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The iron-containing Metal-Organic Frameworks (MOFs) have attracted a great deal of attention in the areas
of gas separation, catalytic conversion, and drug delivery, due to their high surface area and activity, as well
as the non-toxicity of iron. In this study, Fe-based MOFs using BDC ligands, MIL-101(Fe), MIL-53(Fe) and
Amino-MIL-101(Fe) are synthesized by a solvothermal method and characterized by conventional
methods such as BET, SEM, and TGA. Afterwards, the synthesized MOFs are investigated from the point
of view of the adsorbing capability of carbon dioxide at different pressures and temperatures, and also
their resistance to water and solvent. The results showed that Amino-MIL-101(Fe) achieved more CO,
adsorption than MIL-101(Fe) and MIL-53(Fe), equal to 13 mmol g~ at 4 MP. Although MIL-53(Fe) has the
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Introduction

In order to optimize energy consumption, adsorbing and
separating CO, using solid porous adsorbents has attracted
a great deal of attention. For this purpose, zeolites, activated
carbons, silicates, and MOFs have been investigated, which has
led to the use of some of these adsorbents, especially zeolites, in
industry. Meanwhile, MOFs with high porosity and adsorption
capacity have appeared as one of the distinct candidates, and
they have been used as adsorbents for various gas systems,
including CO,. Therefore, the development of MOF adsorbents
with high CO, adsorption capacity is strongly required."” If the
heat of adsorption is very high, like for zeolites, or an energetic
chemical reaction occurs between the parts of the MOF ligands,
the unsaturated coordinator, or an open metal site and CO,, the
CO, release and recovery are difficult or even impossible in
some cases. In the case of the moderate heat of adsorption and
greater sensitivity to pressure variations, MOFs can be sug-
gested as a good option for use in PSA processes.* The MOFs
that have attracted the most attention during the past decade
include Cu-BTC (HKUST-1), MIL-100, MIL-101, MIL-53, MOF-
74/CPO-27, UiO-66, and ZIF-8.*

Due to the presence of water vapor in the outlet gas from the
chimney and in the natural gas stream in sweetening processes,

“Department of Chemical Engineering, Amirkabir University of Technology, Tehran,
Iran. E-mail: halladj@aut.ac.ir

*Department of Gas Processing and Transmission Development, Research Institute of
Petroleum Industry, Tehran, Iran

5192 | RSC Adv, 2021, 11, 5192-5203

! after washing with ethanol. The

adsorption study reveals that CO, is adsorbed not only by a physical adsorption mechanism, but also by
chemisorption of acidic carbon dioxide by basic NH, agent in the structure of Amino-MIL-101(Fe).

one of the important criteria which has to be considered in
choosing the appropriate MOF to adsorb CO, is its water
resistance. From the standpoint of water resistance, MOFs can
be divided into four categories:*

Thermodynamically stable: stability after prolonged expo-
sure to aqueous solution.

High kinetic stability: stability after being exposed to high
humidity.

Low kinetic stability: stability after exposure to low humidity.

Unstable: quickly exposed to any moisture.

Although many of the early developed MOF adsorbents have
been capable to adsorb very high amounts of CO,, the later
studies have shown that their water resistance is very low and
exposed to damage of the structure. At first view, for example, Mg-
MOF-74 from the MOF-74 series (CPO-27) with CO, adsorption up
to 120 ml g~ ' (about 3.5 mmol g~ ') at a low pressure of 0.1 atm is
the best choice for adsorbing CO,, and has been focused by
scientific researchers for several years.>® Despite all these positive
characteristics, according to the later studies, it is found out that
the Mg-MOF-74 would lose much of its surface area (BET) when it
is exposed to moisture. Furthermore, PXRD results indicate
a deterioration of adsorbent structure after exposure to moisture.
Other MOFs including MOF-5 (IRMOF-1), Cu-BTC (HKUST-1),
MOF-199, MOF-14, MOF-177, MOF-505, MOF-508, etc. have also
been found that they are unstable, and their structure is damaged
when exposed to water. Hence, it is necessary to propose ways to
improve the stability of MOFs against water for CO, adsorption
purposes.*’®

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Adsorption of gas by porous materials is usually accom-
plished by: (a) differences in size and/or shape known as
molecular sieve effect or esteric separation; (b) because of the
differences in the interactions between the adsorbate molecule
and the adsorbent surface, known as the thermodynamic
equilibrium effect; (c) because of the different diffusion inten-
sity known as the kinetic effect or partial molecular sieve action,
and (d) because of the quantum effect.

