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ABSTRACT: This study presents a spray-drying Al-fumarate
synthesis that allows simultaneous synthesis and workup. This all-
in-one step synthesis produces calibrated Al-fumarate grains of
high quality without the need for further processing. Obtained
materials are characterized by PXRD, TGA, N2 and H2O
adsorption, PSD, and microscopy imaging. The synthesis has
been upscaled to the 60 kg scale. Whereas all reported synthesis
routes in the aqueous phase proceed in base conditions by addition
of NaOH, the synthesis reported herein is obtained at a pH below
3, with aluminum isopropoxide acting as a base that can steadily
react with fumaric acid without the need for pH adjustment. Major differences in the large meso- to macroporous structure are
observed depending on the drying process, with an absence of intergranular porosity for the spray-dried pilot batch, reflecting the
high-density nature of the obtained MOF powder. Large productivity can be achieved at spray-driers due to their important
evaporation capacity (up to several hundreds of tons of/h), opening the perspectives of mass production of Al-fumarate. Air
dehumidification in a fluidized bed is carried out as a proof-of-concept application. The fluidized bed’s breakthrough curve profile,
with a longer t50%, is in line with a better column isothermicity, connected to the fluidization conditions. Ultimately, we developed a
comprehensive 3-in-1 process that integrates synthesis, drying, and shaping while also exploring its potential for production
intensification. We believe that this synthesis approach could pave the way for the scalable production of other Al-MOFs, a topic
currently under investigation.

■ INTRODUCTION
Metal−organic frameworks (MOFs) show very interesting
properties for humidity adsorption. They present S-shaped
(type V) water adsorption/desorption isotherms that allow the
cycling of large amounts of water within a very small range of
partial pressures. Moreover, the temperature and energy
needed to desorb the water contained in MOFs are much
lower than for zeolites.1,2 As such, these MOF materials are
very promising for various applications related to water vapor
adsorption, in particular adsorption heat pumps for chilling
applications, desalination and water harvesting.3−5

Among MOF candidates, aluminum-based MOFs (Al-
MOFs) attract strong interest. Al-MOFs with carboxylate
linkers generally present good stability toward humidity.6 Also,
aluminum is not acutely toxic to living species.7 Hence, the
logistics surrounding the production, storage and use of Al-
MOFs − especially at large scale − appear relatively
straightforward. Al-fumarate consists of Al−OH−Al chains,
with opposite corner-connected aluminum octahedra, linked
together by fumarate to form one-dimensional porous channels
of 5.7 × 6.0 Å2 opening.8 Al-fumarate has proved itself stable
over 4500 water vapor adsorption/desorption cycles.9 The
availability and low cost of Al precursors and fumaric acid can
enable the production of Al-fumarate at low cost, provided the

synthesis process is efficient.10 BASF first reported the
synthesis of Al-fumarate (Basolite A520) in DMF solvent.11

Since then, many synthesis approaches and technologies have
been investigated, including solvo-,4,9,12 hydro-thermal13−16

and mechanochemical synthesis.17 In Janiak’s review on Al-
MOF synthesis methods, surface areas (BET) − which are
connected to the quality of the synthesis − were found to be
surprisingly very different, ranging from 720 to 1150 m2/g (a
value of around 1100 m2/g is expected for high-quality Al-
fumarate material).16 To the best of our knowledge, all studies
involved soluble aluminum salts, in particular Al(SO4)2, AlCl3
and (AlNO3)3, for which the corresponding coproduct had to
be washed out.18,13,15,19 The issue of thorough but time-
consuming filtration in relevant scalable conditions is well-
known. Indeed, the filtration duration − especially when
several washing steps are required − is often a time-limiting
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factor. This process bottleneck, which jeopardizes productivity
and space-time yield, is rarely addressed.20,21

Equally important are the flow properties of the final
powder, which are key to ensuring the proper filling of any
container or the success of a powder-processing step such as
tableting. They are also important for personal safety concerns,
as dried MOF powders are pulverulent upon handling.
Additionally, the flow properties are relevant to the final
quality of the product due to their influence on the density and
mechanical properties, like for example the crush strength.
Spray drying is a typical industrial method used to reprocess
powder in order to permit its further processing. Once the
filtration cake has been washed, it is resuspended in water and
spray-dried to generate spherical particles of tens or hundreds
of microns − which makes them easy to process.22 Spray
drying is commonly employed in the food industry. For
example, it is the process used to manufacture dry milk.23

