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ABSTRACT: Understanding the impact of MOF synthesis
conditions on the production cost is vital in order to have a
competitive product with a view toward industrial applications.
Here, considering the benchmark mesoporous iron(III) trimesate
MIL-100(Fe) as a prototypical example, we show that the
production cost can reach <30 $/kg if a careful selection of the
synthetic route is made. Two routes were considered in the
analysis, using sulfate and nitrate as iron sources. A new optimized
synthesis protocol in a S L laboratory pilot-scale reactor based on
iron sulfate was developed using optimized sustainable aqueous
ambient pressure conditions, leading to larger particles and a
higher space-time yield. Based on reliable pilot-scale data and
established chemical engineering estimation methods, this leads to
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a significantly lower production cost of high-quality MIL-100(Fe), achieving a potential competitive product.

1. INTRODUCTION

Metal—organic frameworks (MOFs) are crystalline porous
materials whose discovery was initiated at the end of the
1990s." These solids are attractive for a large range of potential
applications such as gas storage/separation, sensing, heteroge-
neous catalysis, energy devices, and biomedical applications,
among others, due to their high porosity and unprecedented
chemical and structural versatility.” Interest in their real
applications has also been increasing recently partly due to the
scale-up of a few benchmark MOFs under green, sustainable,
and potentially economically viable conditions, as we will
briefly highlight in the following paragraphs.'*~"%**~*"

The use of water or other less-toxic solvents is indeed highly
preferable,”® and there are currently many examples of water-
based MOF synthesis methods in ambient pressure conditions,
such as, for instance, those of the MIL family: MIL-100(Fe),’
MIL-91(Ti, Al),""" MIL-160(Al),"* and MIL-53(Al)-NO, or
-NH,."” Furthermore, other industrially relevant aluminum-
based MOFs of interest for gas separation or heat reallocation,
such as CAU-10(Al), MIL-160(Al), or MOF-303, have also
been synthesized using greener protocols at larger scale.'* The
Zr fumarate MOF-801(Zr), of interest for water harvesting,
was also obtained with good yield and quality in a 5 L pilot-
scale reactor using a modulator.”> The use of alcohols is also an
acceptable alternative, for instance, for the ambient pressure
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synthesis of MIL-127(Fe) (also known as s0c-MOF)'¢ or the
synthesis of the new benchmark MOF for CO, capture in flue
conditions, CALF-20, produced with a very high space-time
yield (STY)."”

Besides the importance of safety and health impacts, the cost
can be reduced by decreasing the energy requirements and/or
by requiring less expensive equipment (e.g, built from
noncorrosive resistant materials or ambient pressure equip-
ment). Therefore, ambient pressure, low-temperature synthesis
associated with the use of nontoxic safe conditions are
beneficial as it is overall cheaper and much simpler to scale-
up. This requires, however, synthesis optimizations that
carefully select not only the solvent and relevant synthesis
conditions of pressure and temperature but also the chemical
precursors, such as the metal source or the linker, which should
be noncorrosive, nontoxic, and abundant. For instance, the use
of corrosive counterions should be avoided, and thereby metal
carbonates, sulfates and oxides are preferred instead of
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Figure 1. Schematic view of the MIL-100(Fe) structure (CCDC 640536 from ref 30) with the small S cage (left) and large L cage (right) in MIL-
100(Fe). Hydrogen atoms are omitted for clarity. FeOg octahedra and oxygen and carbon atoms are shown in orange, red, and black, respectively.

chlorides.” In addition, the use of sustainable linkers can result
in a lower price, minimal environmental impact, and lower
toxicity, as well as having a higher water solubility and thus an
efficient metal-ion/linker reactivity. This was demonstrated by
some of us in the case of the benchmark microporous MIL-
160(Al) MOF, of interest for heat reallocation and gas
separation, built up from a bioderived ligand."®

