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Abstract: The conventional synthesis of the Metal-Organic Framework (MOF) MIL-101(Cr)-SO3;H
employs hydrofluoric acid as the modulator, posing handling challenges due to its irritating, corrosive,
and toxic nature, as well as its reactivity with glass and metals. This study aims to find a new
hydrofluoric acid-free synthesis route for MIL-101(Cr)-SO3H, proposing acetic acid and nitric acid as
modulator alternatives. Four MIL-101(Cr)-SOsH samples were prepared: one without any modulator
and the other three using a similar volume of either hydrofluoric acid, acetic acid, or nitric acid as the
modulator. The so-obtained mass yield ranked as follows: without any modulator (32.6%) > acetic
acid (29.6%) > nitric acid (25.2%) >> hydrofluoric acid (2.2%), whereas the total pore volume and
BET surface area followed the order: hydrofluoric acid (0.87 cm3 g~1, 1862 m? g~!) > nitric acid
(0.81 cm3 g1, 1554 m? g~1) > acetic acid (0.72 cm3 g~1, 1374 m? g~!) > without any modulator
(0.69 cm? g~1, 1342 m? g~ 1). Despite the superior texture parameters obtained using hydrofluoric
acid, the low synthesis yield and associated risks make this route non-viable. Acetic or nitric acid-
based synthesis offers a promising alternative with a drastically higher yield, safer handling, and
reduced environmental impact. In an attempt to improve the textural properties of the hydrofluoric
acid-free MOFs, a series of samples were produced with increasing amounts of acetic acid, achieving
BET surface areas of up to 1504 m? g~! and pore volumes of up to 0.81 cm® g~1.
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1. Introduction

Metal-Organic Frameworks (MOFs) represent an advanced category of microporous
materials characterized by elevated surface area and porosity [1]. They were classified by
the International Union of Pure and Applied Chemistry (IUPAC) as a subgroup within
coordination polymers (CPs) characterized by the presence of “potential voids” [2]. These
frameworks are created through the covalent or ionocovalent bonding of metal ions or
clusters with polyfunctional organic molecules, forming infinite two- or three-dimensional
networks [3,4]. MOFs have become a thriving area in materials science and engineering,
largely due to the adaptability of their structures, which can be precisely tailored through
careful control of the assembly process [2]. The strategic pairing of metal atom centers with
diverse organic ligands results in a material with a customizable pore size and a range of
distinctive physicochemical properties [5].

The crystallization, structure, and morphology of MOFs are influenced not solely
by the building blocks” characteristics but also by various synthetic conditions. These
conditions encompass factors such as the type of solvent, pH level in the reaction mixture,
temperature, concentration of the reagents, molar ratio of the starting materials, existence
of counter ions, and pressure. These factors exert a significant influence on the structural
chemistry of ligands and the assembly process, resulting in the generation of products
exhibiting a variety of structures [6]. These unique attributes make MOFs suitable for a
broad spectrum of potential applications across various sectors, including but not limited
to adsorption [7-10], catalysis [11-14], and heat transformation [15,16].
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The materials developed by the Lavoisier Institute (MIL) represent an extensively
explored category in the field of MOFs. Specifically, MOFs built on M(III) terephthalates
(where M = Cr, Al, Mn, among others), along with terephthalate derivatives, constitute an
important subclass of MOFs. These materials hold a prominent position among acknowl-
edged MOF types, especially in terms of their potential applications. Among these, the
MIL-101 series MOFs share a common zeolite topology but differ in surface morphology,
density, and pore size [5]. MIL-101(Cr) is noteworthy as a representative material within the
MIL series and stands as one of the most thoroughly researched MOFs to date. Its stability
across a range of pH conditions, along with a high surface area and a dense concentration
of open metal sites, contributes to its prominence in ongoing research efforts [17,18]. In this
sense, hydrothermal synthesis is broadly used to synthesize this MOF due to its numerous
advantages, including mild operational conditions (with reaction temperatures typically
below 300 °C), one-pot synthesis procedure, environmental friendliness, and effective
dispersion in solution [19,20]. Furthermore, the hydrothermal method offers significant
control over grain size, crystalline phase, particle morphology, and surface chemistry by
adjusting parameters such as solution composition, reaction temperature, pressure, solvent
properties, additives, and aging duration [21]. In particular, MIL-101(Cr)-SOsH exhibits
notable thermal and chemical stability across diverse environmental conditions, encom-
passing exposure to air, aqueous solutions, and variations in acidity levels. The inherent
robustness of the material, coupled with the strong Bronsted acid characteristics associated
with the -SO3H group, establishes it as a highly promising candidate for subsequent modi-
fications in scientific applications [22]. The inclusion of negatively charged -SO3H groups
presents additional adsorption sites.

A modulator is frequently added during the synthesis of MOFs to improve their
adsorption capacity by (i) increasing both their specific surface area and pore volume, gen-
erating more sorption sites due to missing linkers; (ii) influencing the nucleation behaviors;
and (iii) controlling the particle size of MOFs [23].

