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ABSTRACT: This research focuses on developing MIL-53-type compounds with Fe obtained c»i""‘““"“s"""'y‘“ 0

with ligands derived from PET waste, followed by the controlled addition of hydrofluoric acid & o
(HF). Incorporating HF into the MOF structure induced substantial changes in the material Sl ‘ ° BoC
textural properties, resulting in a significant change in CO, adsorption. Furthermore, a distinctive o e o Solvothermal
structural alteration (breathing effect) was observed in the CO, isotherms at different o .{,:~ synthests
temperatures; these structural changes have not been observed by X-ray diffraction (XRD) ::(:‘ ° ;335

because this characterization has been performed at room temperature, whereas the adsorption
experiments were conducted at 260, 273, and 303 K and different pressures. Subsequently, DFT
studies were performed to investigate the CO,-filling mechanisms and elucidate the material
respiration effect. This approach offers promising opportunities for sustainable materials with
improved gas adsorption properties.
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Bl INTRODUCTION with CO,."*7"'® Likewise, functionalized MOFs also impact the
flexible character of the structure and the general shape of the
adsorption isotherms, i.e., the adsorption in flexible MOFs is
characterized by the appearance of steps or jumps in the
isotherms.'”'® Also, going from pure gas to mixtures such as
CO,/CH, or CO,/N,, whether under static or dynamic
conditions, the behavior of flexible materials becomes even
more complex; the main problem is that the pore opening,
selectivity, and composition of the gas phase are dependent on
each other.'”*’

MIL-53 structure materials are among the most studied
flexible MOF materials, and this structure undergoes large and
reversible structural swelling depending on the presence or
absence of host molecules. This effect can also be caused by
temperature or pressure.””>> On the other hand, in situ single-
crystal X-ray diffraction (XRD) studies have revealed
important thermally induced structural changes considering
cooling and heating rates.””

MIL-53 materials have a three-dimensional anisotropic
structure built from infinite inorganic chains cross-linked in

Nowadays, metal—organic frameworks (MOFs) are considered
promising materials for separating and storing gases and
fluids’; mainly, CO, capture using MOFs, either through
dynamic or pressure swing adsorption (PSA) processes.2
Compared to other nanoporous materials, MOFs have distinct
advantages like large pore volumes, high specific surface area,
accessible metal sites, adjustable porosity through functional-
ization, and, in some cases, structural flexibility depending on
the host inside the pores.

MOFs can be synthesized by using metal ions and
multifunctional organic ligands. By varying these building
blocks, materials can be designed with different properties.
Aromatic dicarboxylic acids are widely used as ligands in the
synthesis of MOFs due to their excellent coordination
properties.” ™ These acids can be obtained from different
sources, including waste bottles,"™* for example, polyethylene
terephthalate (PET) bottles, and then the linker molecule,
benzene 1,4-dicarboxylic acid (BDC, terephthalic acid), can be
recovered by hydrolysis.” Using materials from waste has
gained significant importance in today’s economy. This has led
to the emergence of the circular economy, which aims to Received:  December 9, 2023
enhance resource efficiency and reduce waste by prolonging Revised:  March 11, 2024
the useful life of products and resources.'”"’ Acce_}’ted’ March 14, 2024

On the other hand, functionalization effectively improves Published: May 6, 2024
CO, adsorption and selectivity by introducing surface
functional groups, such as amines, that can strongly interact
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two dimensions by the BDC ligand to give diamond-shaped
channels. Nowadays, there are previous studies on CO,
adsorption with MIL-53, where the precise location of the
adsorbate is reported,””** but what is not clear is the filling
system and adsorbate—adsorbate interactions.””***” One
approach that is gaining popularity is to use force fields that
have been developed from quantum chemical calculations to
model interactions of nanoporous materials.”**’ For example,
Fang et al.’’ summarize the work in this area. It shows force
fields with different molecules, HZ,SI’32 COZ,31’33 and CH4,34 in
MOFs using cluster calculations at various levels of theory.
These methods involve calculating single-point energies for
various adsorbate configurations with a representative MOF
pool to obtain force-field parameters. On the other hand, it
shows examples of high-quality quantum chemical methods
that have been used, including coupled cluster (CCSD(T)/
CBS),” second-order Mller-Plesset (MP2),>* among others.
Due to the high computational cost of these methods, their
applicability is limited to smaller groups and a limited number
of adsorbate configurations.”””*

A reasonable balance between the computational cost and
accuracy in many circumstances is provided by density
functional theory (DFT).””** An alternative approach that
avoids using periodic calculations to develop force fields is
DFT calculations; for example, one can perform calculations
with hundreds of randomly generated CO, interaction
configurations and then obtain the interaction energies using
PBE/D2 DEFT. This approach was expanded with work such as
that on Na'-exchanged zeolites using the precise DFT/CC
method.”

