journal is © The Royal Society of Chemistry 2024
concentrations of TEAOH solution (1.25, 2.50, 5.00, 7.50 and
10.00%) were investigated for MIL-101(Cr) synthesis. As
a control experiment of the same scale, a TEAOH-free reaction
mixture (0% TEAOH) was also prepared but only yielded a small
amount of pale green solid (Fig. S1†). While green solids were
isolated from reaction mixtures with 1.25, 2.50 and 5.00%
solutions, those containing the 7.50 and 10.00% TEAOH solu-
tions yielded blue solids (Fig. S1†). These solids were screened
by attenuated total reection Fourier-transform infrared spec-
troscopy (ATR-FTIR) (Fig. 3a) and powder X-ray diffraction
(PXRD) (Fig. 3b). As shown in Fig. 3a, instead of a sharp peak
corresponding to MIL-101(Cr)'s Cr–O vibration (570 cm−1),77

broad peaks were observed for the samples that appeared as
blue solids. Moreover, Fig. 3b indicates that the samples
become less crystalline with increasing TEAOH concentrations,
particularly with no peaks for the samples from 7.50 and
10.00% TEAOH solutions. This outcome concurs with the
dissolution of MIL-101(Cr) into amorphous solids under high
TMAOH concentrations.52 Hence, the optimal TEAOH concen-
tration is likely 5.00% or less.

For comparison, samples were also synthesised using 1.25,
2.50 and 5.00% TMAOH solutions. The spectra in Fig. 3c and
d demonstrate similarities between samples prepared using
TMAOH and TEAOH of the same concentration. Firstly, the
ATR-FTIR spectra (Fig. 3c) contain peaks corresponding to MIL-
101(Cr)'s C]O (1625 and 1570 cm−1),77,78 O–C–O
Fig. 3 Samples were prepared using different concentrations of
TEAOH and were characterised by (a) ATR-FTIR and (b) PXRD. Spectra
for the samples synthesised using 1.25%, 2.50% and 5.00% TEAOH
solutions were also plotted against the (c) ATR-FTIR and (d) PXRD
spectra of samples from 1.25%, 2.50% and 5.00% TMAOH solutions.
Labelled peaks for the sample prepared from 1.25% TEAOH solution on
the (e) ATR-FTIR and (f) PXRD spectra.

J. Mater. Chem. A, 2024, 12, 824–839 | 827
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Fig. 4 FESEM images of samples prepared using 1.25% TEAOH solu-
tions showing cuboctahedral particles with scale bars at (a) 1 mm, (b)
500 nm, (c) 250 nm and (d) 100 nm.
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(1401 cm−1)58,78 and Cr–O (570 cm−1) bonds,58,77 thus demon-
strating the successful synthesis of MIL-101(Cr). However,
samples prepared using 2.50 and 5.00% solutions exhibited
broad peaks with low intensities on the PXRD spectra, pointing
to poor crystallinity in these samples (Fig. 3d). On the contrary,
the samples synthesised using 1.25% solutions yielded sharper
peaks. Furthermore, according to Ko et al.'s protocol for
preparing MIL-101(Cr) for proton nuclear magnetic resonance
(NMR) measurement,38 the TEAOH-based approach did not
modify the terephthalic linker (Fig. S2†). Hence, the optimal
TEAOH concentration for MIL-101(Cr) synthesis is 1.25% and
slow scans were conducted with the ATR-FTIR peaks and
Fig. 5 TEM images of samples prepared using 1.25% TEAOH solutions
showing cuboctahedral particles with scale bars at (a) 100 nm, (b and c)
50 nm and (d) 20 nm.

828 | J. Mater. Chem. A, 2024, 12, 824–839
functional groups highlighted in Fig. 3e and the selected PXRD
peaks and crystal planes marked in Fig. 3f.54,79

The green solids isolated from reaction mixtures containing
1.25% TEAOH solutions were also characterised through Field
Emission Scanning Electron Microscopy (FESEM) (Fig. 4) and
Transmission Electron Microscopy (TEM) (Fig. 5 and 6b).
Cuboctahedral particles were observed through these micros-
copy techniques, thus having a morphology like MIL-101(Cr)
synthesised using TMAOH.52 Notably, these particles were
smaller (40–159 nm) than those prepared using 1.25% TMAOH
(103–251 nm, Fig. S3a and S4†). Likewise, they were smaller
than MIL-101(Cr) synthesised with TMAOH by Yang et al. (200–
300 nm)52 and other authors (150–250 nm).80,81

Smaller MIL-101(Cr) particles could enhance the binding
between MIL-101(Cr) and the added binder, leading to more
continuous coatings. Hence, the additive-based regulation of
Fig. 6 TEM images of MIL-101(Cr) prepared from 1.25% quaternary
alkylammonium hydroxide solutions from (a) TMAOH, (b) TEAOH, (c)
TPAOH and (d) TBAOH with scale bars at 100 nm. (e) The particle size
distribution of MIL-101(Cr) synthesised using the above quaternary
alkylammonium hydroxide solutions.