Remarkably, spray drying is used in the synthesis method for
the manufacture of fluid catalytic cracking (FCC) catalysts,
which is a very important process step for the production of
gasoline. Spray drying is actually a highly efficient industrial
process for manufacturing spheres of about 60−100 μm size
while allowing fluidization in the FCC reactor.24,25 The
manufacture of FCC catalysts by spray drying is estimated at
several thousand tons/year.
This work presents an efficient Al-fumarate synthesis by

spray drying, which allows synthesis, workup and shaping at
the same time. The synthesis has been tested from a 2 g scale
to 60 kg scale. The originality of the method lies within the use
of aluminum isopropoxide as the metallic precursor in order to
generate a colloidal MOF suspension that produces
isopropanol as the only coproduct, which is subsequently
evaporated during the spray-drying step. This all-in-one-step
synthesis produces calibrated Al-fumarate spheres of high
quality with no need for further processing. Air dehumidi-
fication in a fluidized bed is carried out as a proof of concept,
showing that the spray-dried Al-fumarate can be used as
obtained for a relevant application without any additional post-
treatments, whether chemical or mechanical. The effects of the
drying processes and scaling factors are discussed with respect
to powder properties.

■ EXPERIMENTAL DETAILS
Material Synthesis. Lab-Scale Aerogel Synthesis. Fuma-

ric acid (purity > 99%) and aluminum isopropoxide (purity >
98%) were purchased from ACROS Organics (Sigma-Aldrich).
Deionized water was used throughout this work except when
specified otherwise. First, 1.25 g of fumaric acid and 2.00 g of
aluminum isopropoxide were mixed together in a round-
bottomed flask (molar ratio 1.1 acid for 1.0 Al). Then, 50 mL
water was added, leading to a 6.1 wt % dry mass content (with
respect to dry precursors). The flask was then placed in an oil
bath heated at 70 °C and magnetically stirred at 800 rpm.
The synthesis suspension remained white for the entire

process. After 4 h, since the recovery of the precipitate was not
possible (a colloidal suspension was formed), the synthesized
product was separated from the reaction mixture by
centrifugation. The separation parameters for centrifugation
were 5 min at 8000 rpm, with addition of water. The recovered
solid in the tubes was not washed. The product was placed in
an oven at 80 °C overnight, then collected as an aerogel and
crushed to a dry white powder the next day. 1.85 g of sample
was recovered. Samples that were synthesized at this scale

following this protocol are referred to as Al-fum(aerogel) in
the rest of the paper.

Lab-Scale Spray-Drying Synthesis. Fumaric acid (purity ≥
99%) and aluminum isopropoxide (purity ≥ 98%) were
purchased from abcr (abcr GmbH-GER & INT) and used
without further purification. A precursor solution was prepared
by adding 3.00 g of aluminum isopropoxide, 1.875 g of fumaric
acid and 75 mL of water together in a 250 mL round-bottomed
flask (molar ratio 1.1 acid for 1.0 Al), corresponding to 6.10 wt
% of dry mass (with respect to precursors). After magnetic
agitation (800 rpm) at 70 °C for 24 h, the mixture was spray-
dried with a flow rate of 0.01 kg/h. Spray drying was
performed on a benchtop spray-dryer (B-290 mini Spray
Dryer, by Büchi Labortechnik; spray cap: 0.5 mm-hole) that
operates at reduced pressure (50 mbar). The inlet and outlet
temperatures were 120 and 70 °C, respectively. Samples that
were synthesized following this protocol are referred to as Al-
fum(SD_lab) in the rest of the paper.

Pilot-Scale Spray-Drying Synthesis. Fumaric acid (purity ≥
99%) and aluminum isopropoxide (purity ≥ 98%) were
purchased from abcr (abcr GmbH-GER & INT) and used
without further purification. The precursor solution for spray
drying was prepared by adding 40 kg of aluminum
isopropoxide, 25 kg of fumaric acid and 125 L of water
together in a 200 L reactor (molar ratio 1.1 acid for 1.0 Al),
corresponding to 34 wt % of dry mass with respect to
precursors. After mechanical agitation at 70 °C for 20 h, the
mixture was subjected to spray drying at a flow rate of 59.5 ±
0.5 kg/h. The mechanical agitation system features a contra-
rotating mixer equipped with a scraper, where the scraper
rotates at −40 rpm and the central agitator at +140 rpm,
combined with a high-speed shearing disperser with
recirculation (Ultra-Turrax type), ensuring efficient mixing,
high-shear dispersion, and preventing product build-up on the
vessel walls. This large-scale trial was carried out on a pilot
spray-dryer (GEA, Denmark) with a 10 m-high drying tower
located at IFPEN (Solaize, France) and operated by Axel’One.
The temperatures at the top and bottom of the drying tower
were measured at 187 ± 4 and 115 ± 1 °C, respectively. The
MOF product was recovered at the bottom of the tower in
three fractions: ramp-up, nominal and ramp-down steps. In
total, 60 kg of MOF were collected in two batches.
Characterization in the following corresponds to samples
originating from the main fraction under nominal process
conditions and referred to as Al-fum(SD_pilot) in the rest of
the paper.
Characterization of Materials. Powder XRD. The