Despite these promising studies on the improvement of the
production greenness, MOFs are still mainly scaled-up either
by startups such as Framergy, MOFtechnologies, MOFapps,
Promethean Particles (or Nueda), Numat, NovoMOFs,
ProfMOF, Immaterial, etc'” or by large chemical companies
such as BASF;*® however, with the recent exception of CALF-
20, still limited amounts are envisioned and are mainly
available for research and development purposes or for a
particular application in lower scale (<ton).”' As a result, the
costs at higher scale are still either unknown or high when
available. Nevertheless, these latter values are not representa-
tive of the real production cost which will depend not only on
the final purity required, the type of process to be considered,
and raw material price for bulk production but also on the scale
of production. However, the price can be reduced when the
raw materials, e.g,, the linker, are used in other large-scale
processes, such as, those that are used in the pharmaceutical
industries, plastics production, etc. Therefore, depending on
the parameters considered, the final production cost is much
lower than the cost initially estimated by laboratory scale
processes. A few studies have already explored the production
cost of MOFs at the multi-ton scale. DeSantis et al. explored
different synthesis approaches, liquid-assisted grinding (LAG)
and aqueous synthesis, and estimated that the cost of MOFs
can be brought down to less than 10 $/kg for a 2.5 ton/year
production.”” UiO-66(Zr)-NH, was also recently studied by
Luo et al.”’ In this study, solvothermal and ambient pressure
aqueous-based syntheses were compared in terms of industrial
potential. It was clear that with the same production base, the
solvothermal synthesis led to higher costs, with a production
cost about 3 times higher than the aqueous-based synthesis,
ie, 44 $/kg vs 1S $/kg. This proves the importance of the
choice of the production process and its optimization on the
estimated final production cost. However, this estimation was
based on a hypothetical process. Before production cost
calculation estimations are assessed, it is important to
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understand the process scalability using laboratory pilot-scale
tools. This allows one to bridge the laboratory scale, where
only a few milligrams or grams are produced, and the industrial
scale, where tonnage of the material is produced, confirming
the scalability and optimizing further the process at the 100 g
or kilogram level. This has been done, but not extensively, for
several benchmark MOFs, for instance, ZIF-8 producing 6 kg
per day in a continuous flow,”* UiO-66(Zr) and its
functionalized derivatives UiO-66(Zr)-NH, and its —COOH
form in a solvothermal system giving 647 g in 8 L,* or CAU-
10(Al) with 6 kg produced in 10 L in a 10 h reflux
synthesis.”**’

More recently, an important breakthrough in MOFs was
reported with the announcement of the tonnage production of
the microporous Zn triazolate-oxalate CALF-20. This MOF,
initially reported by Shimizu et al., will be produced by BASF
in partnership with Svante at multihundred ton scale, and the
production cost is expected to reach <30 $/kg for the capture
of CO, in cement fabrication.”®*” With this recent announce-
ment, it was seen that coupling the high performance potential
with the optimization of the production process is essential to
achieving scalable production. Furthermore, estimation of the
production cost of some of these materials can help potentiate
the consideration of MOF production in industrial applica-
tions.

A comprehensive cost assessment methodology has been
recently proposed for the prototypical MOF, MIL-160(Al),
based on its production in a pilot-scale reactor, whereas the
production cost at industrial scale was estimated to be 55 $ and
29.5 $ per kg for 100 tons and 1 kton, respectively, and
reaching costs below 10 $/kg, at a condition that its
constitutive bioderived linker, 2,5-furandicarboxylic acid, is to
be utilized at very large scale for the production of
bioplastics.'®

Here, we report the production cost estimation at the kton
scale for the benchmark MIL-100(Fe), based on a newly
developed synthesis protocol, optimized to reach high STY
while maintaining compounds with high surface areas and
other adsorption properties.

MIL-100(Fe) or [Fe;O(OH)(C4H;(CO,);5),-(H,0),]-
nH,0 is an iron(III) tricarboxylate MOF built up from trimers
of iron octahedra sharing a common vertex 13-0.%*" These
trimers are then linked by the benzene-1,3,5-tricarboxylate
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Table 1. Ambient Pressure Synthesis Reported in the Literature for MIL-100(Fe), Precursors and Conditions Used, and

Characteristics of the Material Obtained

Iron source Solvent Modulator T (°C)
Fe® Water (DMF) Benzoquinone/HNO; RT“
Fe(NO,), DMSO HNO, 130
Fe(NO;), Water (Ethanol) - 90
Fe(NO,), Water - 60
FeCly Glycol/DMF - 80
FeCl, Water (Ethanol) RT
FeCl, Water (Ethanol) NaOH RT
FeSO,/FeCl, Water NaOH RT
FeSO, Water NaOH RT
FeSO, Water (ethanol) NaOH RT

Time (hours)  Sppr (m*g™") Vi (em>g™")  STY (kgm >day™!)  ref.
12 2482° 1.0024 - 47
24 1791 0.82 43¢ 48
18 1212 - 49
48 1800 1.6 43
2 2037 1276 - 50
24 55
4 2097 0.81 99° 58
24 1180/650 1.68 17¢ 56
24 1893 1.024 21° 57
15 1542 - 14 61

2012 - 3¢

“RT, room-temperature synthesis. “Purified with NH,F “Calculated with 100% yield and/or considering reaction volume

moieties that lead to the formation of hybrid supertetrahedra
which delimit mesoporous cages of free apertures of 25 and 29
A, accessible through microporous windows of 5.5 and 8.6 A
(Figure 1). MIL-100 exhibits a very good chemical and thermal
stability, a high porosity, and the presence of accessible active
sites, allowing the coordination of different species. It also
possesses a biodegradable character associated with a low in
vivo toxicity.”>*> These unique characteristics make MIL-
100(Fe) appealing for a wide range of apglications such as
biomedicine,***° gas storage/ separation,36_ 8 sensing,?’9 catal-
ysis,"*~** and heat reallocation.*”** More recently, we have
shown that this MOF, through its open metal sites, can lead to
exceptional properties such as either the capture of traces of
acidic volatile organic compounds in humid environments*>*°
or, once reduced, for the unprecedented environmental
degradation of NOx at room temperature;”’ in the present
work we confirm that the scaled-up production yields materials
with similar exceptional properties.