The standard procedure to synthesize MIL-101(Cr)-SO3H comprises the reaction
of Monosodium 2-Sulfoterephthalate with nonahydrated chromium nitrate, employing
hydrofluoric acid as the modulator and water as the solvent [22,24]. However, despite
the fact that hydrofluoric acid is commonly employed as a mineralizing agent to enhance
the synthesis efficiency and crystal size of MOFs, its utilization is discouraged due to
its classification as a hazardous chemical with high corrosiveness and tissue-penetrating
properties, posing severe health risks including life-threatening poisoning. Consequently,
extreme caution must be exercised when handling hydrofluoric acid, necessitating the use of
protective gear and safety measures exceeding those required for other mineral acids [2,25].
Alternative synthesis methods make use of hydrochloric acid as the modulating agent but
require either extended reaction times [26] and/or raising the reaction temperature [27],
which results in elevated energy consumption and higher production costs. Therefore, the
aim of this study is to find a new synthesis route for MIL-101(Cr)-SO3H, free of hydrofluoric
acid. In this context, two alternative modulators, namely acetic acid and nitric acid, were
explored due to their lower toxicity and reduced corrosive properties.

2. Materials and Methods
2.1. Chemicals and Reagents

Chromium (II) nitrate nonahydrate was supplied by Thermo Scientific (>99.99%
metals basis). Monosodium 2-Sulfoterephthalate was purchased from TCI Europe (>98%
by HPLC, titration analysis). Hydrofluoric acid (40%) and anhydrous methanol (<0.003%
H,O) were obtained from Supelco. Acetic Acid (glacial) was purchased from EMSURE.
Nitric acid (65%) was supplied by ].T. Baker. N,N-Dimethylformamide (DMF, <0.015%
H,0) and acetone (>99.8%) were obtained from VWR Chemicals. Hydrochloric acid
(37%) was purchased from Panreac. All reagents were used as received, without further
treatment. Ultra-high-purity (99.999%) He and N, were used to characterize the samples
by gas physisorption.
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2.2. Synthesis of MIL-101(Cr)-SO3H

Samples were synthesized according to previously reported hydrothermal synthesis
with some modifications [22]. Briefly, 2.0 g (5 mmol) of chromium (III) nitrate nonahydrate,
2.7 g (10 mmol) of Monosodium 2-Sulfoterephthalate and 0.3 mL of modulator were added
to 30 mL of deionized water. This mixture was sonicated to dissolve the solids and then
transferred to a Teflon-lined stainless steel reactor (Parr, model 4744) and heated at 190 °C
for 24 h. The resulting green powder was then isolated by centrifugation and subsequently
washed with deionized water and methanol, in the case of the sample prepared using
hydrofluoric acid, or with hot deionized water, DMF and acetone, in the remaining cases,
to obtain MIL-101(Cr)-SO3Na. The latter solid was post-synthetically acidified in 60 mL of
dilute hydrochloric acid 0.08 M, prepared with 150 mL of methanol, 150 mL of deionized
water and 2 mL of concentrated hydrochloric acid, at 80 °C overnight, to obtain MIL-
101(Cr)-SO3H. The acidified framework was washed with hot deionized water and acetone
to finally be heated under vacuum at 120 °C for 12 h.

2.3. Characterization of MIL-101(Cr)-SO3H Samples

The chemical composition of the synthesized MOFs was examined by the elemental
analysis of the dried MOFs at 105 °C for 1-2 h in a CHNS-932 analyzer and a VTF-900
analyzer from LECO.

Surface chemistry was evaluated by Fourier-transform infrared (FT-IR) spectroscopy.
The FT-IR spectra of the MOFs were recorded by a Nicolet 8700 spectrometer in the region
of 4000-400 cm ! using a Smart Orbit diamond attenuated total reflectance (ATR) accessory.
OMNIC Software (version 8.3) from Thermo Scientific was employed for the analysis of the
obtained spectra.

The morphology of the samples was investigated through scanning electron mi-
croscopy (SEM). SEM images were obtained using a Quanta 650 FEG instrument, from
FEI company, equipped with an S/TEM detector. Optimal conditions for non-conductive
samples were used: low-vacuum and a secondary electron large-field detector (LFD). Ad-
ditionally, the surface of the MOFs was coated with an ultra-thin film of Ir to prevent the
charging of the MOFs during the SEM measurements.

The crystallinity of the samples was investigated through powder X-ray diffraction
(PXRD) analysis. PXRD spectra were collected on a D5000 diffractometer from Siemens,
operating at 40 kV and 20 mA, using Cu-Ko radiation.

Thermogravimetric analyses (TGAs) were performed to analyze the thermostability of
the samples. TG curves were acquired subjecting ca. 10 mg of sample to a heating rate of
10 °C min~! under a nitrogen flow rate of 50 cm® min~—! in a TGA 92 thermogravimetric
analyzer from SETARAM.

The porous texture of the samples was analyzed by gas physisorption. The N, adsorp-
tion and desorption isotherms at —196 °C were measured using a automated manometric
adsorption analyzer, Micro 100, from 3P Instruments. The pore size distribution (PSD)
and the total pore volume were estimated using the non-local density functional theory
(NLDFT) method, making use of the SAIEUS Program (version 3.0) and the Zeolite(H-
Form)-N2-77, NLDFT, Cylindrical model, optimally minimizing the second derivative
(“roughness”) of the calculated distribution via the L-curve method, which provided the
best fit to the experimental data. The apparent surface area was calculated using the
Brunauer-Emmett—Teller (BET) method following the IUPAC recommendations [28] and
the observations of Rouquerol and co-workers [29].