crystalline structure was verified using powder X-ray diffraction
(PXRD). These diffraction analyses were performed using a
D8 Bruker Advance diffractometer emitting Cu Kα radiation (λ
= 1.54184 Å). For each sample, the scan was performed from
4.0001° (2θ) to 80.0052° (2θ) with a 0.02045885° (2θ) step
and a 0.5 s/step count time. Full-width at half-maximum
(fwhm) was determined from the first peak of each pattern,
using DiffracEva software. First, the Kα2 contribution was
stripped and the profiles were smoothed. Then, crystalline
domain sizes were calculated using the Debye−Scherrer
equation. The used peak can be indexed [011] according to
the literature.18 As some articles are in disagreement,26 we
double-checked this indexation (cf. Supporting Information, p.
2−3).

Thermogravimetric Analysis. The water content of the
samples exposed to normal storage conditions (conditioned in
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flasks stored under air and at normal temperature and pressure
conditions) and their thermal stability were measured by
thermogravimetric analyses (TGA) performed on a TGA/DSC
3+ STARe System (Mettler-Toledo). Experiments were
conducted under air flow (50 cc/min), with a heating ramp
of 10 °C/min from 25 to 1000 °C. Synthesis yield per
aluminum were calculated based on the TGA curves.
Associated equations are described in the Supporting
Information (p. 4).

Microscope Images. Observation of particle size and
morphology was performed with a scanning electron micro-
scope (Hitachi S4800). Magnification was set to 50,000 and
working distance was sample-dependent (between 7.8 and 9.0
mm). An accelerating voltage of 5.0 kV and an emission
current of 5.0 μA were used. Observation of the Al-
fum(SD_pilot) particles was carried out with an optical
microscope (Keyence VHX-7000 apparatus).

Particle Size Distribution of Spray-Dried Samples. Particle
size distribution for Al-fum(SD_pilot) was acquired using a
laser particle size analyzer (Bettersizer 2600) equipped with a
BT-902 dry dispersion module (Bettersize Inc.). The acquiring
medium was air, and no dispersant was used.

Nitrogen Physisorption. To characterize textural and
surface properties such as the specific surface area, nitrogen
adsorption/desorption isotherms were measured. All nitrogen
isotherms were conducted at 77 K on a Belsorp Mini X
instrument (MicrotracBEL−Japan). Prior to adsorption, the
samples were degassed at 150 °C under higher vacuum (≈10
Pa) for at least 12 h. The detailed adsorption method can be
found in the Supporting Information (p. 4). The apparent
surface area was determined with the BET method, according
to IUPAC guidelines.27

Water Adsorption Isotherm Measurements. Water ad-
sorption isotherm measurements were conducted on all
samples at 20 °C and Pv(sat) = P°(50 °C) = 12.3 kPa, using

a Microtrac Belsorp Max II apparatus (MicrotracBEL−Japan).
Thermodynamic equilibrium was considered to be achieved
when the total pressure variation in the cell remained below
0.3% for 300 s. Before the adsorption experiment, Al-fumarate
was degassed overnight at 140 °C under vacuum.

Water Vapor Adsorption in Fixed Bed and Fluidized Bed
Reactors. Al-fum(SD_pilot) sample was dried in an oven and
then sieved. The 100−200 μm fraction was collected. A glass
tube (Ø = 4 mm) was filled with a 2 cm-high bed of this 100−
200 μm sieved fraction (192.9 mg of nonactivated MOF),
supported by quartz wool. The column obtained was put into a
thermostatic water batch at 20 °C. N2 flow was regulated using
a mass flow controller, and water vapor content was adjusted
to approximately 50% relative humidity by bubbling the inner
flow through water at 15.7 °C (Antoine’s law). The humidified
steam was supplemented by another N2 inner flow to achieve
the desired total flow rate and relative humidity. Relative
humidity was checked using a hygrometer. The pressure drop
across the bed was continuously monitored throughout the
experiment. Prior to each adsorption measurement, the MOF
was dried by heating the columns at 100 °C under N2 flow.
Breakthrough curves were measured at flow rates ranging