A method is developed here to produce high-quality MIL-
100(Fe) along with a high STY. There is indeed a clear need to
develop new green and cost-effective synthesis protocols for
this benchmark MOF. In this view, we further studied the
impact of the metal precursors on the synthesis and the overall
cost of the material. Early methods of MIL-100(Fe)
preparation were based on hydrothermal conditions. The
small-scale protocol reported initially by Horcajada et al.*
involved iron metal and hydrogen fluoride (HF). A fluoride-
free hydrothermal synthesis was later reported by Seo et al.’
Despite the high space-time yield (STY), >250 kg:m™>-day™"
(STY, kg of MOF per m® of reactor per day), the use of
pressurized hydro/solvo-thermal conditions is not ideal for
scale-up production due to safety concerns and high
(equipment and energy) costs.”

A series of ambient pressure synthesis routes have since then
been reported for the preparation of MIL-100(Fe), as shown in
Table 1. Some of us have reported very recently a low-
temperature green protocol to produce nanoparticles MIL-
100(Fe) with a controlled polydispersity suitable for
biomedical applications.””>® High quality, well faceted 50—
60 nm nanoparticles with a low polydispersibilty index (around
0.2—0.25) with high specific surface area (more than 1750 m?*/
g) were obtained. * However, the diluted synthesis conditions,
associated with a low STY, could lead to higher production
costs, although this might not be a major issue for biomedical
applications. Guesh et al. proposed in parallel another ambient
temperature route with a higher STY (around 30 kg:m™-
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day_l),55 with however the use of corrosive chlorides, which
would imply a higher production cost due to strict require-
ments in the equipment construction material as well as
increasing safety requirements.” On the other hand, the use of
sulfate counteranion, which is less corrosive, is highly beneficial
for the large-scale production of MOFs and has been
demonstrated previously for other high valence MOFs such
as UiO-66 type materials or CAU-10(Al).”>”” In the case of
MIL-100(Fe), this could be strongly beneficial and has also
been reported.*>*® Nevertheless, although greener synthesis
conditions are used, the corresponding STY did not exceed 21
kg:'m~>-day”!, reinforcing the need to further optimize the
synthesis conditions prior to production cost estimation on the
industrial scale. The production optimization study in the
present work was therefore guided by the need to produce a
material with optimum specific surface area (>1700 m*/g) and
to increase the space-time yield while maintaining sustainable
conditions, including low energy and materials requirements,
suitable for a higher economic viability.'"®*> To assess the
quality of upscaled MIL-100(Fe), its performance was finally
compared to the values reported previously in the literature for
the capture of traces of the polar volatile organic compound
(VOC) acetic acid under environmental conditions. The two
synthesis routes, relying on either iron(III) nitrate or iron(II)
sulfate as iron sources,”””” were considered, and different
parameters were optimized in terms of STY and quality
(porosity, particle size, etc.), such as temperature, concen-
tration, etc.

This led to monodisperse small size nanoparticles with a low
STY for the nitrate route, while the sulfate protocol led to
much larger particles with a higher STY. The production cost
was, therefore, estimated for each metal source based on the
optimized conditions, and the different elements of the
production cost were finally compared and discussed,
providing a comprehensive view of the effect of the synthesis
route on MOF production cost.

2. MATERIAL AND METHODS

2.1. Materials. All chemicals were purchased from
commercial suppliers and used as received without further
purifications: 1,3,5-benzene tricarboxylic acid, 98%, Alfa Aesar;
iron(II) sulfate heptahydrate, 98%, Sigma-Aldrich, and sodium
hydroxide pellets, 98%, Alfa Aesar; iron(III) nitrate non-
ahydrate, >99%, Alfa Aesar.