While esteric separation is common in zeolites and molec-
ular sieves, when the adsorbent pore size is large enough to
allow all gas components to pass through, the interaction
between the adsorbate and the adsorbent surface will be
significant in determining the adsorption quantity of each
component. Furthermore, the interaction strength is deter-
mined by the adsorbent surface specifications and the proper-
ties of the adsorbate, including polarizability, magnetic
susceptibility, permanent dipole moment, quadrupole
moment, etc.'®

According to previous studies, the use of carboxylate ligands
such as 1,4-benzenedicarboxylates, BDC, with high-valence
metal cations such as zr**, Cr®*, A", Fe*', etc., improve
water-resistant of MOFs."* On the other hand, strong polarizing
groups such as carboxylic acid plays an important role in
adsorbing CO,, which poses a quadrupole moment. Moreover,
the higher valence of the metals mentioned above leads to an
increase in the electrical difference between the adsorbent
surface and the CO, molecule and consequently more CO,
adsorption. For CO, adsorption, the pore diameter of sorbent
must be larger than kinetic diameter of CO, molecule, i.e. 3.3 A.
The CO, gas is adsorbed due to the difference in interactions
between the adsorbate and the adsorbent surfaces; and there-
fore, as described above, the mechanism of adsorption is
thermodynamic equilibrium.

MIL-101(Cr) firstly presented by Material Institute Lavoisier
(MIL), is constructed from trigonal-prismatic chromium clus-
ters {Cr;(O)(F)(H,0),} as a Secondary Building Units (SBUs) with
six points of extension and 1,4-benzenedicarboxylates (BDC)
organic ligand resulting in a highly porous 3-dimensional
structure with two domains of pore sizes, ie. 18 and 23 A
attributed to two pentagonal and hexagonal windows in the
structure (Fig. 1).">** MIL-101(Cr) with high BET surface area
reported between 2500-4200 m® g ' can adsorb 15-20 mmol
g ' of CO, at ambient temperature and 2 MPa."*"¢ As
mentioned above, MIL-101(Cr) due to using high-valence metal
cation Cr’" and carboxylate ligand in its structure achieves an
excellent resistance against water and can be categorized in the
thermodynamically stable MOFs group.*'>'® Although early
studies which have been carried out by Ferey'” has reported that
MIL-101 can only be obtained with Cr*" ions, the synthesis
method of MIL-101(Fe) has been presented in the later
researches too.'*>°

MIL-53(Cr) is another MOF from MIL family constructed
from a connection of infinite chains of octahedral CrO,(OH),
with organic linker BDC which poses a flexible structure with
a pore diameter of 4 to 8.5 A (Fig. 2).>* MIL-53 synthesized by Cr
and Al as metal center are capable to adsorb 8 and 10 mmol g~ *
of CO, gas at ambient temperature and 2 MPa, respectively.”*?**
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Fig. 1 MIL-101 structure constructed from its preliminary building
units including terephthalate ligand and trigonal-prismatic metal
clusters.*?

Moreover, MIL-53(Cr) as well as MIL-53(Al) are stable after being
exposed to high humidity and can be considered in the high
kinetic stability group.* Furthermore, the reported BET surface
areas for MIL-53(Cr) and MIL-53(Al) are equal to 1337 and 1284
m?” g™, respectively.>**

Chemical modification of high surface area solids by form-
ing covalent bonds or weaker van der Waals and hydrogen
bonds between the adsorbent and the two major organic (such
as amines) and inorganic groups (such as alkali or alkaline
earth metal oxides) can improve the adsorption and selectivity
of CO, by solid adsorbents.>® There are two general strategies for
improving adsorbent performance in CO, adsorption:*’

(o}
o
o +
(o}
Terephthalate Chains of Octahedral
Ligand (BDC) CrO4(OH),

MIL- 53 Structure

Fig.2 MIL-53 structure constructed from its preliminary building units
including terephthalate ligand and octahedral CrO4(OH), chains.®*
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Prefunctionalization (also called direct modification or in
situ synthesis).

Postsynthetic modification (PSM).