from 50 to 200 mL/min for two different configurations: (a)
fixed-bed, in which the flow goes from the top to the bottom of
the column, and (b) fluidized-bed, for which the flow goes
from the bottom to the top, leading to the fluidization of the
grains. A schematic of the setup is available in the Supporting
Information (p. 5). To characterize the breakthrough behavior,
t10% and t50% were determined from the breakthrough curves.
These parameters respectively represent the time at which 10
and 50% of the inlet water concentration is detected in the
effluent stream.

Figure 1. Textural characterization of Al-fum(SD_pilot). Optical microscopy (a), SEM (b,c), particle size graph for Al-fum(SD_pilot) (d). The
particle size distribution is represented in red and the cumulative particle size in blue.
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■ RESULTS
As shown by optical microscopy images, Al-fum(SD_pilot)
presents remarkably calibrated and nonagglomerated spheres
(Figure 1a,b). The grain size distribution indicates that 70% of
the spheres have a diameter comprised between 50 and 200
μm with a mean distribution centered at around 100 μm, in
good agreement with microscopy analysis. We observe that all
of the spheres have cracks, which we believe are due to fast
drying. Higher magnification reveals that the Al-fumarate
spheres are formed by agglomeration of small ovoid-shaped
crystallites of about 50 nm. In strong contrast, Al-fum(SD_lab)
consists of much smaller agglomerates in the range of a few
microns to 30 μm, of irregular size and shape. This points out
the advantage of using a highly concentrated colloidal solution
together with a larger drying tower. The Al-fumarate powder
made at pilot scale shows a very high tapped density of 0.82
cm3/g (compared to 0.40 for Al-fum(SD_lab)) and exhibits
excellent flow properties upon handling (a Video is available in
the Supporting Information).
The PXRD patterns are in very good agreement with the

literature8,16 (Figure 2), showing five main diffraction peaks at

10.45 ± 0.05; 14.75 ± 0.05; 20.95 ± 0.05; 31.6 and 42.7 ±
0.1° (2θ). Al-fum(SD_pilot) presents noticeably smaller
crystalline domains (Table 1). Particle sizes are marginally
smaller for Al-fum(SD_pilot) than for Al-fum(SD_lab) and Al-
fum(aerogel) (see Supporting Information, p. 3).
Based on thermogravimetric analysis (Figure 3), Al-fum-

(aerogel) and Al-fum(SD_pilot) contain 27 wt % (± 0.1 wt %)
of water in a normal nonactivated state (stored in ambient air,
with no specific precautions), which corresponds to a water

uptake at a relative humidity (p/p0) of about 50% from the
adsorption isotherm branch at 293 K (Figure 4). In the TGA
curves, the combustion of the organic part starts at 300 °C,
while the highest rate is obtained at about 440 °C. After
complete degradation of organic content, 22.80, 23.20, and
22.50 wt % of Al2O3 remain for Al-fum(aerogel), Al-
fum(SD_lab) and Al-fum(SD_pilot), respectively, which is
consistent with the literature8 and reflects the total reaction of
aluminum. Al-fum(SD_lab) exhibits a significantly lower water
content of 16.47 wt %; in this case, a second step between 150
and 280 °C can be observed. We can attribute this exothermic
phenomenon to the degradation of free fumaric acid in excess
(the TGA of pure fumaric acid is represented in pink in Figure
3). To a much lesser extent, this second step is also observable
for the Al-fum(SD_pilot) sample.
For all samples, the mass variation (i.e., weight loss) in the

TGA analysis between 280 and 800 °C (assuming that all
water is desorbed and all free fumaric acid has deteriorated, so
all pores have been emptied) satisfactorily matches the
nominal composition of the MOF. This corroborates that all
starting aluminum isopropoxide has reacted. The 0.38 and
0.41% slight positive deviation of organic content is attributed
to defect based on fumarate-for-hydroxyl substitution in the
final material (Table 2).
N2 adsorption/desorption isotherms at 77 K correspond to

the Al-fumarate profiles found in the literature as hybrid
isotherms between type Ia (very narrow micropores under 1
nm) and type IVa (characteristic of mesoporous materials with
a well-developed hysteresis cycle due to pores wider than 4
nm) (Figure 4).27 BET areas and microporous volumes are
very similar for all samples − in the range of 1050 m2/g and
0.35 cm3/g (Table 3). Adsorption branches are very similar up
to 0.90 p/p0, before showing significant differences at higher
relative pressures. Noticeably, the adsorption isotherm of Al-
fum(SD_pilot) presents a plateau from p/p0 = 0.90, whereas
N2 uptake increases for Al-fum(aerogel) and Al-fum(SD_lab),
and more steeply for the latter. This is reflected in the porous
volume estimated at p/p0 = 0.99 for Al-fum(SD_pilot), which
does not exhibit significant mesoporosity. The desorption
branch presents a plateau that could be indicative of bottleneck
mesopores.