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (a) Water adsorption–desorption isotherms (T = 25 °C) of
TEAOH-MIL-101(Cr) where the water uptake capacity increases with
additional rounds of washing in warm ethanol. (b) Water uptake of
various MOFs at T= 25 °C and RH= 90%. The water uptake of silica gel
under the same conditions is included for comparison. (c) Cyclic
performance of TEAOH-MIL-101(Cr) R3 over 100 adsorption–
desorption cycles with 90 min of adsorption at T = 25 °C and RH =

50% followed by 65 min of desorption at T = 50 °C and RH = 0%.
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MIL-101(Cr) particle sizes is also attractive. For example, with
monocarboxylic acid additives of higher acid dissociation
constants (pKa), smaller MIL-101(Cr) particles can be syn-
thesised.60,82 The proposed mechanism is that when mono-
carboxylic acids dissociate less readily, the relative
concentration of monocarboxylate ions in the solution is lower,
selecting for nucleation instead of crystal growth.82 Therefore,
a similar form of particle size regulation may be feasible
through quaternary alkylammonium hydroxides with different
pKb values that deprotonate terephthalic acid by different
extents to alter the nucleation and crystal growth rates.

Fig. 6a and b depict the TMAOH- and TEAOH-MIL-101(Cr)
samples respectively under TEM. As mentioned above, using
a 1.25% TEAOH solution produced smaller MIL-101(Cr) parti-
cles (40–159 nm) than the same concentration of TMAOH (103–
251 nm) solution. For further investigation, samples were also
prepared using 1.25% TPAOH and 1.25% TBAOH solutions.
Reminiscent of the sample prepared without additives (0%
TEAOH), a small amount of pale green solid was obtained from
a reaction of the same scale using 1.25% TPAOH. Moreover,
despite undergoing the same purication procedure, its corre-
sponding TEM (Fig. 6c and S5†) and FESEM images (Fig. S3c†)
show that needlelike crystals of unreacted terephthalic acid
remained in the sample alongside the cuboctahedral particles.
Hence, the same concentration of TPAOH appears to be less
effective at deprotonating and dissolving terephthalic acid than
TMAOH or TEAOH. Correspondingly, the particle size distri-
bution (67–181 nm) is slightly larger than that attained with
a 1.25% TEAOH solution. On the other hand, reaction mixtures
containing 1.25% TBAOH solution yielded green solids. Fig. 6d
(also, Fig. S3d and S6†) indicates that the 1.25% TBAOH solu-
tion produced larger and more irregularly shaped particles
between 61–193 nm. Fig. 6e compares the particle size distri-
bution across the four samples. TMAOH (pKb = 4.2),74 TPAOH
and TBAOH (pKb = −0.56)75 produced larger MIL-101(Cr)
particles, likely because these hydroxides dissociate less
readily to deprotonate and dissolve terephthalic acid, thus
facilitating crystal growth over nucleation. As TEAOH (pKb =

−1.75),73 it favours the deprotonation and dissolution of ter-
ephthalic acid, hence promoting nucleation over crystal growth
to yield smaller MIL-101(Cr) particles.

Aer developing a feasible synthesis approach, TEAOH-MIL-
101(Cr)'s water sorption properties were investigated. Firstly, its
water sorption isotherms were collected. Consistent with other
reports,47 TEAOH-MIL-101(Cr) yielded type V water sorption
isotherms. The changes in water sorption capacity with RH also
concur with those described elsewhere.46,55,83 Briey, Fig. 7a
shows TEAOH-MIL-101(Cr)'s water isotherms with increasing
water sorption capacity from RH = 0–30%. This increase is
because water molecules coordinate with MIL-101(Cr)'s open
metal sites. Then, the isotherm shows a steep increase in water
sorption capacity between RH = 30–50%, which is due to the
capillary condensation of water in MIL-101(Cr)'s mesoporous
cages. Further increases in water sorption capacity between RH
= 50–90% are ascribed to further water uptake in the sample's
interparticulate voids.
This journal is © The Royal Society of Chemistry 2024
Initially, TEAOH-MIL-101(Cr) only had a water sorption
capacity of 1.22 g g−1 at RH = 90%. TEAOH-MIL-101(Cr)'s pores
were probably blocked by unreacted terephthalic acid, solvents
and even by-products like chromium oxide.43,84 Hence, the
J. Mater. Chem. A, 2024, 12, 824–839 | 829
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Table 1 MIL-101(Cr) samples and their water uptake capacities at T =
25 °C and RH = 90%

Sample
Water uptake
capacity [g g−1]