2.2. Synthesis. 2.2.1. Nitrate-Based Synthesis (MIL-100-
N). Laboratory Pilot-Scale Synthesis. MIL-100(Fe)-N was

https://doi.org/10.1021/acs.iecr.4c02618
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Table 2. Different Reaction Conditions Tested in the Optimization and Respective STY of the Reaction Step for a 12 h

Synthesis in a 100 mL Flask

Ligand (g)
0.85
2.55
4.25

1.67
5.01
8.34

MIL-100(Fe)-S1
MIL-100(Fe)-S2
MIL-100(Fe)-S3

Iron(1II) sulfate heptahydrate (g)

Yield (%)
87%
67%
64%

STY (kg:m>-day™")
15
68
95

Sodium hydroxide (g)
0.49
1.46
242

Intensity (a.u.)
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Experimental
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Figure 2. PXRD pattern of MIL-100(Fe)-N synthesized in a S L pilot-scale reactor with iron(III) nitrate nonahydrate, in 20 range 1.6—30°,
compared with the calculated pattern from the literature (Cu Ka radiation, 4 = 1.5418 A)*° (left). Nitrogen adsorption, at T = —196 °C, of MIL-
100(Fe)-N in a S L pilot-scale reactor with iron(III) nitrate nonahydrate (right) (P = 1 atm.).

obtained via ambient pressure synthesis adapted from the
conditions reported in the literature.”® In a 5 L reactor, 22.4 g
of 1,3,5-benzene tricarboxylic acid (BTC) and 64 g of iron(I1I)
nitrate nonahydrate were added initially to 4 L of deionized
water. The mixture was heated to 60 °C and mechanically
stirred. After 3 h, the same amount of precursors was added.
After a 62 h reaction, the brown mixture was filtered to obtain
a brown solid, which was washed at room temperature several
times with environmentally friendly solvents such as water (2
L) and absolute ethanol (1 L) to remove unreacted precursors
including 1,3,5-benzene tricarboxylic acid. The powder was
then dried at room temperature (yield = 93% and STY of the
reaction ~ 10 kg'm>-day™).

2.2.2. Sulfate-Based Synthesis (MIL-100-S). The sulfate
route was optimized in two stages. First the chemical
parameters and washing steps were tuned to optimize the
synthesis at the scale of a few grams in terms of crystallinity,
purity, and STY. Then the scale-up at the laboratory pilot scale
using a S L reactor was realized.

Small-Scale Optimization. Different concentrations were
tested, with constant molar ratio (Table 2), and several
samples were taken at various synthesis times until 12 h to
monitor the synthesis (crystallinity, purity, yield). The
resulting MOF powders were washed directly in the filter
with water to remove the unreacted precursors before being
dried in a vacuum oven for 15 h at 150 °C.

The optimized protocol, i.e, the conditions to obtain a
material with the highest STY while keeping a high purity and
surface area, is as follows: 8.34 g of iron(Il) sulfate
heptahydrate and 4.25 g of 1,3,5-benzene tricarboxylic acid
(BTC) were added to 40 mL of deionized water and stirred
vigorously for S min at room temperature. 2.42 g of NaOH was
dissolved in 40 mL of deionized water and added dropwise to
the mixture of iron salt and BTC. The solution of 1.5:1:3 =
Metal: Ligand: NaOH molar ratio was vigorously stirred at
room temperature for a total of 12 h.

The evolution of the synthesis was also followed by changes
in color. After the slow addition of the NaOH solution to the
iron salt and BTC solution, an initial green precipitate is
formed. The solution color slowly turns to yellowish-green and
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then to orangish-brown, attributed to the slow oxidation of
Fe(II) into Fe(III) required for the formation of iron(III) oxo-
trimers of the MIL-100(Fe) structure. When the quantity of
NaOH was further increased the green solid turned black after
just a few minutes, which has been previously attributed to the
formation of Fe,O, nanorods.*”

Laboratory Pilot-Scale Synthesis. Using the above-
mentioned optimized conditions, the process was scaled-up
by performing the reaction in a 5 L pilot-scale glass reactor
using mechanical stirring. 315.5 g of iron(II) sulfate
heptahydrate and 162.4 g of 1,3,5-benzene tricarboxylic acid
were added to 1.5 L of deionized water and stirred vigorously
for S min at room temperature. 92.8 g of NaOH solution was
dissolved in 1.5 L of deionized water and added dropwise (15
min dropwise addition) to the mixture of iron salt and BTC.
The brown solution was kept under vigorous stirring at room
temperature for 10—24 h. The resulting MOF was washed
directly in the filter with 6 L of water to remove the side
products and unreacted linker before being dried in a vacuum
oven for 15 h at 150 °C (yield = 93% and STY of the reaction
(washing solvent not included) =~ 120 kg:m™>-day™").