3. Results and Discussion
3.1. The Effect of the Type of Modulator Used in the Synthesis of MIL-101(Cr)-SO3H

Table 1 shows the elemental analysis obtained for the MIL-101(Cr)-SOsH MOFs
synthesized in this work without any modulator and using either hydrofluoric acid,
acetic acid, or nitric acid as the modulator. The chemical formula of MIL-101(Cr)-SO3H
is {Cr3(H20)30[(02C)-CH3(SO3H)—(CO2) 1 [(02C)-CeH3(SO3)~(CO2) 1} nH, O [26], from
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which the calculated elemental composition results: 16.3 wt.% Cr, 30.1 wt.% C, 1.8 wt.% H,
41.8 wt.% O, and 10.0 wt.% S. As can be seen in Table 1, the carbon content of all the sam-
ples is close to the stoichiometric value, with the MOF synthesized using acetic acid as the
modulator being the closest (only 1% deviation; 0.2 percentage points). The oxygen content
of the four samples also matches the expected value, and again, the MOF synthesized
making use of acetic acid is the closest, with just a 3% deviation (1.4 percentage points). On
the other hand, the highest deviation from the stoichiometric content of carbon and oxygen
was obtained for the MOF synthesized using hydrofluoric acid as the modulator (13 and
12%, respectively; 4 and 5 percentage points). The hydrogen content found for the four
MOFs nearly doubles the stoichiometric amount, with the largest deviation observed for
the MOF synthesized using hydrofluoric acid as the modulator (2.2 percentage points). The
sulfur content observed in Table 1 is 18-31% lower than the expected value, with the MOF
synthesized using hydrofluoric acid again showing the highest deviation (3.1 percentage
points). As shown in Table 1, minor amounts of nitrogen were also detected in every sample.
Note that the sample with the highest nitrogen content, 4.4 wt.%, is precisely the one syn-
thesized with hydrofluoric acid, the only sample that was not washed with DMF; therefore,
the nitrogen content must come from the chromium nitrate salt used in all the syntheses.
According to the elemental analysis results, the washing procedure involving hot water,
DME, and acetone proved better at removing unreacted products from the synthesized
MOFs than just cold water and methanol. Overall, the elemental composition of the four
samples is in good agreement with the stoichiometric composition of MIL-101(Cr)-SOsH
and with experimental data previously reported for MIL-101(Cr)-SOsH [30]. The average
deviation of the elemental analysis shown in Table 1 from the stoichiometric composition
follows the order: hydrofluoric acid (23%) > acetic acid (18%) > without any modulator
(16%) > nitric acid (15%).

Table 1. Elemental analysis and yield obtained of the MIL-101(Cr)-SO3H samples synthesized without
any modulator and using either hydrofluoric acid, acetic acid, or nitric acid as the modulator.

Elemental Analysis

Modulator (%, Mass, Dry Basis) Yield
(%, Mass)
C H N o S
- 28.7 3.3 0.8 44.0 8.0 32.6
Nitric acid 26.8 3.3 1.1 43.6 8.3 25.2
Acetic acid 30.3 35 21 43.2 79 29.6
Hydrofluoric acid 34.1 4.0 4.4 36.7 7.0 22

Table 1 also displays the yield of the MIL-101(Cr)-SO3H syntheses, calculated based
on the ligand. As observed, the highest yield was achieved in the absence of the modulator,
followed by the synthesis employing acetic acid as the modulator, and then by that with
nitric acid. It is noteworthy that the synthesis conducted using hydrofluoric acid as the
modulator yielded a drastically lower yield.

Figure 1 shows the FTIR-ATR spectra of the MIL-101(Cr)-SO3H samples synthesized
without a modulator and using either hydrofluoric acid, acetic acid, or nitric acid as the
modulator. The FTIR-ATR spectra of the four samples are in good agreement with the IR
bands reported in the existing literature for MIL-101(Cr)-SOsH [24,31]. Figure 1b shows the
expected peaks at 1490 and 1404 cm !, which correspond to the symmetric and asymmetric
coupling peaks of the carboxyl group (-O-C-0O), respectively [27]. The bands shown in
Figure 1b at 1228 and 1175 cm ™! are attributed to the asymmetric and symmetric stretching
vibrations of the O=S=0 group, respectively [11,32,33], while the peak at 1078 cm~! is
assigned to the in-plane skeletal vibration of the SO3 group substituted on the aromatic
rings of the terephthalate organic linker [34], and the band at 1023 cm ™! is assigned to the
S-O stretching vibration [35,36]. The peaks at 769 and 669 cm ! are ascribed to the C-S
stretching vibration [37]. Other peaks corresponding to the sulfonic acid groups are also
observed within the spectral region of 600 to 1400 cm ™! [37,38]. The peaks at 543, 598 and
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619 cm ! can be attributed to the Cr-O stretching vibration [39,40]. No vibration at around
the 1670 cm ! wave number can be seen in Figure 1, indicating the absence of any residual
ligand within the porous structure of the MOFs. The band at 1633 cm ! is related to the
presence of adsorbed water within the MOF structure [41]. Figure 1a shows a shoulder at
3170 cm~! that is assigned to the -OH present in -SO3H [42] within the broad band in the
3400 cm~! region, characteristic of the -OH groups. It is noteworthy to highlight that the
spectra of the four samples show the above-mentioned IR bands at similar wave numbers
(the locations of the peak maxima differ by less than 4 cm™1).
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Figure 1. FTIR-ATR spectra of the MIL-101(Cr)-SO3H samples synthesized without any modulator
and using either hydrofluoric acid, acetic acid, or nitric acid as the modulator: (a) full spectra;
(b) detail of the spectra in the 400~1800 cm ! range.