TEAOH-MIL-101(Cr) R1 1.24
TEAOH-MIL-101(Cr) R2 1.35
TEAOH-MIL-101(Cr) R3 1.36

Fig. 8 Water sorption properties of MIL-101(Cr)/PVA coatings of
different ratios. (a) Adsorption kinetics curves, (b) desorption kinetics
curves and (c) cyclic performance over 10 adsorption–desorption
cycles.
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TEAOH-MIL-101(Cr) samples were further puried by washing
them in warm ethanol (T= 60 °C) for one hour as per a reported
method.69 As illustrated in Fig. 7a, repeatedly washing TEAOH-
MIL-101(Cr) with warm ethanol raises its water sorption
capacity at RH = 90%. Table 1 summarises how one round of
washing (R1) increases the water uptake at RH = 90% to 1.24 g
g−1, followed by 1.35 g g−1 aer two rounds of washing (R2) and
eventually to 1.36 g g−1 aer three rounds of washing (R3). This
water uptake is higher than that of HF-MIL-101(Cr) and
TMAOH-MIL-101(Cr) at 1.28 37 and 1.29 g g−1 38 respectively. It is
also greater than those of other MOFs such as aluminium
fumarate (Al-fumarate),85 DUT-4,37 HKUST-1,37 MIL-100(Fe),37

UiO-66 86 and ZIF-8 37 (Fig. 7b). Additionally, the highest water
uptake capacity recorded in this work is 1.41 g g−1 at RH= 93%.

TEAOH-MIL-101(Cr) also demonstrated cyclic stability across
100 water vapour adsorption–desorption cycles (Fig. 7c). In this
cyclic test, adsorption occurred at T = 25 °C and RH = 50%
which is within the step region in MIL-101(Cr)'s isotherm.38,61

For desorption, a milder temperature of T = 50 °C was chosen
as existing literature has shown that a similar MOF, MIL-
100(Fe), can undergo desorption at this temperature.4 In addi-
tion, the adsorption (90 min) and desorption (65 min) durations
were adapted from previous work by Entezari et al.87 Under
these conditions, TEAOH-MIL-101(Cr) maintained a peak water
uptake above 0.35 g g−1. This cyclic stability is important for
dehumidication systems whereby the desiccant undergoes
repeated adsorption–desorption cycles.

Dual-purpose SAP binder

Silica or silicate sol are common binders for coating MOF-based
desiccants onto devices.4,88 Despite being porous and having
cyclic stability, these binders still have low water sorption
capacities and thermal conductivities,3,32,33 thus hindering the
dissipation of adsorptive heat and further water sorption by the
desiccant. Better binders that improve the desiccant coating's
heat and mass transfer without hindering water sorption are
thus desirable.33,35 Using superabsorbent polymers (SAPs) could
concurrently bind the MIL-101(Cr) particles while sorbing
moisture and enhancing heat and mass transfer. SAPs include
commercially available cross-linked polyacrylates and poly-
acrylamides capable of accommodating water up to 300–400
times their dry mass.21,42 Polyvinyl alcohol (PVA) is also an SAP.
With a crystalline melting point of about 230 °C,89 PVA is
thermally stable for applications below 200 °C.90 Moreover, PVA
forms lms readily72 and adheres well to MIL-101(Cr) where
Wang et al. used MIL-101(Cr)/PVA cryogels for the solid-phase
extraction of drugs from water samples91 and Solovyeva et al.
830 | J. Mater. Chem. A, 2024, 12, 824–839
formed MIL-101(Cr)/PVA grains and tablets for adsorbing
methanol.92 Hence, this work investigates TEAOH-MIL-101(Cr)/
PVA (henceforth, MIL-101(Cr)/PVA) coatings in the adsorption–
desorption cycles of water vapour.
This journal is © The Royal Society of Chemistry 2024
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Table 2 MIL-101(Cr)/PVA coatings of different ratios with their equi-
librium uptake Me, adsorption rate constant k and coefficient of
determination R2 at RH = 50%

Sample Me [mg g−1] k [min−1] R2

1MIL-101(Cr)/1PVA 301 0.01932 0.998
2MIL-101(Cr)/1PVA 430 0.01073 0.988
3MIL-101(Cr)/1PVA 533 0.00903 0.991
3MIL-101(Cr)/1PVA (puried) 624 0.01137 0.992
4MIL-101(Cr)/1PVA 572 0.00781 0.989
5MIL-101(Cr)/1PVA 587 0.00783 0.991
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Optimising MIL-101(Cr)/PVA ratios. Through the procedure
described in the Experimental section, MIL-101(Cr)/PVA of ve
different ratios were prepared and then screened using the
water vapour sorption analyser. These samples were rst tested
for their cyclic stability over ten cycles using the adsorption–
desorption parameters stated above. Fig. 8a shows that none of
the samples were saturated aer the rst 90 min of adsorption
at T = 25 °C and RH = 50%. This result agrees with the equi-
librium uptake (Me) being above 300 mg g−1 for each of the ve
samples (Table 2). Fig. 8b and c also illustrate that T= 50 °C and
RH = 0% regenerated the coatings before subsequent adsorp-
tion–desorption cycles. Generally, the maximum water uptake
aer 90 min increased with the mass ratio of MIL-101(Cr) in
these coatings: 0.25–0.29 g g−1 for 1MIL-101(Cr)/1PVA and
2MIL-101(Cr)/1PVA and 0.28–0.32 g g−1 for 3MIL-101(Cr)/1PVA.
The increased mass ratio of MIL-101(Cr) may have raised the
coating's porosity for enhanced mass transfer. However, the
4MIL-101(Cr)/1PVA and 5MIL-101(Cr)/1PVA coatings had lower
maximum water uptakes aer 90 min at 0.27–0.31 g g−1 and
0.28–0.31 g g−1. Further increasing the mass ratio of MIL-
101(Cr) may have hindered the dissipation of adsorptive heat
via the denser PVA phase.