Under this motivation, in this work, we present the synthesis
of MIL-53-type materials with Fe and ligands from PET waste.
Studies of CO, adsorption were carried out at different
temperatures and between 0 and S0 bar of pressure.
Subsequently, DFT calculations were performed, and we
used the knowledge acquired in CO, adsorption studies to
interpret the different structural changes and the pore filling of
the CO, host molecules in this archetypal MOF material.

B MATERIALS AND METHODS

Reagents. The reagents used are as follows: ferric chloride
hexahydrate (FeCl;-6H,0) (98%, Cicarelli), N,N-dimethylfor-
mamide (DMF) (99.8%, Anedra), methanol (99.8%, Dorwil),
and hydrofluoric acid (HF) (40%, Cicarelli). All these reagents
were used as received without further purification.

Synthesis of HF-Modified MIL-53-Fe. MIL-53-Fe with
HF (MIL-53—Fe-F) was synthesized according to the
procedure reported by Millange et al. in 2010" and using
the BDC ligand obtained from PET with our procedure
reported in 2022.” The synthesis of MIL-53—Fe-F consists of
dissolving FeCl;-6H,0 (0.2703 g) and BDC (0.1661 g) in 10
mL of DMF and 20 mg of 5 M HF. The mixture was heated at
150 °C for 48 h in a digestion pump (Teflon reactor with an
internal volume of 60 mL). Then, the yellow powder
corresponding to the solid MIL-53—Fe-F containing DMF
(coordinated to the metal ion) (MIL-53—Fe-F(DMF)) was
filtered. To eliminate DMF, solvent exchanges were carried
out, consisting of six washes with methanol, leaving the solid in
contact with methanol for 8 h. Subsequently, to obtain the final
phase MIL-53—Fe-F(H,0) or hydrated MIL-53—Fe-F, the
solid was immersed in deionized water (1 g of MIL-53 in 500
mL of water), finally filtered, and dried under atmospheric
conditions.

Synthesis of MIL-53-Fe HF-Free. MIL-53-Fe HF-Free
was synthesized following the same methodology used in MIL-
53—Fe-F but with a slight modification, which consisted of not
adding HF in the synthesis and then following the same
procedure explained above.

Characterization. Powder XRD (PXRD) analysis was
performed on a Rigaku Ultima IV diffractometer, using Cu Ka
radiation, in a continuous mode, between 2 and 50° in 20, with
a scanning rate of 2° min~' and a step of 0.02°
Thermogravimetric analysis (TGA) was performed in a
simultaneous analyzer, SDT Q600 from TA Instruments
under a helium atmosphere (flow rate = 50 mL min™"); the
samples (ca. S mg) were heated from room temperature to 600
°C, with a heating rate of S °C min~". N, adsorption—
desorption isotherms were obtained at 77 K in an ASAP 2000
sorption analyzer from Micromeritics, and CO, adsorption
isotherms were obtained at 273 K until a pressure of 10 bar in
an ASAP 2050 sorption analyzer from Micromeritics. The
samples were previously outgassed at 523 K in vacuum for 12
h. The apparent specific surface area (Sgpy) was calculated by
the BET equation*' using the N, adsorption data. The total
pore volume (V7p) was calculated using the Gurvich rule at p/
p° = 098 from N, adsorption data.*”** The micropore size
distributions of all materials were evaluated by the modified
Horvath—Kawazoe method for pores with cylindrical geo-
metries,*”** both using CO, adsorption data.

CO, Adsorption—Desorption. CO, adsorption—desorp-
tion isotherms at 260, 273, and 303 K were carried out in a
Micromeritics ASAP 2050 automatic manometric sorptometer
up to a pressure of 10 bar. The CO, adsorption—desorption
isotherm at 303 K was performed in a VTI HPVA-100
manometric sorptometer up to a pressure of S0 bar. Before
measurements, the materials were degassed at 523 K for 12 h
under vacuum.