Figure 2 shows the SEM micrographs of the MIL-101(Cr)-SOsH samples synthesized
without any modulator and using either hydrofluoric acid, acetic acid, or nitric acid as the
modulator at 10,000 augmentations. Figure 2a shows the corresponding micrograph of the
sample synthesized in the absence of a modulator: this presents the most heterogeneous
morphology, exhibiting a mixture of spherical, planar and angulated particles of varying
sizes. Shi and co-workers [33] reported that the diversity in crystal sizes could be ascribed
to the drawbacks of the hydrothermal synthesis process. Figure 2b shows the micrograph
of the sample synthesized using nitric acid as the modulator: despite the presence of some
agglomerates in the background, the topology and particle size observed are much more
uniform compared to Figure 2a. Figure 2c shows the micrograph of the sample synthesized
using acetic acid as the modulator: the topology observed is more homogeneous and the
particle size smaller than that of figures b and c. Figure 2d corresponds to the micrograph
of the sample synthesized using hydrofluoric acid as the modulator: this exhibits the most
homogeneous morphology of the series. The largest crystal size observed in Figure 2d
entails the visualization of octahedra at only 10,000 augmentations. Octahedral crystals
were visualized at higher augmentations within the SEM exploration of all samples, al-
though the capture of high-resolution images of such octahedra was not possible due to the
disintegration, distortion, movement and/or shrinkage of the same, which occurs as conse-
quence of its non-conductive nature. The octahedral morphology of MIL-101(Cr)-SOsH is
consistent with the existing literature [33,43,44]. It is important to highlight the absence
of needle-shaped crystals in the images, depicting the complete elimination of the ligand
through the post-synthesis purification procedure [41,45].

Figure 3 represents the PXRD patterns of the MIL-101(Cr)-SOsH samples synthesized
without any modulator and using either hydrofluoric acid, acetic acid or nitric acid as the
modulator. All the patterns are in good accordance with previous studies on MIL-101(Cr)-
SOzH [36,46—48] with slight differences in the position and relative intensities of the peaks
among the patterns, thus confirming the successful synthesis and structural integrity of
the four MOFs synthesized in this work. The PXRD patterns of all samples show the main
characteristic diffraction peaks of MIL-101(Cr)-SOsH at 2.9, 3.4, 4.1, 5.3 and 9.2°, attributed
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to the reflection planes of (220), (311), (400), (511) and (911), respectively [49]. The four
samples also exhibit the characteristic diffraction peaks of MIL-101(Cr) at 5-9.5° [36,50]. The
negligible peaks in the region 26 = 16-20° affirm the successful removal of unreacted ligand
crystals from the sample’s framework [45]. The PXRD pattern of the sample synthesized
with hydrofluoric acid possesses the narrowest peaks of the series, which is consistent with
the larger crystal size observed in Figure 2d. The elevated background noise observed might
be attributed to the irregular arrangement of -SO3~ groups and the substantial Compton-
modified scattering originating from organic bridges within MIL-101(Cr)-SOsH [27]. These
bridges consist of numerous lightweight atoms such as carbon, oxygen, and hydrogen [49].

-
3
5 DR TY Ane
By J
AR
s
; -~

1

A
2¥
oo o e
HV det | mag O WD |spot | pressur
20.00 kV/LFD 10000 x[11.0 mm| 3.0 | 50 Pa

HV |det |mag O] WD |spot|pressure| - HV | det| mag O] WD |spot|pressure 10 pm
20.00 KV/|LFD |10 000 x|11.0 mm| 3.0 | 50 Pa acid 20.00 kV/LFD |10 000 x|11.4 mm| 3.0 | 50 Pa drofluoric acid

(c) (d)

Figure 2. SEM images of MIL-101(Cr)-SO3H samples synthesized without any modulator (a) and
using either nitric acid (b), acetic acid (c), or hydrofluoric acid (d) as the modulator.