In the prefunctionalization method, schematically shown in
Fig. 3(a), a ligand or organic linker already having the desired
functional group is used to form the adsorbent. Using this
method, adsorbents with different functional groups such as
-NH,, -CH3;, -Br and other relatively simple groups have been
fabricated.”” Amino-MIL-101(Cr) (MIL-101-NH,) has a similar
structure to MIL-101(Cr), which has been prefunctionalized by
amino group. The charge difference between the metal cation
and the organic anion in the MOF will give rise to an electric
field. The interaction between the electric field of MOF and the
quadrupole moment of CO, causes the adsorption of CO, by the
MOF surface. In addition to the above-mentioned mechanism,
hydrogen bonding is another mechanism in CO, adsorption.
Similarly, as shown in Fig. 3(b), the oxygen electron pair in the
CO, molecule can form a hydrogen bonding with hydrogen
atoms in -NH, functional group.?® Furthermore, NH, is a basic
group and can form a dipolar ion (zwitterion) in the vicinity of
acidic CO, molecules (see Fig. 3(c)).”

BET surface area for MIL-101(Cr)-NH, is equal to 1675 m>
g~ which is smaller than that of unfunctionalized MIL-101(Cr)
due to the occupation of the framework pores by amino groups.
The amount of CO, adsorption for MIL-101(Cr)-NH, is reported
equal to 12 mmol g~ ' at ambient temperature and 2 MPa, which
this value is smaller than previously mentioned value for
unfunctionalized MIL-101(Cr), i.e. 15-20 mmol g~ '. Therefore,
although functionalizing the MOF by amino agent can improve
the CO, adsorption by mechanisms such as formation of
hydrogen bond and dipolar ionic reaction, it can simulta-
neously can decrease CO, adsorption capacity in MIL-101(Cr)-

a)
Reaction
. + Condition
—
Metal Functionalized
Ligand
SRS e Functionalized MOF
2 8=c=0 s
H-BOND 0=C=0 0=C=0
H HH H
HH H \N/ \N/
H\ / \ /7
N N MIL-101
MIL-101
©)
Dipolar Ion
(Zwitterion)
NH,' COO

Basic Group
Functionalized MOF

Fig.3 (a) Schematic shape of prefunctionalization (direct modification
or in situ synthesis) method;? (b) hydrogen bonding between CO,
molecule and —NH, functional group;?® (c) dipolar ion (zwitterion)
formation by the acidic CO, and basic NH, groups.?®
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NH, because of pores occupation by amino groups.® It is re-
ported that MIL-101(Al)-NH, poses higher surface area and CO,
adsorption capacity in comparison to MIL-101(Cr)-NH,. MIL-
101(Al)-NH, with BET surface area equal to 2100 m* g ' is
capable to adsorb about 14 mmol g~' of CO, at ambient
temperature and 2 MPa.*

Although MOFs constructed from Cr and Al as metal center
and BDC ligand have been considered and investigated in many
studies, less attention has been paid to MILs synthesized using
Ferrite precursors and BDC ligand, especially in terms of CO,
adsorption.>**' It is known that the metal type will have
a significant effect on the electric field intensity and conse-
quently, CO, adsorption. Similar to Cr** and AI** which are
effective on resistance of MOF against water, Fe*" as a high-
valence metal cation is expected to give the same result when
it is applied as the metal center in the MOF structure.
Furthermore, one of the most important purposes of research
on the development of MOFs is their industrial applications.
Therefore, using nontoxic metal ions is of great interest. While
chromium is strongly toxic and harmful environmentally, iron
is a nontoxic and non-harmful metal. Therefore, Fe-BDC MOFs
including MIL-101(Fe), MIL-53(Fe) and Amino-MIL-101(Fe) are
considered in the current study. They have been synthesized
solvothermally and characterized by PXRD, TGA, and SEM
methods. Afterwards, the results of CO, adsorption have been
presented as isotherm diagrams in a wide range of pressures.
The adsorption tests have been performed in three tempera-
tures, 18, 25 and 30 °C, to predict the heat of adsorption for each
of these MOFs. Moreover, the resistance of synthesized sorbents
have been investigated against water and ethanol.

Experimental section

MIL-101(Fe) has been prepared as described by Taylor-Pashow
et al.*® with some modifications. Afterwards, 2703 mg of hex-
ahydrated iron chloride (FeCl;-6H,0) and 831 mg of tereph-
thalic acid (H,BDC) have been added and dissolved in 60 ml of
N,N'-dimethylformamide (DMF) with a molar ratio of 2 : 1 : 667
under sonication and stirring for minimum 30 min. The
resulting clear solution has then been heated at 110 °C for 24 h
in a Teflon-lined stainless steel bomb. The resulting product
has been filtered and dried at room temperature during the
night to achieve an orange colored fine powder.