Isosteric Enthalpy of CO, Adsorption. Isosteric enthalpy
of adsorption A,k (in k] mol™) was obtained from CO,
adsorption isotherm data measured at three different temper-
atures, 260, 273, and 303 K, using the Clausius—Clapeyron
equation (eq 1).

. dlnp
Ay = R
d {o(l/T) L (1)

where p (in kPa) is the equilibrium pressure, T (in K) is the
temperature of adsorption, and R (8.314 kJ mol™" K™') is the
universal gas constant.

To determine the equilibrium pressure (p) for each
adsorbed amount of CO, (n,4), a nonlinear interpolation
was used to determine the data from the experimental
isotherms at different temperatures. The slope of the straight
line of the adsorption isostere (In p versus 1/T) indicates the
A4 1/R value, which is related with the isosteric enthalpy of
CO, adsorption for a specific amount of CO, that is adsorbed.

Computational Methods. DFT was implemented
through the Quantum Espresso package.*

Electron—ion interaction was described using ultrasoft
pseudopotentials.*> The employed approximation for the
exchange/correlation density functional was the generalized
gradient approximation (GGA) Perdew—Burke—Ernzerhof
(PBE).*” The cutoff energies chosen were 60 Ry for all
atoms involved. The threshold for self-consistency and
geometric relaxation was selected to be 1 X 107¢ V. Brillouin
zone integration was approximated using the Monkhorst—Pack
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Figure 1. (a) PXRD patterns of MIL-53 and the pattern simulated from single-crystal data*® and (b) TGA and differential TGA (TGA-DTG)

curves of MIL-53 compounds under a helium atmosphere.

scheme with gamma point sampling. To consider the long-
range interactions, dispersion correction was implemented in
all the calculations into the framework of semiempirical
Grimme’s DFT-D2 correction.*® All molecular graphs were
made with the XCrySDen package.”” The initial atomic
coordinates of the hybrid porous framework were taken
directly from the refined structure reported by Millange et al.>
and the experimental data obtained. The difference is that the
H,0 molecules were replaced by CO, molecules along the
structure and relaxed under the described conditions; a wide
structure was not considered due to computational capabilities
and to the small comparisons with the experimental part. A c(2
X 2) supper cell structure with 4 MIL-53—Fe-F pores was used
to calculate the CO, adsorption and their interactions, and in
Supporting Information, the atomic coordinate of structure is
supplied in the XYZ format.

The interaction energy calculated between MIL-53—Fe-F
and the several amounts of CO, molecules in the pore was
calculated in two ways as follows:

i) The interaction energy E, s Of all the molecules into
the pores with the MIL-53—Fe-F structure was
calculated as

E = Ea — Emi-s3 — E

gas

()
where E,, is the total energy of the MIL-53 with the
CO, into the unit cell, Eyy g5 is the energy of the MIL-
53 without any molecule into the unit cell, and E,,, is the
energy of all the CO, molecules in the sites where the
final relaxations occur by a Single Point SCF calculation.
In this case, the result gives the energy of all of the CO,
gas interactions with the MIL-53 structure.

The interaction energy of each molecule of CO, with the
MIL-53—Fe-F structure and other CO, molecules as

= Enpp-ss — nEco,

E total
Eint_co2 =
n (3)

where E, ., is the total energy of MIL-53 with the CO,
into the unit cell, Eyy 53 is the energy of MIL-53
without any molecule into the unit cell, n is the number
of CO, into the MIL-53—Fe-F structure, and Eq, is the
energy of a CO, molecule under vacuum. In this case,

int_gas

21932

the result gives the energy of interaction of the CO,
molecule with the MIL-53 structure and the other CO,
molecules.

B RESULTS AND DISCUSSION

PXRD and TGA. Figure 1 shows the PXRD patterns and
TGA curves of the synthesized MIL-53 phases. The results
shown in Figure la confirmed the obtention of the desired
phase for both compounds with greater crystallinity observed
in the MIL-53—Fe-F sample. This result could be attributed to
the presence of fluorine in the structure of the phase, which
appears to act as a promoter or enhancer of crystallinity.