Figure 4 shows the TG curves and the weight loss of the MIL-101(Cr)-SO3H samples
synthesized without any modulator and using either hydrofluoric acid, acetic acid, or nitric
acid as the modulator. Three main stages of mass loss can be distinguished, which are
quantified in Table 2. The first stage of mass loss, with maxima between 77 and 103 °C,
corresponds to the desolvation of the framework: the evaporation of solvent molecules
within the pores and removal of water molecules. As can be seen in Table 2, the mass loss
observed at this stage was significantly greater for the sample prepared using hydrofluoric
acid as the modulator, which presented a mass loss of 27 wt.% below 200 °C. This might be
attributed to the fact that this sample was washed making use of a less efficient washing
procedure. The second stage of mass loss, which occurs in the temperature range between
200 and 400 °C, has a closer magnitude for all samples (11-16%). This is attributed to the
thermal decomposition of the sulfonic acid moiety [51]. The third stage of mass loss, which
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occurs above 400 °C, corresponds to the departure of the remaining OH™ ions, detachment
of the organic linker, followed by the decomposition of the entire framework. This presents
its maxima at ca. 540 °C. In this stage, the sample synthesized making use of acetic acid as
the modulator exhibited the highest mass loss, 52 wt.%, whereas the sample synthesized
with hydrofluoric acid presented the lowest mass loss, 30 wt.%. Overall, these results
closely align with previous reports for MIL-101(Cr)-SOsH [23,37,52].
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20

Figure 3. PXRD patterns of the MIL-101(Cr)-SO3H samples synthesized without any modulator and
using either hydrofluoric acid, acetic acid or nitric acid as the modulator.
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Figure 4. Thermogravimetric analysis of the MIL-101(Cr)-SO3H samples synthesized without any
modulator and using either hydrofluoric acid, acetic acid, or nitric acid as the modulator, using a
heating rate of 10 °C min~! under N, flow: (a) mass evolution against temperature; (b) rate of mass

loss observed versus temperature.

Table 2. Mass loss experienced by the MIL-101(Cr)-SO3H samples during heating at 10 °C min~!
under N, flow.

Temperature Mass Loss (%)
Range (°C) Without Modulator Nitric Acid Acetic Acid  Hydrofluoric Acid
25-200 10 12 12 27
200-400 11 11 12 16
400-800 39 39 52 30

Figure 5 shows the N, adsorption isotherms at —196 °C of the MIL-101(Cr)-SOsH
samples synthesized without any modulator and using either hydrofluoric acid, acetic
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acid, or nitric acid as the modulator. The filled symbols correspond to the adsorption data
and the empty symbols to the desorption data. The adsorption isotherms show a type
IVDb topology, according to the updated classification proposed by the IUPAC [28] with
completely reversible adsorption and desorption, characteristic of materials with narrow
mesopores or cylindrical tapered end mesopores. All the isotherms shown in Figure 5 show
five distinct zones: (i) a nearly vertical N, uptake is observed in the lowest-relative-pressure
region corresponding to the filling of the narrowest micropores; (ii) then a somewhat less
steep increase in the amount of N adsorbed up to relative pressures of ca. 0.1; (iii) followed
by a stage with an even softer slope; (iv) then a second steep zone ending at a relative
pressure in the 0.2-0.3 range, with the actual ending point depending on the sample: 0.23 for
the sample synthesized without any modulator, 0.30 for the sample synthesized using nitric
acid as the modulator, 0.25 for the sample synthesized using acetic acid as the modulator,
and 0.20 for the sample synthesized using hydrofluoric acid as the modulator; (v) the final
stage consists of a gradual but moderate uptake that nearly resembles a plateau compared
to the previous stages, which ends with a somewhat steeper slope at relative pressures close
to unity. The overall isotherm topology resembles two consecutive steps that correspond to
the filling of the micropores and the mesopores, respectively, which is consistent with the
literature on MIL-101(Cr)-SO3H [12,22,34,46].
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Figure 5. N, adsorption isotherms at —196 °C of the MIL-101(Cr)-SO3H samples synthesized without
any modulator and using either hydrofluoric acid, acetic acid, or nitric acid as the modulator. Full
symbols represent adsorption data and empty symbols desorption data.

Table 3 presents the BET surface area, Sggr, and the total pore volume of the MIL-
101(Cr)-SO3H samples synthesized without any modulator and using either hydrofluoric
acid, acetic acid, or nitric acid as modulators, together with previously reported values for
MIL-101(Cr)-SO3H, for comparison purposes.

The BET surface area of the MIL-101(Cr)-SOsH MOFs synthesized in this work follows
the order: hydrofluoric acid > nitric acid > acetic acid > without a modulator.

Table 3 shows that the BET surface area previously reported for the MIL-101(Cr)-
SO3H, synthesized making use of hydrofluoric acid as the modulator, ranges from 1066 to
2362 m? g~ ! even under identical synthetic conditions (standard deviation: 439 m? g~1).
The BET surface area of the MOF synthesized in this work making use of hydrofluoric
acid, 1862 m? g~1, is above the average of those previously reported in the literature and
summarized in Table 2: 1748 m? g~ 1.
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Table 3. BET surface area and total pore volume of the MIL-101(Cr)-SO3H samples synthesized in
this work without any modulator and using either hydrofluoric acid, acetic acid, or nitric acid as the
modulator, and of other MIL-101(Cr)-SO3H samples reported in the literature.