Known to accurately represent MIL-101(Cr)'s water sorption
kinetics,93,94 the Linear Driving Force (LDF) mass transfer model
was also applied to study the water adsorption rate of these MIL-
101(Cr)/PVA coatings. The curve-tting approach was previously
reported by Liu et al. using eqn (1) and (2):

Mt

Me

¼ 1� e�kt (1)

ln

�
1� Mt

Me

�
¼ �kt (2)

where Mt represents the instantaneous uptake (mg g−1) at time
t,Me represents the equilibrium uptake (here, at RH= 50%) (mg
g−1) and k represents the adsorption rate constant (min−1). This

adsorption rate constant is determined by plotting ln
�
1� Mt

Me

�

against time t whereby the gradient of the line is −k.93

The LDF model ts the adsorption kinetics well, leading to
R2 $ 0.988 (Table 2). Generally, increasing the mass ratio of
MIL-101(Cr) presents a trade-off between raising the equilib-
rium uptake (Me) at RH = 50% and lowering the lower
adsorption rate constant (k). The 3MIL-101(Cr)/1PVA desiccant
balances this trade-off by having a higher Me than the 1MIL-
This journal is © The Royal Society of Chemistry 2024
101(Cr)/1PVA and 2MIL-101(Cr)/1PVA desiccants while main-
taining higher values of k than its 4MIL-101(Cr)/1PVA and 5MIL-
101(Cr)/1PVA counterparts, thus culminating in the highest
water uptake aer 90 min. Notably, the larger PVA mass ratio in
the 1MIL-101(Cr)/1PVA and 2MIL-101(Cr)/1PVA desiccants
appears to favour heat and mass transfer within shorter
adsorption durations but would adsorb less moisture than the
3MIL-101(Cr)/1PVA desiccant before requiring regeneration.
Elsewhere, it has been reported that less frequent switching
between a desiccant-coated device's adsorption and regenera-
tion modes can enable a more energy-efficient system.21 Hence,
the 3MIL-101(Cr)/1PVA desiccant was chosen for subsequent
tests. Subsequently, the 3MIL-101(Cr)/1PVA desiccant was
prepared with puried TEAOH-MIL-101(Cr) R3 and underwent
the same tests. Both the equilibrium uptake at RH = 50% (Me)
and the adsorption rate (k) of the puried 3MIL-101(Cr)/1PVA
sample increased from 533 to 624 mg g−1 and from 0.00903
to 0.01137 min−1.

Fig. 9 reects the characterisation of puried 3MIL-101(Cr)/
1PVA via ATR-FTIR, PXRD and thermogravimetric analysis
(TGA). Based on ATR-FTIR (Fig. 9a), PVA exhibits peaks at 3289
at 1427 cm−1 because of O–H vibrations, peaks at 2919 and
1245 cm−1 attributed to C–H vibrations, a peak at 1724 cm−1

due to C]O vibration and another peak at 1083 cm−1 from C–O
vibration.95 However, 3MIL-101(Cr)/1PVA primarily reects
peaks from the major component – MIL-101(Cr) – in its ATR-
FTIR spectrum. Similarly, the 3MIL-101(Cr)/1PVA sample's
PXRD spectrum (Fig. 9b) mainly exhibits peaks due to MIL-
101(Cr). The TGA data of MIL-101(Cr) and 3MIL-101(Cr)/1PVA
are shown in Fig. 9c. MIL-101(Cr) exhibited the rst weight
loss (16 wt%) between T = 25–150 °C attributed to the removal
of guest molecules including water.43,52,69 A plateau-like region
(18 wt%) arises between T = 150–343 °C whereby MIL-101(Cr)'s
coordinated molecules are removed to produce the solvent-
evacuated framework.43 MIL-101(Cr) then has the second
weight loss (48 wt%) between T = 343–470 °C where hydroxide
ions are removed and the terephthalic acid linker decom-
poses.43,69 The second plateau region from T = 470–600 °C is
due to the formation of chromium oxides.43,52 Similarly, 3MIL-
101(Cr)/1PVA exhibited the rst weight loss of 10 wt%
between T = 25–150 °C – lower than MIL-101(Cr)'s 17 wt%. The
weight loss of 3MIL-101(Cr)/1PVA (2 wt%) between T = 150–
215 °C is also less than MIL-101(Cr)'s 3 wt% before another
9 wt% decrease from T = 215–300 °C due to the rst decom-
position step of PVA.89 Therefore, 3MIL-101(Cr)/1PVA remained
thermally stable up to 215 °C.