In Figure 1b, weight losses are observed in several stages,
where the MIL-53-Fe HF-Free sample exhibits a first loss at 80
°C due to weakly physisorbed water and a second loss in two
stages at 270 and 340 °C due to the water present in the
structure of the phase. Upon reaching the anhydrous
compound (MIL-53-Fe HF-Free without the water host), it
began to decompose at 380 °C, with a 45% loss observed at
500 °C. In the synthesized MIL-53—Fe-F phase, similar losses
to MIL-53-Fe HF-Free are observed, with the difference being
that the second loss occurs in a single stage at 350 °C, reaching
a 50% decomposition at 510 °C.

N, Adsorption—Desorption and CO, Adsorption.
Figure 2 shows the N, adsorption—desorption isotherms at
77 K for the analyzed MOFs, with and without adding HF.
Although the sample synthesized with HF exhibits a higher
adsorption capacity, both show very low N, adsorption with
apparent specific surface areas and total pore volumes of 5§ m*
g ' and 0.01 cm® ¢! (HF-Free) and 16 m* ¢! and 0.02 cm?®
g~! (with HF), evidencing that adsorption of N, molecule does
not occur inside the pores of MIL-53, mainly because of the
unfavorable repulsive interactions between the N, molecule
and the phase structure.”**”*"** For this reason, the textural
characterization of MIL-53 using nitrogen isotherms at 77 K
has been reported only a few times by other authors®>*
because of its difficulty. This fact indicates that the results
obtained with N, adsorption are limited; therefore, it becomes
necessary to characterize these materials with other adsorbates,
such as CO,, where more conclusive results and significant
differences are found among the analyzed samples, allowing for
an analysis of the effect of HF on the MOF.
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Figure 2. N, adsorption—desorption isotherms at 77 K for MIL-53-Fe
HF-Free and MIL-53—Fe-F.

Figure 3 shows the CO, adsorption isotherms at 273 K for
MIL-53-Fe HF-Free and MIL-53—Fe-F. The characterization
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Figure 3. (a) CO, adsorption isotherms at 273 K for MIL-53-Fe HF-
Free and MIL-53—Fe-F and (b) isotherms on a semilogarithmic scale.

Free) and an isotherm with significant jumps (MIL-53—Fe-F)
corresponding to structural stretching (breathing effect); this
event is very similar to those reported MIL-53 type
compounds of Fe with HF in their structure.”**>*” The CO,
adsorption isotherm on a semilogarithmic scale (Figure 3b)
confirms two pronounced jumps for the MIL-53—Fe-F sample,
the first close to 0.02 bar and the second (the most
pronounced) at 2.8 bar. It is important to highlight that the
compound that has the breathing effect will not only provide
an additional larger pore size but also have the same structure
connectivity as the one that does not have the breathing effect;
this is evident in the XRD analysis. This interesting result can
be attributed to the presence of fluorine in the structure of that
sample, which plays a crucial role, as made evident again by
PXRD analysis and this textural characterization.

The pore size distribution (Figure 4), obtained using the
modified Horvath—Kawazoe (HK) method for cylindrical
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Figure 4. Micropore size distribution of MIL-53 structures obtained
by the modified Horvath—Kawazoe method.

pores with CO, adsorption data at 273 K, revealed that the
MIL-53-Fe HF-Free sample presents a unimodal distribution
with a modal micropore size of 0.6 nm. In the case of the MIL-
53—Fe-F sample, a pore size of 0.6 nm was obtained in its first
stretch and, in the second, a pore size of 1.2 nm (see Figure 4).

The textural properties obtained from CO, adsorption data
at 273 K for both MIL-53 samples show results for narrow
micropore volumes (V,p.co,) of 0.05 cm® g™ for MIL-53-Fe
HF-Free and 0.21 cm® g~ for MIL-53—Fe-F. This difference is
attributed to the stretching of the MIL-53—Fe-F structure (a
structure with a breathing effect), whose noticeable effect is
achieved through a simple modification in the synthesis but
results in a high performance in CO, adsorption compared
with that of MIL-53-Fe HE-Free from here; all the experiments
were carried out only with MIL-53—Fe-F.