Figure 2. Normalized PXRD patterns of the synthesized Al-fumarate
MOFs. Al-fum(aerogel) is represented in green, Al-fum(SD_lab) in
red and Al-fum(SD_pilot) in blue.

Table 1. Full Width at Half-Maximum at 10.45° (2θ) and
Associated Crystalline Domains; Approximate Crystallite
Sizes from SEM Observations

sample
FWHM
(2θ°)

crystalline domain
size (nm)

crystallite size
(nm) SEM

Al-fum(aerogel) 0.374 21.4 60
Al-fum(SD_lab) 0.396 22.4 60
Al-fum(SD_pilot) 0.563 14.1 50

Figure 3. TGA curves of Al-fum(aerogel) (green), Al-fum(SD_lab)
(red), Al-fum(SD_pilot) (dark blue) and fumaric acid (pink). The
light blue domain represents the adsorbed moisture loss, and the
light-yellow domain represents the thermal degradation of the MOFs.
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N2 and H2O adsorption isotherms show that Al-fum-
(aerogel) and Al-fum(SD_lab) display very similar textural
characteristics. By contrast, Al-fum(SD_ pilot) is a little more
hydrophilic, presenting a larger water uptake at low relative
humidity. Microporous volumes estimated from nitrogen
adsorption data (Table 3) and from H2O adsorption (Table
4) are consistent with each other.
Air dehumidification tests at a relative humidity p/p0 of 50%

were carried out in columns filled with Al-fum(SD_pilot)
spheres. Breakthrough curves were measured in fixed-bed and
fluidized-bed conditions. The very same adsorbent bed was
used to ensure that any differences in breakthrough curves
arise from the process and not from a sampling bias. For the
latest configuration, the fluidization of the bed was achieved for
three different flows, namely 50, 100, and 200 mL/min (Figure
5).

The breakthrough profile of the fluidized bed exhibits the
same two-step pattern observed in the fixed bed, in line with
water adsorption isotherm profiles and previous reports.28 An
inflection point (or plateau) for low flow at 20% relative
humidity, corresponding to the alpha value of the water
adsorption isotherm (Figure 5b), is observed.29−31 Integration
of the curves yields total adsorption capacities in the range of
15 mmol/g for all conditions, which is in line with the static
measurement at equilibrium at 50% relative humidity from
volumetric measurements (Table 4).
In the fluidized-bed configuration at 200 mL/min, break-

through to 10% occurred rapidly, as the t10% is 26.4 min/g
versus 70.2 min/g for the fixed-bed configuration. We can
hypothesize that there is higher axial dispersion in the fluidized
bed. We observe a linear relationship between flow and t10%.
On the other hand, the time to 50% breakthrough (t50%) is
significantly longer in the fluidized-bed condition: 200.0 min/g
compared to 180.6 min/g for the fixed bed (see Table S3). We
suggest that the fluidized bed provides better heat transfer,
making it possible to work at closer-to-isothermal conditions,
whereas the adsorption front in the fixed-bed column may be
subject to higher temperature due to lower heat dissipation.
Another advantage of the high-density spheres is demon-

strated in the tableting process. All samples were tableted
under the same conditions by pressing (2.5 tons/1.54 cm2).
For Al-fum(SD_pilot), the tablet does not show significant
porosity above 0.1 μm, with a plateau-like zone between 10
and 100 nm, reflecting the absence of intergranular voids
(Figure 6). In contrast, for Al-fum(SD_lab) and Al-fum-
(aerogel), this plateau is absent, indicating a large pore size
distribution made by intergranular voids. For Al-fum-
(SD_pilot), we can propose that the minor porosity in the
range of 0.1−2.0 μm could arise from the cracks in the dense
spheres that are observed by SEM (Figure 1).

Figure 4. (a) N2 adsorption and desorption isotherms at 77 K and (b) water adsorption isotherms at 20 °C of Al-fum(aerogel) (green), Al-
fum(SD_lab) (red) and Al-fum(SD_pilot) (blue). Adsorption data are represented by filled symbols and desorption data by empty symbols.