To quantify MIL-101(Cr) and 3MIL-101(Cr)/1PVA's poros-
ities, their nitrogen (N2) sorption isotherms and pore size
distributions (PSD) were analysed. As shown in Fig. 10a, both
MIL-101(Cr) and 3MIL-101(Cr)/1PVA have type I N2 sorption
isotherms.38,43,62 Both isotherms have two secondary uptakes
because of micropore lling43 between the relative pressure (P/
P0) of 0.1–0.2 although the corresponding triangular hysteresis
loops are more distinct for MIL-101(Cr) than 3MIL-101(Cr)/
1PVA. On the other hand, the increased adsorption at P/P0 =

0.9 may stem from the macropores generated during particle
aggregation.38 The TEAOH-MIL-101(Cr) sample has SBET = 2714
J. Mater. Chem. A, 2024, 12, 824–839 | 831
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Fig. 9 (a) The ATR-FTIR spectra of TEAOH-MIL-101(Cr), 3MIL-101(Cr)/
1PVA and PVA. (b) The PXRD spectra of TEAOH-MIL-101(Cr) (experi-
mental and simulated) and 3MIL-101(Cr)/1PVA. (c) The TGA spectra of
TEAOH-MIL-101(Cr) and 3MIL-101(Cr)/1PVA.

Fig. 10 (a) The nitrogen adsorption–desorption isotherms (T = 77 K)
and (b) pore size distribution plots of TEAOH-MIL-101(Cr) and 3MIL-
101(Cr)/1PVA.

Table 3 N2 sorption properties of selected MIL-101(Cr) samples

Sample SBET [m2 g−1] Vpore [cm
3 g−1] Reference

TEAOH-MIL-101(Cr) 2714 1.68 This work
MIL-101(Cr) 2300–3500 1.37–2.15 43 and 49
TEAOH-MIL-101(Cr) 1270 1.56 76
3MIL-101(Cr)/1PVA 1551 0.94 This work
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m2 g−1 and Vpore = 1.68 cm3 g−1 which are within the range of
expected values for MIL-101(Cr)43,49 and greater than SBET =

1270 m2 g−1 and Vpore = 1.56 cm3 g−1 reported elsewhere.76

Although 3MIL-101(Cr)/1PVA has a lower SBET (1551 m
2 g−1) and

Vpore (0.94 cm3 g−1) than TEAOH-MIL-101(Cr), it is more porous
832 | J. Mater. Chem. A, 2024, 12, 824–839
than the MIL-101(Cr)/PVA cryogel reported by Wang et al.91

(Table 3). Fig. 10b shows the two samples' PSD. Specically,
TEAOH-MIL-101(Cr) mostly has pores 2.2, 2.8 and 2.9 nm wide
and 3MIL-101(Cr)/1PVA has the bulk of its pores at 2.2 and
2.6 nm wide. These values are close to the expected mesopore
diameters of 2.9 and 3.4 nm for MIL-101(Cr).46

Fig. 11 presents the water sorption isotherms (T = 25 °C) of
MIL-101(Cr), 3MIL-101(Cr)/1PVA and the silica gel control.
While its water sorption capacity at RH = 90% is approximately
thrice that of the silica gel control (0.74 g g−1 vs. 0.26 g g−1),
3MIL-101(Cr)/1PVA has a lower water sorption capacity than
MIL-101(Cr)/PVA cryogel 1069 NA 91

This journal is © The Royal Society of Chemistry 2024
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Fig. 11 Water adsorption–desorption isotherms (T = 25 °C) of
TEAOH-MIL-101(Cr), 3MIL-101(Cr)/1PVA and the silica gel control.

Fig. 12 Proposed hydrogen bonding between MIL-101(Cr), PVA and
water during adsorption. Created with https://BioRender.com.

Fig. 13 FESEM images of MIL-101(Cr)/polymer coatings: 3MIL-
101(Cr)/1PVA coating with scale bars at (a) 1 mm and (b) 100 nm, the
2MIL-101(Cr)/1silicate coating with scale bars at (c) 1 mm and (d)
100 nm and the 3MIL-101(Cr)/1HEC coating with scale bars at (e) 1 mm
and (f) 100 nm.
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TEAOH-MIL-101(Cr) itself (1.36 g g−1). As the maximum RH at
which the isotherms were collected was 93%, these parameters
avoided the condensation of liquid water. Hence, the isotherm
portrays the 3MIL-101(Cr)/1PVA coating's ability to adsorb water
vapour but not its propensity to absorb liquid water. Similarly,
Sapalidis et al. reported that the water sorption isotherm of PVA
reaches about 0.3 g g−1 at RH = 90%.90 The difference between
adsorption and absorption may also account for the difference
in maximum water uptake over 90 min between 3MIL-101(Cr)/
1PVA and TEAOH-MIL-101(Cr).