2.3. Materials Characterization. Routine powder X-ray
diffraction (PXRD) data were recorded using a high-
throughput Bruker D8 Advance diffractometer working in
transmission mode and equipped with a focusing G6bel mirror
producing Cu Ka radiation (4 = 1.5418 A) and a LynxEye
detector. Transmission infrared spectra were acquired by a
Nicolet iS5 FTIR ThermoFisher spectrometer in the range
from 4000 to 400 cm™'. Thermogravimetric analysis was
performed with a Mettler Toledo TGA/DSC 2, STAR System
apparatus under oxygen flow at a constant heating rate of 5 °C
min~". A scanning electron microscope (SEM, FEI Magellan)
equipped with an energy dispersive X-ray spectrometer (EDX)
was used to acquire images as well as to perform elemental
analyses on the synthesized products. The particle size
distribution was estimated by using “Image]” software for
SEM image processing and analysis. The evaluation of the BET
surface area was carried out from nitrogen sorption isotherms
measured at —196 °C in a volumetric automatic apparatus

https://doi.org/10.1021/acs.iecr.4c02618
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Figure 3. PXRD patterns of MIL-100(Fe) synthesized in 100 mL round-bottom flasks at different concentrations MIL-100-S3 (orange), MIL-100-
S2 (brown), and MIL-100-S1 (gray) in 26 range 1.6—30° compared with calculated pattern30 (black) (Cu Ka radiation, 1 = 1.5418 A) (left).
Nitrogen adsorption isotherms, at T = —196 °C, of all the MIL-100(Fe) samples obtained with different concentrations after 12 h synthesis (orange
triangles) MIL-100-S3, (brown circles) MIL-100-S2, and (gray squares) MIL-100-S1 (right) (P, = 1 atm.).

(Micromeritics Tristar), after activation under vacuum at 150
°C for 15 h.

3. RESULTS AND DISCUSSION
3.1. Nitrate-Based Synthesis (MIL-100-N). The increase

in concentration of the nitrate-based synthesis, adapted from a
previously reported protocol developed by some of us, was
successfully achieved by the addition of the same amount of
precursors after 3 h of reaction.”® With this improvement, the
STY increased by a factor of 6, i.e., from 1.6 kg~m_3'day_1 to
10 kg'm>-day”', while keeping a monodisperse particle size
distribution and an average particle size much lower than 100
nm (Figure S1). The purity of the phase was confirmed by
PXRD in comparison with the calculated pattern (Figure 2,
left). The absence of unreacted ligand was also verified by
FTIR (Figure S2). In addition, the product of the optimized
synthesis showed similar adsorption of nitrogen at —196 °C
(Figure 2, right) compared to the one reported previously with
a BET surface area estimated around 2000 m* g~!, which is, to
the best of our knowledge, the highest surface area obtained for
nanoparticles of MIL-100(Fe) (less than 100 nm). The
thermal analysis results under oxygen are well within the
expected range losses (Figure S3). This successful laboratory
pilot-scale synthesis enabled the production cost estimation for
this protocol.

3.2. Sulfate-Based Synthesis (MIL-100-S). 3.2.1. Small-
Scale Optimization (MIL-100-S1, S2, and S3). This
optimization work aimed at improving the STY as well as
the specific surface area of a previously reported green
synthesis protocol using iron(Il) sulfate heptahydrate as a
metal precursor.”® We produced samples denoted as MIL-
100(Fe)-SX (X = 1, 2, 3) with different concentrations, as
summarized in Table 2. Besides the increase in concentration,
the main differences of the optimized synthesis with regard to
the one reported in the literature was the dropwise addition of
the sodium hydroxide solution in the metal/ligand aqueous
mixture and the shorter synthesis time. The purpose here was
to increase the concentration of the reactants to maximize the
STY while maintaining high quality for the final compound.
However, to avoid a sharp increase of the pH, a dropwise
addition was necessary to slowly deprotonate the ligand while
allowing a more controlled metal—ligand reaction and
therefore a successful crystallization of MIL-100(Fe). At
these high metal/ligand/base precursors concentration levels,
i.e., about S times higher than previously reported protocols,*®
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if a solution of base is added in one step, the pH will sharply
rise, promoting the formation of iron oxide particles and/or
unwanted coordination polymers. In contrast, our dropwise
method allows for a controlled high-concentration synthesis
while maintaining high-quality compounds. The product was
formed after 4 h for the variable concentrations studied,
denoted MIL-100(Fe)-S1, MIL-100(Fe)-S2, and MIL-
100(Fe)-S3 (Figure 3, left). The FTIR spectroscopy confirmed
the absence of unreacted linkers in all the samples
characterized after 4 h (Figure S4). Furthermore, no crystalline
impurities were observed in the diffraction pattern, as shown in
Figures S5 and S6. It is of note that the use of sulfate metal
precursors has been previously reported as being problematic
for zirconium-MOF synthesis. The issue was attributed to the
strong interaction between the sulfate anions and the
framework. For instance, in the case of UiO-66(Zr)-F,, the
removal of sulfates required a costly treatment in water at
elevated temperature which was only partially achieved
(decreasing the SO,>” ions/Zrs-cluster ration from 3.6 to 3
after wash).*” In this work, the sulfate contamination for MIL-
100(Fe) was monitored through EDX analyses, as shown in
Table S2. An initial sulfur content of 22 atomic% was observed
for the unwashed sample that corresponds to a S/Fe molar
ratio of around 0.2. However, opposite to the UiO-66(Zr)-F,
case, a simple washing step with water at room temperature
directly through the filter eliminated the contamination. The
same was observed for the sodium, suggesting that the initial
sulfate contamination was only related to unreacted precursors.
Such a difference is likely due to the lower Lewis-acidic
character of iron(III) compared to zirconium(IV) and thus the
lower interaction between the iron sites and sulfates. BET
surface areas calculated from the nitrogen isotherms of the
samples obtained at different concentrations and 12 h synthesis
time (Figure 3, right) reach values above 1600 m”> g~' for all
three samples.”” Nevertheless, these values are still lower than
the ones obtained with the nitrate-based synthesis. Such
differences of surface area are tentatively assigned to the
differences in quality of the samples, previously attributed by
Zhuang et al.”® to agglomerated forms of nanocrystals and
unreacted species (in trace amounts not visible in the FTIR
spectra but sufficient to affect adsorption) trapped in the pores.
These effects were evidenced by comparing the SEM images at
different reaction times. With a synthesis time of 4 h,
microrods were observed, probably associated with the
formation of a nonporous iron(II) trimesate. In this case, the
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Figure 4. Comparison of SEM picture of the MOF obtained with synthesis with different concentrations, (a) MIL-100(Fe)-S1 and (b) MIL-