CO, Adsorption—Desorption. The behavior of MIL-53—
Fe-F toward CO, was tested under various temperature and
pressure conditions (see Figures S and 6). The isotherms show
two regions with significant jumps due to the structural
changes in the sample. A first jump is observed where the
adsorbed amount increases to ca. 1.4 mmol g~'; this jump is
exhibited by all the temperatures studied, located in the

https://doi.org/10.1021/acsomega.3c09842
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3.5 o000 000y amount adsorbed at pressures higher than 30 bar can be
observed, suggesting the formation of a third jump. This result
304 was impossible to confirm for other temperatures because, with
"o the high-pressure equipment at our disposal, we could not
g 254 reach temperatures lower or higher than 303 K.
= On the other hand, this type of material is obtained from
T 204 PET waste, and the adsorption values obtained up to high
g pressures are between 1.4 and 11.9 mmol g~ '; they are of
2 potential interest for CO, capture applications because the
o 1.5 35 . .
© T added value is given to the waste and because they reach values
§ —e— Ads 260 K £2s similar to the highest reported, for example, 4.5 mmol g™
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—— Ads 303K S1s 7 1 s& 1
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o Des 303K ooor 001 o1 Another important point of our approach refers to
0.0 I I I I regeneration, which has to do with the CO, desorption
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(bar) DFT Calculation. To observe the behavior of interaction

Figure S. CO, adsorption—desorption at 260, 273, and 303 K of
MIL-53—Fe-F up to 10 bar. Inset: isotherm in a semilogarithmic scale.
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Figure 6. CO, adsorption—desorption of MIL-53—Fe-F up to 50 bar
at 303 K.

pressure range of ca. 0.01 to 0.09 bar; however, when the
adsorption temperature increases, the pressure where this stage
occurs also increases. Then, a second jump occurs (more
evident than the first), which is like that observed in the first
jump, where CO, adsorption increases to ca. 3.0—3.5 mmol
g~ in the ca. 1.8 to 6.2 bar pressure range. The amount of
adsorption of CO, obtained after the second jump is in total
agreement with the structures of MIL-53-Al and MIL-53-Cr.>
In the high-pressure experiment (up to SO bar), for the CO,
adsorption at 303 K on MIL-53—Fe-F, an increase in the

energy E;, and the structural parameters of the MIL-53—Fe-F
pore, a MIL-53—Fe-F structure was taken from experimental
data, where no wide structure was considered. Here, four pore
filling regimes with CO, were implemented:

(i) A partial fill, with n = 1, 2, 3, and 4 molecules of CO, in a
pore of the unit cell with four pores, labeled as Fill 0.25, see
Figure S1b in Supporting Information; (i) a partial fill, with n
=1, 2, 3, and 4 molecules of CO, in two pores of the unit cell
with four pores, labeled as Fill 0.50, Figure Slc; (iii) a partial
fill, with n = 1, 2, 3, and 4 molecules of CO, in three pores of
the unit cell with four pores, labeled as Fill 0.75, Figure S 1d;
(iv) a partial fill, with n = 1, 2, 3, and 4 molecules of CO, in
four pores of the unit cell with four pores, labeled as Fill 1.00,
Figure Sle. The interaction energies of the MIL-53—Fe-F
structure with CO, in the gas phase were calculated using eq 2.
In the presented case, just the regimen of Fill 1.0 was
considered, and the results are presented in Table 1.

In this case, the interaction energy for the n = 1 molecule
was calculated at —0.43 eV per CO, molecule, being in good
agreement with the previous reported value of Araujo and co-
workers® who reported several geometrical configurations and
interaction energies of CO, with MIL-53-Fe and reported
values of —47.60 and —48.34 k] mol™" or —0.49 and —0.50 eV,
respectively. The value for n = 2 molecules per pore was
calculated at —0.30 eV per CO, molecule, for the n = 3
molecules per pore, the interaction energy was —0.29 eV per
CO,, and finally, for n = 4, the interaction energy was
calculated in —0.26 eV per CO, molecule. Here, it is possible
to see how the global value of interaction of all of the amount
of CO, molecules with MIL-53—Fe-F gives an exothermic
interaction, and the calculated value decreases with the
increase of the amount of CO, molecules. The reported
values are similar to those reported by Ramsahye et al,®" with a
value of —0.22 eV for n = 1 CO, molecules per pore in MIL-
53-Al for the same regimen of pore filling.