While the 3MIL-101(Cr)/1PVA coating is a physical
mixture of MIL-101(Cr) and PVA, there may also be inter-
molecular interactions between MIL-101(Cr) and PVA. For
instance, Dai et al. modelled several interactions between
MIL-101(Cr) and sulfonamides including van der Waals'
forces, coordination bonds at MIL-101(Cr)'s open-metal
sites and intermolecular hydrogen bonds via the oxygen
atoms in MIL-101(Cr)'s terephthalic acid linker.96 As water
molecules coordinate preferentially to MIL-101(Cr)'s chro-
mium sites,46,83 its carboxylate oxygen atoms are likely
available for intermolecular hydrogen bonding with PVA's
abundant hydroxyl groups. Hence, PVA not only forms
hydrogen bonds with water molecules but also forms
hydrogen bonds with MIL-101(Cr) (Fig. 12) in the moisture-
sorbing MIL-101(Cr)/PVA coating.

Comparison with conventional binders. The screening
process above showed that the 3MIL-101(Cr)/1PVA mass ratio is
optimal. For comparison, the 2MIL-101(Cr)/1silicate sample
was fabricated based on Cui et al.'s method.4 Besides silicate,
hydroxyethyl cellulose (HEC) is another binder explored for
DCHEs, particularly for silica gel-coated heat exchangers.22,35

Hence, a 3MIL-101(Cr)/1HEC sample was also prepared using
the same approach as 3MIL-101(Cr)/1PVA coatings. Firstly,
samples prepared using the three different binders were scru-
tinised via FESEM at 1 mm and 100 nm scale lengths. As shown
This journal is © The Royal Society of Chemistry 2024
in Fig. 13a and b, PVA binds the cuboctahedral TEAOH-MIL-
101(Cr) particles without obscuring them. On the other hand,
cuboctahedral particles are less visible in the FESEM images of
samples containing either the silicate (Fig. 13c and d) or HEC
binders (Fig. 13e and f). Hence, unlike the PVA binder, the
silicate and HEC binders may hinder the sorption properties of
TEAOH-MIL-101(Cr).
J. Mater. Chem. A, 2024, 12, 824–839 | 833
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Fig. 14 Water sorption properties of TEAOH-MIL-101(Cr) and coat-
ings with either PVA, HEC or silicate binders. (a) Adsorption kinetics
curves, (b) desorption kinetics curves and (c) cyclic performance over
eight adsorption–desorption cycles.

Table 4 MIL-101(Cr) and coatings with either PVA, HEC or silicate
binders with their equilibrium uptake Me, adsorption rate constant k
and coefficient of determination R2 at RH = 50%

Sample Me [mg g−1] k [min−1] R2

TEAOH-MIL-101(Cr) 1136 0.00461 0.991
3MIL-101(Cr)/1PVA 624 0.01137 0.992
3MIL-101(Cr)/1HEC 854 0.00672 0.988
2MIL-101(Cr)/1silicate 686 0.00861 0.998
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The water sorption kinetics of these samples were investi-
gated. The samples demonstrated cyclic stability over eight
cycles (Fig. 14c) and were not saturated aer the rst 90 min of
adsorption at T = 25 °C and RH = 50% (Fig. 14a), thus
concurring with the Me > 600 mg g−1 for each sample (Table 4).
834 | J. Mater. Chem. A, 2024, 12, 824–839
The 3MIL-101(Cr)/1PVA coating had the highest water uptake
0.36–0.39 g g−1 over 90 min, followed by TEAOH-MIL-101(Cr) at
0.35–0.37 g g−1, 2MIL-101(Cr)/1silicate at 0.34–0.37 g g−1 and
3MIL-101(Cr)/1HEC 0.34–0.36 g g−1. Under these conditions,
PVA was the most effective binder for enhancing mass transfer.
Fig. 14b shows that during desorption, 3MIL-101(Cr)/1PVA
exhibits the greatest extent of regeneration within the rst ve
minutes although 2MIL-101(Cr)/1silicate is regenerated more
thoroughly over the whole 65 min at T = 50 °C and RH = 0%.

The adsorption kinetics of the MIL-101(Cr)-based coatings
are well-represented by the LDF model whereby R2 $ 0.988
(Table 4). As shown in Table 4, the binders improved heat and
mass transfer when added to TEAOH-MIL-101(Cr), thus raising
the k values. The 3MIL-101(Cr)/1PVA had the highest adsorption
rate constant (k = 0.01137 min−1) followed by 2MIL-101(Cr)/
1silicate (k = 0.00861 min−1) and 3MIL-101(Cr)/1HEC (k =

0.00672 min−1).