100(Fe)-S3, for 12 h synthesis.
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incomplete reaction led to a lower surface area of 1180 m* g~".
Nevertheless, it was shown that the microrods completely
disappeared at 24 h of reaction according to SEM. Therefore,
to confirm that this was the reason behind the decrease in
surface area in our work, MIL-100(Fe)-S3 was left for a 24 h
synthesis. The increase in reaction time led to an increase of
surface area, reaching around 1850 m? g_1 (Figure S7).57’61 It
is of note that, in the recent work by Steenhaut et al,®! this
value of surface area was obtained after only 15 h, and thus, 15
h instead of 24 h could be sufficient to obtain high-quality
MIL-100(Fe). Furthermore, one important characteristic of
the sulfate route is the formation of larger particles without
requiring the use of harsher energy, demanding hydrothermal
conditions. The particles obtained, although polydisperse
whatever the concentration, exhibit a very similar average
size value, above 340 nm for the higher concentration (MIL-
100(Fe)-S3) and 320 nm for the lower concentration MIL-
100(Fe)-S1 (Figure 4). The microrods described in the
literature were not observed in our case for the 12 h synthesis.
The obtained particle sizes are higher than the ones reported
via other atmospheric pressure synthesis protocols.”>** This is
advantageous for most industrial uses in general since smaller
particles are harder to handle during the production process
and final applications and can lead to safety issues. Never-
theless, smaller particles could be an advantage for
bioapplications, sensing, or catalysis, and as such, the nitrate
optimization synthesis protocol was also explored, although it
exhibited a lower STY.

3.2.2. Laboratory Pilot-Scale Synthesis (MIL-100-S-5L).
Given the promising results from the optimized small-scale
sulfate synthesis, a first upscaling was performed in a larger-
scale S L pilot reactor. The resulting MOF (MIL-100(Fe)-S-
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SL) showed good crystallinity, with its PXRD pattern matching
the calculated one and that of the small-scale sample (Figure S,
left). To assess the quality of the MIL-100(Fe)-S-SL sample,
nitrogen porosimetry analysis was carried out (Figure S, right),
showing an improvement in comparison with the small-scale,
with around 1900 m* g~' being obtained after only 10 h of
reaction. Furthermore, this value is similar to that of MIL-100-
N (Figure 2, right) and is consistent with literature values for
non-HF routes.”” This improvement is probably due to more
efficient mixing attained with mechanical stirring in the pilot-
scale reactor. Therefore, vigorous stirring was considered
essential in this reaction, allowing the improvement of the
ligand solubility and avoiding abrupt pH increase upon adding
the sodium hydroxide solution. To assess the quality of the
optimized sulfate-based MIL-100(Fe) material, and in line
with our previous findings,* the performance of this MOF was
assessed for the capture of acetic acid (AA) for the
preservation of cultural heritage artifacts, where it is required
to capture traces of AA in the presence of a controlled
humidity (40—60%RH) at room temperature. It was shown
indeed that the mechanism in play was a direct coordination of
AA onto the iron open metal sites, replacing water even under
high humidity conditions. Thus, such AA capture tests are
believed to be excellent candidates for a validation of the
accessibility of the metal sites in MIL-100(Fe), while the total
nitrogen uptake deduced from nitrogen porosimetry is another
complementary tool to compare the total pore volume. The
adsorption capacity of traces of AA in controlled humidity
environment (40%RH) was used to compare the performance
of MIL-100(Fe)-S-SL with our previous adsorption results.*’
The adsorption of AA under humid conditions for this
material was similar to that of MIL-100(Fe)-N and led to a
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decrease of the AA concentration after 2 h, reaching values
lower than 30 pg-dm™>, in agreement with what was reported
before for MIL-100(Fe) (Figure S10). Thus, as the pore
volumes deduced from nitrogen porosimetry are comparable,
the high quality of the MIL-100(Fe) scaled up using our new
sulfate protocol was validated and was the starting point for the
techno-economic production cost estimation.