Table 1. E, ,,, Calculated for Fill 1.0 with n = 1,2,3,4. E;;; o, for Fill 0.25, 0.50, 0.75, and 1.00 for n = 1,2,3,4
n=1 n=2 n=3 n=4
Ein_gue (1.00) (eV) —0.43 ~0.30 -0.29 —0.26
Epe co,(eV) 0.25 0.96 125 111 1.01
0.50 0.76 1.01 0.90 0.88
0.75 0.71 0.85 0.82 0.86
1.00 0.73 0.86 0.82 0.84
21934 https://doi.org/10.1021/acsomega.3c09842
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Figure 7. Increase of pore diameter with the increase of the number of CO, molecules at Fill 1.0. Cyan H, yellow C, red O, and gray Fe.

On the other hand, the interaction energy of each CO,
molecule with MIL-53—Fe-F and with the other CO,
molecules was calculated with eq 3 and is presented in Table
1. In general, it is possible to see that even when the
interaction energy of the gas phase with MIL-53—Fe-F is
exothermic, the interaction among the CO, molecules has a
higher repulsive energy, giving the system a global repulsive
positive value. Both calculated values play a key role in
increasing the pore diameter. The energy-calculated E; co,

and the increase of the pore diameter can be seen in Table 1
and Figure 7, respectively.

The pore diameter values seen in Figure 7a,e, corresponding
to the partial and total filling of the pores, are in total
agreement with the values obtained with the adsorption of
CO, at 273 K. The small differences can be associated with the
limitations or adjustments of the HK method.

Isosteric Enthalpy of CO, Adsorption. The differential
enthalpy of the adsorption of CO, as a function of the amount
adsorbed was determined as a direct measurement by
adsorption experiments at 260, 273, and 303 K, and the
corresponding profiles are shown in Figure 8. In this figure, it is
possible to observe that CO, adsorption on MIL-53—Fe-F
involves a physisorption process and there are two main
regions of enthalpy of adsorption. The first region is at low
coverage up to 0.7S mmol g') and presents highly energetic

90
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Figure 8. Differential enthalpy of CO, adsorption of MIL-53—Fe-F;

inset: Ej g, normalized.

sites close to 35 k] mol™". In the second region with a higher
coverage up to 3.5 mmol g~', the enthalpy of adsorption
decreases to 20 kJ mol™".
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This change in enthalpy of adsorption may be related to a
change in the mode of interaction of the CO, molecule with
the porous structure of MIL-53—Fe-F.>»**°" The first step
could be associated with the presence of ultramicropores with
high adsorption potential, as shown in Figures 4 and 7, and a
second region with larger pores and decreased surface
heterogeneities.

Additionally, Figure 8 (inset) shows a similar trend in the
internal energy (normalized) depending on the amount of
simulated CO, molecules in the structure. However, as the
number of CO, molecules increases, the associated energy
decreases.

On the other hand, it has been observed that there is a
change in the structure during the adsorption process. This fact
is supported by the previous studies,”* which have reported a
decrease in adsorption enthalpies when the transition is made
from narrow porosity to larger pores. Moreover, an increase in
pore diameter has been observed with an increase in the
number of CO, molecules in the structure. This corresponds
to the discussion above, where it was established that porosity
is modified according to the number of hosts in the structure.

B CONCLUSIONS

This work presented the synthesis of the materials MIL-53-Fe
HF-Free and MIL-53—Fe-F from PET waste; this implies not
only the reduction of the cost of the synthesis of the materials
but also added value to waste, for example, giving rise to the
emergence of the circular economy. On the other hand, the
results show materials with different properties in the presence
of CO,, one with flexible behavior in the structure (MIL-53—
Fe-F) and another without changes (MIL-53-Fe HF-Free).
MIL-53—Fe-F presented two stretches in the pores, with the
first reaching 0.6 nm and the second reaching 1.2 nm. This fact
is in total agreement with the DFT calculations of the different
filling regimes of the CO, molecules. In general terms, the CO,
molecules give the system a positive energy value that favors
the opening of the pores of MIL-53, although the pore
diameter and interaction energy stabilize after adding two CO,
molecules into the material structure. In summary, this work
provided us with an important methodology to characterize a
material with a breathing effect and a better understanding of
partial and total filling of the pores through DFT calculations.
In addition, the said compound with microporous porosity
could be considered a promising candidate for capture and
CO, separation.
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