Total Pore Volume

Modulator Sper (m? g~ 1) (em3 g-1) Reference

- 1342 0.69 This work

Nitric acid 1554 0.81 This work

Acetic acid 1374 0.72 This work

Hydrofluoric acid 1862 0.87 This work
Hydrofluoric acid 1800 - [24]
Hydrofluoric acid 1501 - [35]
Hydrofluoric acid 1066 - [36]
Hydrofluoric acid 2362 1.33 [44]
Hydrofluoric acid 1754 - [47]
Hydrofluoric acid 1550 1.3 [48]
Hydrofluoric acid 2206 1.27 [51]
Hydrochloric acid 1937 - [11]
Hydrochloric acid 1200 - [24]
Hydrochloric acid 1915 - [26]
Hydrochloric acid 334 - [27]
Hydrochloric acid 1706 1.01 [33]
Hydrochloric acid 1603 - [34]
Hydrochloric acid 1362 - [35]
Hydrochloric acid 1497 - [37]
Hydrochloric acid 1599 - [46]
Hydrochloric acid 1937 - [50]
Sodium acetate 1115 - [12]
Sodium acetate 1376 - [35]

The average value of the BET surface areas previously reported for the MIL-101(Cr)-SOsH
samples synthesized making use of sodium acetate as the modulator, 1246 + 185 m? g1, is
below those obtained in this work. On the other hand, looking at the average value of the BET
surface areas previously reported for the MIL-101(Cr)-SO3H samples synthesized making
use of hydrochloric acid as the modulator, 1494 + 508 m? g~!, one might conclude that
hydrochloric acid is a better modulator than nitric and acetic acid. However, it is important
to highlight that comparisons are not straightforward, as other synthetic conditions also
change. For example, all the synthetic routes that involve the use of hydrochloric acid as the
modulator summarized in Table 3 make use of longer reaction times than that used in this
work (24 h): Lee and Pien heated the reaction mixture for 5 days at the higher temperature of
240 °C [27]; Wang et al. [50] and Xie et al. [11] heated the reaction mixture at 180 °C for 3 days.
Several authors heated the reaction mixture at 180 °C for 6 days [26,33-35,46], Devarajan and
Suresh [37], and Juan-Alcafiiz et al. [24], heated the reaction mixture at 180 °C for 7 days.
Saikia and Saikia used a post-synthetic modification method to sulfonate the MIL-101(Cr)
framework using chlorosulfonic acid in dichloromethane [51].

The BET surface area shown in Table 3 for the MIL-101(Cr)-SO3H samples synthesized
in this work using acetic acid as the modulator is similar to the value reported by Ma
et al. using sodium acetate [35], under otherwise comparable synthetic conditions, and
slightly above that of hydrochloric acid [24,35]. This is higher than the value reported by
Li et al. using hydrofluoric acid [36], the value reported by Lee and Pien [27], as well as
Juan-Alcaniz et al. [24], using hydrochloric acid, and the value reported by Ramsperger
et al. [12] making use of sodium acetate as the modulator.

The total pore volume of the MIL-101(Cr)-SO3H MOFs synthesized in this work
follows the order: hydrofluoric acid > nitric acid > acetic acid > without any modulator. As
can be seen in Table 3, the values obtained in this research are lower than the ones reported
in the literature [33,44,48,51].
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Figure 6 represents the PSD of the MIL-101(Cr)-SOsH samples synthesized without any
modulator and using either hydrofluoric acid, acetic acid, or nitric acid as the modulator.
Figure 6 shows a bimodal distribution with maxima at 6 A and at 20 A for the sample
synthesized with hydrofluoric acid, 6 A and at 22 A for the sample synthesized with acetic
acid, 7 A and at 22 A for the sample synthesized with nitric acid, and at 6 and 22 A for
the sample synthesized without any modulator. These bimodal PSD can be ascribed to
the pentagonal windows with 5-12 A pore width and the pentagonal-hexagonal windows
with 12-20 A pore width of MIL-101(Cr) [31,45]. Previously published PSDs for MIL-
101(Cr)-SO3H only show the range 10-100 A, with pores with a width of 10-20 A [35] or
10-30 A [46,47].

0.12
—— Without any modulator
0.10 -
- — Nitric acid
f: 0.08 - Acetic acid
b0
o, Hydrofluoric acid
£ 0,06 - ydrofluoric acic
S 0,04 -
~
0.02 4
/
().()() lll‘l]llll]lll LI |
0 B 10 15 20 25 30 35

w (A)

Figure 6. PSD of the MIL-101(Cr)-SO3H samples synthesized without any modulator and using
either hydrofluoric acid, acetic acid or nitric acid as the modulator.

3.2. The Effect of the Dose of Acetic Acid on the Synthesis of MIL-101(Cr)-SO3H

In Section 3.1, the same volume of modulator, 0.3 mL, was used in all cases for
comparison purposes. However, this corresponded to 8 mmol of hydrofluoric acid [22], but
ca. 5 mmol of nitric acid and acetic acid. In an attempt to improve the textural properties of
the hydrofluoric acid-free samples, the effect of the dose of acetic acid added to the reaction
mixture was investigated: four additional syntheses were conducted using 4, 8, 10 and
15 mmol of acetic acid, following the synthetic protocol described in Section 2.2.