3.3. Production Cost Estimation. The demonstration of
the scalability of the nitrate or sulfate synthesis route has been
established and paves the way for a preliminary process design.
This was done considering all the specifications, the mass
balance, and the process design, including the most common
pieces of equipment (Figure S11) (the base equipment of the
process). Each piece of equipment was sized based on the mass
balance of the process and on known heuristics. The output
and input compositions of the main streams are shown in
Table 3. The price of each piece of equipment or group of

Table 3. Input and Output Per Batch to Produce 1 kton/
year

equipment based on the mass balance for a 1 kton/year
production facility is shown in Table S5. However, the fixed
capital investment (FCI) represents not only the capital
needed for the installed process equipment but also all the
process auxiliaries (e.g., foundations, buildings, structures,
piping). Two methods were used to estimate the total FCI:
cost factors estimate method and Lang’s method, which are
further detailed in Table SS. In the cost factor estimation
method, typical percentages of the base equipment cost are
used to estimate the several portions of the direct and indirect
costs (i.e., the FCI), while in the Lang’s method a factor over
the base equipment investment is used to estimate the FCI
considering a process with fluids and solids.”” The higher FCI
estimated was obtained with the cost factor method; this value
was thus chosen for the production cost estimation. In the
nitrate route case, the FCI was much higher than the one
obtained for MIL-100(Fe)-S (20 M$ against S M$; Figure 6,
top). This is a result of the higher volume that is needed in the
equipment to achieve the same production capacity, as a
consequence of the lower concentration and longer synthesis
time. Hence, for the production of the same base amount (1

MIL-100-S-5L
Input Output kton a year), the lower STY implies higher size of the most
10 b synthesis relevant pieces of equipment (reactor and filter) (Table SS).
This production scale was considered to keep within the scales
Water (kg) 16112 MOF (kg) 1244 L. . . . . 1822 1, .
BTC (k) 73 Water (k) 126 of similar studles.premouslylreported in the literature. IF is
FeSO, 7H,0 1574 of note that the size of the pieces of equipment to handle solids
NaOH (kg) 453 B _ is not significantly higher, as can be seen by the calculated
Energy (M]/kg) " _ _ value of the dryer that only increased from 58 to 77 k$ (Table
MIL-100-N-5L SS). This is due to the quantity of solid material being handled
Input o that is similar in both cases, since it is defined by the
production scale considered (i.e., 1 kton).
62 h synthesis Therefore, the difference between the two FCls is mostly
Water (kg) 347015 MOF: (kg) 7711 highly influenced by the reactor’s dimension (for MIL-100-N,
BTC (kg) 5134 Water (kg) 779 448 m® and 1427 k$; for MIL-100-S, 22 m® and 248 k$), the
Fe(NO,);9H,0 14807 optimization of this step is therefore crucial to obtain an as low
Energy (M]/kg) 330 - - as possible FCI value, as can be seen in Figure 6 (bottom). It is
important to note that the total cost of the equipment, here
comprising the reactor, is used to estimate the other portions
25
20 Fixed Capital Investment
o g M)
2 Raw materials (S/kg)
> 10
e Utilities (MS/year)
0
Route 1 MIL-100-S Route 2 MIL-100-N
5000
o 4000
i‘j 3000 MIL-100(Fe)-S
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Figure 6. Impact of the main portions of the production cost for two different synthetic routes, MIL-100(Fe)-S and MIL-100(Fe)-N, and different
components that influence the estimated value (the utilities considered are the electric power, the steam, and the cooling water, as depicted in
Figure S11) (top). Fixed capital investment portions of the sulfate-based synthesis, compared with nitrate-based synthesis (bottom).
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Figure 7. Sensitivity analysis of the impact of FCI and raw materials, considering more or less 50% than the base scenario, on the production cost
estimated for the MIL-100-S (left) and production cost of the MIL-100-S compared with different price values for the ligand H;BTC (right).

of the FCI, ie, assembly of base equipment, construction
expenses, contractor’s fee, electric installations, contingency,
and thermal isolation, by using typical chemical engineering
correlations.”” The fixed capital investment (Figure 6, bottom)
then influenced several values of the cost, i.e., maintenance and
repairs, plant overhead costs, operating supplies, insurance, and
taxes. Other values, such as the raw materials, utilities,
operating labor and supervision, rent, and depreciation, were
determined based on values of the market and respective
energy and mass balance.