Static gravimetric tests on prototype heat exchanger

The heat exchanger's design has been described elsewhere.53

In this work, the prototype DCHE were tested based on the
mass of water vapour adsorbed under static room conditions
(Table 5). Elsewhere, Panigrahi et al. also monitored the mass
change of their desiccant-coated samples under static
conditions at 5 minute intervals.39 The clean heat exchanger's
dry mass (MHE) was recorded before applying any desiccant
coatings. Aer being coated and dried overnight at 100 °C,
each DCHE was weighed (Mi

DCHE). During the adsorption half-
cycle, the DCHE's mass was measured from 0–90 min to
monitor the moisture sorption at each 5 minute time interval
(Mn

DCHE,ads). At the end of 90 min, moisture was desorbed
from the DCHE by placing it in an oven as described in
Entezari et al.'s work.87 The DCHE's mass was recorded from
0–65 min to study the moisture desorbed at each time 5
minute interval (Mn

DCHE,ads). Each DCHE was investigated over
three adsorption–desorption cycles whereby eqn (3) deter-
mines the water uptake during adsorption and eqn (4) yields
the water released during desorption.

Water uptake ¼
�
Mn

DCHE;ads �MHE

�
� �

M i
DCHE �MHE

�
�
M i

DCHE �MHE

� (3)

Water released ¼
�
M90

DCHE;ads �MHE

�
�
�
Mn

DCHE;des �MHE

�
�
M i

DCHE �MHE

�
(4)
This journal is © The Royal Society of Chemistry 2024
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Table 5 Sorption conditions during the static gravimetric tests for prototype DCHEs

Test no. Desiccant Adsorption conditions Desorption conditions No. of cycles

1 3MIL-101(Cr)/1PVA 24.3–24.8 °C, 58–64% RH, 90 min 50 °C (oven), 65 min 3
2 3MIL-101(Cr)/1PVA 24.0–24.9 °C, 58–64% RH, 90 min 45 °C (oven), 65 min 3
3 3MIL-101(Cr)/1PVA 24.2–24.7 °C, 58–66% RH, 90 min 40 °C (oven), 65 min 3
4 3silica gel/1HEC 24.1–25.0 °C, 57–65% RH, 90 min 50 °C (oven), 65 min 3
5 3MIL-101(Cr)/1PVA 21.2–21.9 °C, 70–73% RH, 30 min 50 °C (oven), 30 min 7

Fig. 15 Water sorption properties of the MIL-101(Cr)/PVA-coated heat
exchanger under static conditions with desorption at 50, 45 and 40 °C.
(a) Adsorption kinetics curves, (b) normalised desorption curves and (c)
cyclic performance over three adsorption–desorption cycles.

This journal is © The Royal Society of Chemistry 2024
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where MHE is the mass of clean and dry heat exchanger (g),
Mn

DCHE,ads is the mass of the dry DCHE (g),
Mn

DCHE,ads is the mass of the DCHE at the nth interval during
adsorption (g),Mn

DCHE,ads
90 is the mass of DCHE aer 90 min of

adsorption (g) and
Mn

DCHE,ads is the mass of DCHE at the nth interval during
desorption (g).

The effect of different desorption temperatures. Fig. 15a
reects the water uptake of the MIL-101(Cr)/PVA-coated heat
exchanger during the rst 90 min of tests 1, 2 and 3. All three
curves showed similar trends with variations in the adsorption
temperature and RH resulting in slight deviations. The
maximum water uptake at the end of 90 min (MDCHE,ads

90) for
tests 1, 2 and 3 were 0.61, 0.69 and 0.73 g g−1 respectively. As
shown in the normalised desorption curves (Fig. 15b), moisture
can be desorbed from the MIL-101(Cr)/PVA-coated device at 40,
45 and 50 °C. Nonetheless, 50 °C was preferable for regenerat-
ing the DCHE because, aer 65 minutes of desorption, the
DCHE's mass (MDCHE,des

65) tended closest to its dry mass
(Mi

DCHE) at the start of test 1.
Moreover, Fig. 15c (and Table S1†) shows the MIL-101(Cr)/

PVA-coated heat exchanger's performance over three adsorp-
tion–desorption cycles. Interestingly, partial regeneration aer
desorption at 40 or 45 °C did not hinder further water sorption.
Specically, the water uptake in the second and third adsorp-
tion half-cycles for test 2 increased to 0.78 and 0.83 g g−1

respectively aer desorption at 45 °C. Likewise, following
desorption at 40 °C, the DCHE in test 3 adsorbed 0.91 g g−1 of
moisture during both the second and third adsorption half-
cycles. Hence, partially regenerating the MIL-101(Cr)/PVA-
coated heat exchanger at lower desorption temperatures of 40
or 45 °C is feasible for reducing energy consumption whilst
adsorbing up to 0.91 g g−1 of moisture.