Table 4 shows the elemental analysis for the MIL-101(Cr)-SO3H series synthesized
with increasing doses of acetic acid. As observed in the table, the carbon and oxygen
contents match the theoretical values across all samples (average deviations of 1% and 2%,
respectively; 0.2-2 and 0.4-2.3 percentage points). On the other hand, the hydrogen content
of the series nearly doubles the stoichiometric value. The sulfur content is only somewhat
lower than expected (20% on average; 2.1 percentage points). As shown in Table 4, minor
amounts of nitrogen were detected in every sample. As discussed in Section 3.1, this is
attributed to the chromium nitrate salt. In general, the elemental composition of the series
was found to be in good agreement with the stoichiometric composition of MIL-101(Cr)-
SO3H, confirming the successful formation of the framework.

Table 4 also displays the yield of the MIL-101(Cr)-SOsH syntheses, calculated based
on the ligand. As observed, the mass yield decreases when the amount of acetic acid
incorporated in the reaction mixture increases. A similar behavior was found by Zhao et al.
when they synthesized MIL-101(Cr) using acetic acid as the modulator [25].
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Table 4. Elemental analysis and yield obtained of the MIL-101(Cr)-SO3H series synthesized with
increasing doses of acetic acid.

Elemental Analysis

Acetic Acid Dose (% Mass, Dry Basis) Yield
(mmol) (%, Mass)
C H N o S
4 31.0 35 2.3 413 7.5 37.0
5 30.3 3.5 2.1 43.2 7.9 29.6
8 29.7 3.7 21 422 8.1 289
10 28.1 35 1.0 44.1 8.5 27.8
15 29.7 3.4 12 424 8.2 25.9

Figure 7 shows the FTIR-ATR spectra of the MIL-101(Cr)-SOsH samples synthesized
with increasing doses of acetic acid. The FTIR spectra of these five samples are similar,
with the corresponding peak maxima differing by less than 4 cm~!. These spectra are
alike to those described in Section 3.1, confirming the formation of MIL-101(Cr)-SO3;H.
The positions of the peaks in Figure 7 only exhibit slight variations compared to those
of Figure 1. Briefly, the bands corresponding to the symmetric and asymmetric coupling
peaks of the carboxyl group (-O-C-O) are at 1489 and 1404 cm ™!, respectively. The peaks
attributed to the asymmetric and symmetric stretching vibrations of the O=5=0 group
appear at 1225 and 1175 cm !, respectively. The peak corresponding to the in-plane skeletal
vibration of the SO3; group substituted on the aromatic rings of the terephthalate organic
linker appears at 1077 cm !, and the band corresponding to the S-O stretching vibration
is present at 1024 cm~!. The peaks attributed to the C-S stretching vibration appear at
the same wave numbers as reported in Section 3.1, 769 and 669 cm~!. Additionally, peaks
corresponding to sulfonic acid groups are also observed within the spectral range of 600 to
1400 cm ™. The peaks attributed to the Cr—-O stretching vibration are present at 541, 597 and
618 cm~!. Regarding the broad region characteristic of the -OH groups, the shoulder at
3120 cm~! is assigned to the -OH present in -SO3H. The band associated with the presence
of adsorbed water within the MOF structure appears at 1627 cm~!. As mentioned in
Section 3.1, no vibration was detected at ca. 1670 cm~! (seen in Figure 7), suggesting the
absence of any residual ligand within the porous structure of the MOFs.
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Figure 7. FTIR-ATR spectra of the MIL-101(Cr)-SO3H samples synthesized with increasing doses of
acetic acid: (a) full spectra; (b) detail of the spectra in the 400-1800 cm ! range.

Figure 8 shows the PXRD patterns of the MIL-101(Cr)-SO3H samples synthesized with
increasing doses of acetic acid. The patterns of all samples present the expected diffraction
peaks, described in Section 3.1, with minor variations in the position of the peaks. Therefore,
they confirm the successful synthesis and structural integrity of the five samples.
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Figure 8. PXRD patterns of the MIL-101(Cr)-SO3H samples synthesized with increasing doses of
acetic acid.

Figure 9 shows the N, adsorption isotherms at —196 °C of the MIL-101(Cr)-SOsH
samples synthesized with increasing doses of acetic acid. These have a similar topology to
those already shown in Figure 5 (type IVb), resembling two consecutive steps corresponding
to the filling of the micropores and the mesopores, respectively.

=500 -
i aw
50 PPV TLLLY
[3) _ w&w”ééga
g 400 %
= X
& 300 -
5 15 mmol
¢
o 200 A 10 mmol
"‘é z 8 mmol
5 100 3 o 5 mmol

4

b x 4 mmol

0 1
T T T T T T T T T T

0.0 0.1 02 03 04 05 0.6 0.7 0.8 09 1.0
Relative pressure (p/p°)

Figure 9. N, adsorption isotherms at —196 °C of the MIL-101(Cr)-SO3H samples synthesized with
increasing doses of acetic acid.