Since the higher STY leads to lower equipment cost due to
lower volume, in the sulfate-based synthesis case, the
production cost is also expected to decrease. Therefore, a
lower production cost of only 30 $/kg for 1 kton/year is
determined for the sulfate-based synthesis when compared
with the nitrate-based route, i.e., 58 $/kg. These values already
include the capital costs for total investment (not only the
FCI) and a project time-span of 10 years.'® This is the first
time that such a detailed comparison of production costs is
reported in the literature for alternative synthesis routes that
clearly indicates the critical influence of the choice of the
protocols, including the starting raw materials for MOF
production. Nonetheless, the nitrate-based synthesis remains
the only one where high-quality nanometric rather mono-
disperse size particles can be obtained, which is crucial in high-
end applications where the increase in cost could be justified,
for instance, for biomedical or sensing applications. The
production cost values obtained are also comparable to those
obtained for MIL-160(Al) related to a similar process type. A
low value of production cost results, therefore, from the
combination of low FCI with lower operational cost, such as
low raw material cost and low energy demand.

Nevertheless, it is clear that the FCI has a much lower
impact contributing to the plant overhead costs maintenance
and others. FCI influences, thus, less than 20% of the final
value of the production cost, and even if it varies greatly, the
impact on the production cost is not affected to the same
extent. As we can see in Figure 7 (left), if FCI increases by
50%, the production cost increase by only 30%. Therefore, the
most crucial element contributing to this low final value was
the low cost considered for the raw materials (or linked
elements as the yield). An increase in the raw materials cost of
50% leads to an increase in the production costs of 40%
(Figure 7, left).

If the price of the linker decreases to $10/kg (the same price
considered for FDCA in the production cost estimation of
MIL-160(Al)), the price of MIL-100(Fe) will dramatically
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decrease down to $19/kg (Figure 7, right), and the trend
continues with the further decrease of the linker price.

Our analysis indicates that the production cost value can be
lower than 30 $/kg with the room-temperature atmospheric
pressure method described in this work. This supports the use
of MIL-100(Fe) for a large diversity of applications, with a
value of the production cost being even similar to the first
MOF considered recently for tonnage production, CALF-20."
In this work, it is seen by comparing the different portions that
a process optimization during industrial scale-up can be
targeted with a goal of an even lower production cost value.
Additionally, the value of the production cost obtained and the
impact of this value on the variations in FCI or raw materials,
i.e,, sensitive analysis, are also in line with the conclusions from
MIL-160(Al) that was obtained with a similar batch synthesis
method.>”

4. CONCLUSION

The prototypical MIL-100(Fe) possesses an exceptional
combination of features, i.e., high porosity, acid/redox open
metal sites, green synthesis, chemical stability, and low toxicity,
that caught the attention of researchers and industry. These
conditions associated with higher STY of 10 kg:m™-day’,
obtained after optimization of the synthesis protocol for iron
nitrate as the metal source, led to a production cost of 58 $/kg
while achieving a high-quality compound with rather
monodisperse particle size distribution. Another optimized
synthesis protocol using less corrosive iron(1I) sulfate was also
considered, and a higher STY, of almost 120 kg-m™>-day ™', was
obtained. In this case, we predict that despite the common
misconception that MOFs are rather expensive materials, MIL-
100(Fe) appears to be a prominent MOF candidate to be
produced at industrial scale with a production cost of less than
30 $/kg, as a result of the newly optimized ambient pressure
green synthesis. The optimization of the synthesis protocols in
this work considered all the main constraints in the industrial
production, from green conditions, lack of corrosive raw
materials, an easy washing method, and the use of highly
concentrated solutions in order to have smaller equipment and
consequently lower FCIL In addition, our new protocol does
not require any increase in pressure or temperature, requiring
less energy and simple pieces of industrial equipment.
Nevertheless, the process design here followed a simplistic
approach. Several considerations should be analyzed more
deeply in the future, such as the recirculation of unreacted raw
materials, which could potentially improve the production cost,
or the mandatory effluent treatments which can be more
crucial in the case of the nitrate-based synthesis. In summary,
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this study not only showed the potential of MIL-100(Fe) for
industrial production but also allowed insight into the most
important parameters for its economic viability. Finally, life-
cycle assessment (LCA) studies have a strong importance, in
complement to techno-economic analyses (TEA), to truly
assess the environmental impact of materials over all stages of
their life cycles.”> The effect on handling, transport, disposal,
recycle, and reuse need to be fully investigated to estimate their
industrial potential. These studies in the field of MOFs are still
very scarce,””**** and due to the growing industrial interest in
MOF materials, there is a need for more systematic LCA/TEA
studies when dealing with MOF commercialization studies.
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