Table 2. Theoretical and Real Organic Weight Losses for All
Samplesa

sample wt %loss
th wt %loss

real difference (%)

Al-fum(aerogel) 48.40 48.79 −0.39
Al-fum(SD_lab) 51.14 51.55 −0.41
Al-fum(SD_pilot) 46.77 47.15 −0.38

aMOF pores are considered evacuated from 280 °C.

Table 3. BET Areas, Microporous Volumes, and Total
Porous Volumes of Differently Synthesised Al-Fumarate
Samples Evaluated from N2 Adsorption Isotherms (77 K)

sample
BET area
(m2/g)

Vmicro
(cm3/g)

Vtotal(cm3/g) at
p/p0 = 0.99

Al-fum(aerogel) 1070 0.37 0.63
Al-fum(SD_lab) 1020 0.34 0.63
Al-fum(SD_pilot) 1020 0.36 0.52

Table 4. Water Vapour Uptake at 20 °C at Different Relative Pressures from Isotherm Data and Calculated Microporous
Volumesa

water uptake at p/p0 (20 °C) =
0.40

water uptake at p/p0 (20 °C) =
0.50 Vmicro at p/p0 (20 °C) = 0.40 Vmicro at p/p0 (20 °C) = 0.50

sample mmol/g cm3(STP)/g mmol/g cm3(STP)/g cm3/g cm3/g

Al-fum(aerogel) 21.1 474 22.3 500 0.38 0.40
Al-fum(SD_lab) 18.0 404 19.3 433 0.32 0.35
Al-fum(SD_pilot) 19.4 434 21.0 470 0.35 0.38

aAssumption of adsorbed water volumetric mass of 1 g/cm3.
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In an industrial pelletizer, Al-fum(SD_pilot) can be made
into a very high density pellet of 1.03 g/cm3 by tableting at 51
kN/4.91 cm2, with no penalty to BET surface area. This
densification makes it possible to increase the H2 storage
volumetric capacities from 4.27 to 6.02 g/L at 100 bar and 160
K (see Supporting Information, p. 6), meaning that adsorption
capacity increases by over 40%.

■ DISCUSSION
Synthesis by spray drying has already been reported and
studied for many MOFs.32 It consists in atomising a solution
into small droplets through a nozzle. These droplets are then
put in contact with a hot gas stream (either compressed air or
N2), leading to the evaporation of the solvent. Upon
supersaturation of the solution, MOF crystallization occurs.
Dried MOF particles and coproduced salts are then collected
at the bottom of the spray-drying tower, while exhaust gas is
evacuated in a second chamber. For all synthesis processes,
including spray-drying synthesis, the use of a salt as the metal
precursor necessitated a washing step. In this study, we show
that the use of Al-isopropoxide − and in particular its complete
conversion − is highly beneficial in combination with spray-
drying synthesis, as the coproduced isopropanol is evaporated
along with the water. As a consequence, no further workup is

necessary, in particular filtration steps, which would have
created a time bottleneck.
Relevant, scalable reported synthesis routes for Al-fumarate

in aqueous phase proceed (eq 1) in basic conditions by
addition of NaOH.11 In contrast, the colloidal suspension
presented here is obtained (eq 2) at a pH below 3. In fact, Al-
isopropoxide is a base that can steadily react with fumaric acid
without the need for pH adjustment.

+ +

+ +

Al (SO ) 2fumaric acid 6NaOH

2Al(OH)fumarate 3Na SO 4H O
2 4 3

2 4 2 (1)

+ +

+

Al(OiPr) fumaric acid H O

Al(OH)fumarate 3iPrOH
3 2

(2)

We demonstrate in this study the scalability of the spray-
drying synthesis. Moving from lab to pilot parameters and
scales allows an intensification of the production rate by a
factor of about 33,400 ×( )60

0.01
34
6.1

without comprising product
quality, in particular the microporosity (Table 5). The
evaporation capacity of the spray-drier pilot line contributes
significantly to this increase in productivity by feeding a
suspension at a flow rate of 60 kg/h, corresponding to two-
thirds of the maximum evaporation capacity of the pilot

Figure 5. Dynamic adsorption of water using fixed- and fluidized-bed reactors at 200 mL/min (a) and a fluidized bed at different flow rates (b).

Figure 6. Mercury porosimetry of pelletized Al-fumarate samples: Al-
fum(SD_pilot) in blue, Al-fum(SD_lab) in red and Al-fum(aerogel)
in green.