Table 5 presents the BET surface area and the total pore volume of the MIL-101(Cr)-
SO3H samples synthesized with increasing amounts of acetic acid. In general, the BET
surface area and the total pore volume both exhibit an increase with the dose of the acetic
acid added in the synthesis of MIL-101(Cr)-SO3H, except for the sample synthesized using
a dose of 10 mmol of acetic acid, which shows slightly lower BET surface area and pore
volume compared to the sample synthesized by adding 8 mmol of acetic acid.

The molar ratio of nitric acid to chromium salt used in Section 3.1 was 0.9, and the
molar ratio of nitric acid to ligand was 0.5. Previous investigations on the search for a
hydrofluoric acid-free synthesis method of the parent MOF, MIL-101(Cr), have found that
employing a 1:1:1 ratio of nitric acid to chromium and to ligand yields the highest BET
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surface area, 3450 m? g’l, but that deviating from this ratio, either by excess or deficit,
results in a decrease in surface area [25]. Alivand et al. explored the impact of nitric acid
and its optimal dosage in the formation reaction by varying nitric acid-to-ligand ratios of
0.5,1, and 2. Remarkably, the equimolar sample exhibited the highest BET surface area and
pore volume, reaching 3841 m? g~ ! and 1.72 cm® g1, respectively. These values exceeded
those obtained using hydrofluoric acid as a modulator, which recorded a BET surface area
of 3609 m? g~! and a pore volume of 1.55 cm® g~ [45].

Table 5. BET surface area, micropore volume and total pore volume of the MIL-101(Cr)-SO3H samples
synthesized with increasing doses of acetic acid, and molar ratio of acetic acid added to salt and ligand.

mmol of Acetic SBET Total Pore Volume Molar Ratio of Molar Ratio of
Acid Added (m?* g 1) (cm3 g-1) Acetic Acid to Salt Acetic Acid to Ligand
4 1374 0.71 0.8 0.4
5 1374 0.72 1.05 0.525
8 1427 0.76 1.6 0.8
10 1407 0.73 2 1
15 1504 0.81 3 15

Acetic acid has also been proposed as a modulator for the synthesis of the parent MOF,
MIL-101(Cr). In the work of Zhao et al., the best outcome was achieved for a ratio of acetic
acid to Cr and ligand of 8.3:1:1, yielding a BET surface area of 2750 m? g~!; surpassing
this quantity led to the absence of isolated products [25]. In the present study, the highest
BET surface area was achieved for the highest dose of acetic acid investigated, which
corresponds to a molar ratio of 3 to the chromium salt and 1.5 to the ligand, as can be seen
in Table 5. Rallapalli et al. demonstrated that using a 1:1 ratio of acetic acid to chromium
salt in the synthesis of MIL-101(Cr) yielded a higher BET surface area of 3326 m? g~!
compared to the original hydrofluoric acid-based protocol, which yielded 2887 m? g~! [42].
However, in the present investigation, employing a nearly equimolar ratio of modulator to
ligand, which corresponds to the syntheses utilizing 4 and 5 mmol of acetic acid, as can be
seen in Table 5, yielded the lowest BET surface area and total pore volume of the series.

Figure 10 represents the PSD of the MIL-101(Cr)-SOsH samples synthesized with
varying amounts of acetic acid. A bimodal PSD with maxima at 6 A and 22 A is observed
for all the samples, except for the sample synthesized using 10 mmol of acetic acid, which
presents the second maxima slightly displaced to 23 A. This bimodal PSD is attributed to
the pentagonal windows with 5-12 A pore width and pentagonal-hexagonal windows
with 12-20 A pore width of MIL-101(Cr), as already discussed in Section 3.1.
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Figure 10. PSD of the MIL-101(Cr)-SO3H samples synthesized with increasing doses of acetic acid.
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4. Conclusions

In this research, acetic and nitric acids were evaluated as alternative modulators to
hydrofluoric acid in the synthesis of MIL-101(Cr)-SO3H. The utilization of acetic and nitric
acids as modulators not only proved to be a viable, environmentally friendlier, and safer
alternative to the use of hydrofluoric acid but was also shown to provide significantly
higher yields of MIL-101(Cr)-SO;H.

The synthesis of MIL-101(Cr)-SOsH by making use of acetic acid as the modulator
proved able to provide a superior synthetic yield and purity than those accomplished with
nitric acid and much more superior than those when using hydrofluoric acid.

The BET surface area and the total pore volume of the syntheses accomplished using
the different modulators evaluated followed the order: hydrofluoric acid > nitric acid >
acetic acid > without a modulator.

The dose of acetic acid was investigated, and it was found that increasing the amount
of acetic acid from 4 to 15 mmol led to an increase in the BET surface area, from 1374 to
1504 m? g~1, and of the total pore volume, from 0.71 to 0.81, at the expense of a reduction
in the yield of MIL 101(Cr)-SOsH from 37.0 to 25.9 wt.%.

The yield of MIL 101(Cr)-SO3H obtained using the highest acetic acid molar ratio to
salt and ligand evaluated, 3 and 1.5, respectively, was 12 times higher than that obtained
with hydrofluoric acid, at the expense of a moderate reduction in the BET surface area of
only 19%.
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