Comparison against silica gel-coated heat exchanger.
Fig. 16a depicts the MIL-101(Cr)/PVA-coated heat exchanger. As
a control, a similar heat exchanger coated with silica gel and HEC
binder53 (Fig. 16a) was also tested gravimetrically under static
conditions (Table 5). Fig. 16b illustrates how theMIL-101(Cr)/PVA-
coated heat exchanger had a water uptake (test 1, 0.59–0.61 g g−1)
at least twice that of the silica gel-coated heat exchanger (test 4,
0.25–0.27 g g−1) across the three adsorption–desorption cycles
(Table S1†). Furthermore, for the same desorption parameters, the
MIL-101(Cr)/PVA-coated heat exchanger was regenerated more
readily than the silica gel-coated heat exchanger. This result
highlights the enhanced water uptake of MIL-101(Cr) over silica
gel and demonstrates the enhanced heat and mass transfer ach-
ieved through the MIL-101(Cr)/PVA desiccant.
J. Mater. Chem. A, 2024, 12, 824–839 | 835
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Fig. 16 (a) Digital photograph of the MIL-101(Cr)/PVA-coated heat
exchanger (left) and the silica gel/HEC-coated heat exchanger (right).
(b) Cyclic performance of the MIL-101(Cr)/PVA-coated heat
exchanger versus the control DCHE coated with silica gel/HEC under
static conditions. Both DCHEs underwent desorption at 50 °C. (c)
Cyclic performance of the MIL-101(Cr)/PVA-coated heat exchanger
over seven adsorption–desorption cycles whereby each cycle lasts an
hour.
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Preliminary study on cyclic stability. Besides the cyclic
stability of MIL-101(Cr) (Fig. 7c), the cyclic stability of the MIL-
101(Cr)/PVA-coated heat exchanger is also pertinent to its use in
dehumidication systems. However, unlike material-level
investigations, experimental studies on the cyclic stability of
MOF-coated heat exchangers are scarce and limited to short
total test durations,13,97 because automating laboratory-built
test setups remains challenging. As a preliminary study of the
MIL-101(Cr)/PVA-coated heat exchanger's cyclic stability,
836 | J. Mater. Chem. A, 2024, 12, 824–839
Fig. 16c (and Table S2†) depicts its static adsorption–desorption
performance over seven cycles lasting a total of seven hours (test
5). The water uptake remained consistent at 0.33–0.37 g g−1

with residual moisture of 0.02–0.03 g g−1 at the end of each
desorption half-cycle. Notably, the adsorption half-cycles in test
1 and test 5 occur at similar humidity ratios (11.057–12.525 g
kg−1 and test 5, 11.218–11.887 g kg−1) despite differences in the
recorded adsorption temperature and RH. Unsurprisingly,
reducing the adsorption half-cycle from 90 min (test 1) to
30 min (test 5) resulted in lower static moisture uptake from
0.59–0.61 g g−1 to 0.33–0.37 g g−1. The lower moisture uptake
also led to similar residual moisture although the desorption
duration was shortened from 65 min (test 1) to 30 min (test 5).
These results agree with existing literature on how shorter
adsorption–desorption cycles are associated with less moisture
sorption on the DCHE.21

Conclusions

MIL-101(Cr) has water sorption properties superior to silica gel
and is well-positioned as a next-generation desiccant. None-
theless, realising its real-world applications requires improving
the scalability of MIL-101(Cr) synthesis and developing
methods to integrate it into various devices and systems.
Herein, quaternary alkylammonium hydroxides – TEAOH,
TPAOH and TBAOH – were explored as alternatives to the more
toxic HF- and TMAOH-based MIL-101(Cr) syntheses. Speci-
cally, TEAOH-based MIL-101(Cr) synthesis has been optimised
to yield MIL-101(Cr) particles of regulated sizes (40–159 nm)
and a high water uptake capacity of up to 1.41 g g−1. This work
also demonstrates using PVA to simultaneously bind MIL-
101(Cr) particles, enhance heat and mass transfer and absorb
moisture. Moreover, based on the LDF model, the 3MIL-
101(Cr)/1PVA desiccant yielded an adsorption rate constant
more than twice that of MIL-101(Cr) and higher than the other
MIL-101(Cr) samples containing the conventional HEC and
silicate binders. Besides the material-level tests conducted in
water sorption analysers, the 3MIL-101(Cr)/1PVA desiccant was
also coated onto prototype heat exchangers for device-level
testing. Throughout the three adsorption–desorption cycles,
the MIL-101(Cr)/PVA-coated heat exchanger maintained a water
uptake double that of the control silica gel-coated heat
exchanger. Furthermore, the results showed that regenerating
the MIL-101(Cr)/PVA-coated heat exchanger at desorption
temperatures of 40 or 45 °C still enables the device to adsorb up
to 0.91 g g−1 of moisture. In a preliminary study, the MIL-
101(Cr)/PVA-coated heat exchanger demonstrated cyclic
stability over seven static adsorption–desorption cycles. Hence,
additional optimisation of the MIL-101(Cr)/PVA-coated heat
exchanger would eventually culminate in its applications in
dehumidication and other heat transformation systems.
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