Table 5. Key Parameters and Scale Differences for the Lab-
and Pilot-Scale Spray-drying Syntheses

parameter unit
lab-scale spay-

drier
pilot-line spray

drier

stirring X magnetic mechanical
solution volume L 0.3 125
suspension−dry matter
contenta

wt % 6.1 34

feed rate kg/h 0.01 60
nozzle size mm tip diameter =

1.4
1

nozzle pressure bar 1 8
pressure in the drying tower bar 0.05 1.02
temperature at the nozzle
(Tinlet)

°C 120 187

Toutlet °C 70 115

aData taken for calculations is the dry matter content with respect to
precursors, which are all solid.
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equipment. Importantly, the pilot line makes it possible to feed
more viscous suspensions, allowing a 3-fold increase in
concentration, which reduces the energy cost substantially.
The energy consumption of the spray-drier, including the
condensation of the water has been measured at 16 kWh/kg of
MOF. We shall note here that the demonstrator was not
specifically designed for energy efficiency. We estimate that the
energy cost could be reduce by at least 25%. Moreover, the
pressure and temperature levels are much different at pilot
scale than at lab scale. Whereas the Büchi spray-dryer device
operates under subatmospheric pressure, the tower of the pilot
line works at atmospheric pressure. Overall, compared to
laboratory devices, large-scale spray dryers allow important
parameter flexibility in terms of suspension viscosity and drying
temperatures. Continuous production in 1 day (24 h) using
the very same spray-dryer and synthesis parameters would
produce 250 kg of dried Al-fumarate. In the end, much larger
productivity can be achieved using spray dryers with larger
evaporation capacity (up to several hundred tons of product
per hour), opening up new perspectives for mass production of
Al-fumarate.
The differences in drying process of the colloidal parent

suspension have no effect on the surface area or microporous
volumes, which are key indicators of the quality of Al-fumarate
crystallites. They also have no effect on the synthesis yield,
which is quantitative with respect to the Al precursor.
Regardless of the drying process, the expected surface area of
1000−1100 m2/g is achieved, which is remarkable when one
considers that most other synthesis routes achieve a variety of
surface areas (720−1150 m2/g) for synthesis paths that are
sometimes very similar.16 On the other hand, we can observe
major differences in the large meso- to macroporous structure
depending on the drying process. Indeed, the plateau of the N2
(77 K) isotherm upon the approach to saturation pressure
indicates the absence of intergranular pores for the pilot batch
in contrast to the two other drying processes, reflecting the
high-density nature of the MOF powder obtained. Water
adsorption isotherms (no capillary condensation before p/p0 =
0.95) and mercury porosimetry (plateau between 10 and 100
nm) also support this observation.
Spray drying makes it possible to speed up the drying step.

Although it is hard to determine the exact duration needed to
dry a 60 kg batch of Al-fumarate powder, it would certainly
account for several tens of minutes to a few hours in a classic
oven. Indeed, high-flow velocity could hardly be applied
without placing the powder at risk of being blown about. On
the other hand, it is acknowledged that spray-drying is an
energy-intensive process, as it requires the vaporisation of all
the water of the suspension plus the released isopropanol.
Nevertheless, in the case of precipitation, a final spray-drying
step is often mandatory to obtain a processable powder.
Consequently, the spray-drying synthesis presented herein is
not more energy consuming than precipitation when one
considers the entire manufacturing process to the end product
(Figure 7).
The high concentration of the suspension, together with the

height of the drying tower (10 m), yields spherical
agglomerates of nanocrystals of calibrated size ranging from
50 to 200 μm (D70). The MOF beads can easily fall down to
the bottom of the tower due to their high density. The powder
has excellent flow properties and can be collected and
transferred to drums without dust formation.

We present herein the application of the as-obtained pilot
spray-dried Al-fumarate beads for air dehumidification in a
fluidized bed configuration as a proof of concept. One of the
main benefits of a fluidized bed is its superior heat transfer,
which makes it more isothermal compared to a fixed bed.
Conversely, fixed beds need very efficient cooling, otherwise a
significant temperature increase would occur at the transfer
zone, accompanied by degradation of the adsorption perform-
ances.33,34 For dehumidification applications, which involve the
adsorption of water with a relatively high heat of adsorption,
the adsorption rate is particularly sensitive to heat transport
rates.35 Abd-Elhady et al. reported a fluidized bed to be more
efficient than a fixed bed for air dehumidification.33,36 In our
proof-of-concept study, the profile of the breakthrough curve
of the fluidized bed, with a longer t50%, is in line with a better
column isothermicity.

■ CONCLUSIONS
High-quality Al-fumarate was synthesized through a scalable
process yielding tens of kilograms of processable powder via an
all-in-one spray-drying method. Importantly, the fundamental
structure of the material remained consistent when transition-
ing from laboratory-scale to pilot-scale production by a scale
factor of above 34,000. At pilot scale, the spray-drying process
enables the production of dense spherical particles with an
average diameter of 100 μm and minimal interparticle porosity.
These unique features made the powder directly applicable in
fluidized processes and easy to postprocess, notably by
compression to achieve high-density pellets.
Ultimately, we developed a comprehensive three-in-one

process that integrates synthesis, drying and shaping, while also
exploring its potential for production intensification.
We believe that this synthesis approach could pave the way

for scalable production of other Al-MOFs, a topic currently
under investigation. Additionally, understanding the kinetics
and growth mechanisms of the colloidal suspension is a crucial
aspect for further refining the synthesis process.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.iecr.4c04929.

It contains: schematics of structure, lab-scale synthesis
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images, TGA equations, N2 adsorption method, water
vapor adsorption setup schematics and breakthrough
results, coating trials, H2 adsorption trials on a pellet,
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Upscaled MOF flow properties video (MP4)

Figure 7. Simplified all-in-one Al-fumarate production process.
*Based on Gaab et al.19
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Autoǹoma de Barcelona, Barcelona 08193, Spain; ICREA,
08010 Barcelona, Spain; orcid.org/0000-0003-1325-
9161

Thomas Michon − Axel’One, Rond-point de l’échangeur,
69360 Solaize, France

Rafael Morales-Ospino − Université de Lorraine, Centre
National de la Recherche Scientifique (CNRS), Institut Jean
Lamour (IJL), F-88000 Epinal, France

Vanessa Fierro − Université de Lorraine, Centre National de
la Recherche Scientifique (CNRS), Institut Jean Lamour
(IJL), F-88000 Epinal, France; orcid.org/0000-0001-
7081-3697

Elsje Alessandra Quadrelli − Université Claude Bernard Lyon
1, CNRS, IRCELYON, UMR 5256, 69626 Villeurbanne
cedex, France

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.iecr.4c04929

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We would like to thank Bertrand Rebier̀e from the Institut
Européen des Membranes (IEM, Montpellier, France) for the
SEM pictures and Fibroline SA (Limonest, France) for the
sphere size distribution measurements. We also thank the
MOFapps and SYSPROD projects for their financial support.
We warmly thank Dr. Estelle Dalod and Dr. Didier Bonnet
(Axel’One) for their scientific and administrative support in

the use of the spray-dryer facilities (Axel’One) and IFPEN for
granting access to the pilot. IJL members acknowledge the
funding of the PEPRH2-SOLHYD project (ANR-22-PEHY-
0007). This work was supported by the Catalan AGAUR
(project 2021 SGR 00458) and by the CERCA program/
Generalitat de Catalunya. ICN2 is supported by the Ochoa
Centres of Excellence programme, Grant CEX2021-001214-S,
funded by MCIN/AEI/10.13039.501100011033. I.I. and D.M.
thank Grant ref. TED2021-129773B-I00 funded by MCIN/
AEI/10.13039/501100011033 and by European Union
NextGenerationEU/PRTR. This project has received funding
from the European Union’s Horizon 2020 research and
innovation program under grant agreement No. 101058565
(AMBHER project). Funded by the European Union. Views
and opinions expressed are however those of the author(s)
only and do not necessarily reflect those of the European
Union. Neither the European Union nor the granting authority
can be held responsible for them.

■ REFERENCES
(1) Kim, H.; Cho, H. J.; Narayanan, S.; Yang, S.; Furukawa, H.;
Schiffres, S.; Li, X.; Zhang, Y.-B.; Jiang, J.; Yaghi, O. M.; Wang, E. N.
Characterization of Adsorption Enthalpy of Novel Water-Stable
Zeolites and Metal-Organic Frameworks. Sci. Rep 2016, 6 (1), 19097.
(2) Burtch, N. C.; Jasuja, H.; Walton, K. S. Water Stability and
Adsorption in Metal−Organic Frameworks. Chem. Rev. 2014, 114
(20), 10575−10612.
(3) Kummer, H.; Jeremias, F.; Warlo, A.; Füldner, G.; Fröhlich, D.;
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