MIL-101(Fe)-NH, has been synthesized according to the
method presented by Ferey et al.'” with some modifications.
2703 mg of FeCl;-6H,0 and 906 mg of H,BDC-NH, (Amino-
BDC) have been dissolved in 60 ml of DMF with a molar ratio
of 2:1:667 for 30 min and then heated at 110 °C for 24 h in
a Teflon-lined stainless steel bomb. The resulting dark brown
fine powder obtained after filtration has been dried at room
temperature during the night, and then it was washed two times
for 3 h in 60 °C pure ethanol to remove impurities including
remaining Amino-BDC crystals.

MIL-53(Fe) has been synthesized as described by Ferey et al.*>
a mixture of 2703 mg of FeCl;-6H,0 and 1661 mg of H,BDC has
been dissolved in 51 ml of DMF with a molar ratio of 1 : 1 : 280
for 30 min and then heated at 150 °C for 15 h in a Teflon-lined

© 2021 The Author(s). Published by the Royal Society of Chemistry
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stainless steel bomb. The fine yellow powder obtained by
filtration has been dried at room temperature during night.

Characterization

The resulting Fe-BDC materials have been characterized with
powder X-ray diffraction (PXRD) method.** PXRD has been ob-
tained by using a Low Angle X-ray Diffraction Machine SAXS
Model X'Pert PRO MPD PANalytical, Netherlands. The standard
Brunauer-Emmett-Teller (BET) method has been applied for
the calculation of the surface area.** The total pore volume has
been calculated from the amount of adsorbed N, at P/P, = 0.99.
BET surface area, pore volume and medium pore size of the
synthesized Fe-BDC materials have been determined by N,
physisorption at 77 K using Micromeritics ASAP 3020 auto-
mated system. Thermogravimetry Analysis (TGA) data have
been obtained by using a TGA instrument, Mettler, Swiss. For
this purpose, samples have been heated at a rate of 10 °C min "
from 25 to 700 °C under purging by nitrogen gas stream. The
morphological structure of the adsorbents has been obtained by
using field emission scanning electron microscopy (FESEM,;
TESCAN, Mira III) operated at 15.00 kV.

Adsorption isotherms

For determining the adsorption isotherms, the volumetric
method is considered. In this method, after purging the system
by a vacuum pump, the system is filled by the high purity
adsorbate gas up to a certain pressure and then, the valve of
adsorption chamber will be opened. As the gas adsorbs, the
pressure of the adsorption chamber gradually decreases. By
measuring and recording this pressure loss over time, the rate
of the gas adsorption at equilibrium pressure can be calculated
using an appropriate thermodynamic model.*®

The schematic diagram of the CO, adsorption test setup is
shown in Fig. 4. The setup consists of a CO, and He cylindrical
gas chambers connected to the setup by the relevant valves. A
regulating valve is used for fine controlling and adjusting the
pressure. The pressure of CO, gas is measured and transmitted
to a PC by means of a pressure transmitter (PT). The trend of
pressure changes with time is recorded in this PC using a data
acquisition system. The volume of each part of the setup is
determined by an individual apparatus. Because of decreasing

Adsorption
Chamber

Fig. 4 Schematic diagram of CO, adsorption test setup.
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the volume of adsorption chamber after inserting the adsorbent
materials, the dead volume is estimated using helium gas. In
addition to the adsorption capacity, adsorption isotherm of an
adsorbent for a certain adsorbate gas can be determined using
this setup. Before starting each adsorption test, the samples are
activated by heating the samples for 3 h under high vacuum
level.

Adsorption isotherms describe the relationship between the
amount of adsorbed component on the adsorbent and the
remaining material concentration. Several equations have been
presented to fit and model the experimental adsorption data.
Some of these equations such as Freundlich,* Langmuir,*” and
Tempkin®® equations have two parameters and the others Sips,*
Redlich-Peterson,*® and Toth® equations have three parame-
ters. Therefore, for fitting the data resulted in this study, a two-
parameter model and a three-parameter model have been
investigated.

Results and discussion

As presented in Fig. 5(a), XRD patterns of MIL-101(Fe) has
a good agreement with Ferey et al. data."” Furthermore, XRD
patterns of Synthesized MIL-101(Fe)-NH, and MIL-53(Fe)
materials are in accordance with the literature,'”** as seen in
Fig. 5(b) and (c).

As indicated in Table 1, the achieved BET surface area for
synthesized MIL-101(Fe) is equal to 125 m* g '. The pore
volume and medium pore size of MIL-101(Fe) have been equal
to 0.05 cm® g ' and 17 A respectively. Furthermore, average
crystal size for this sample has been estimated equal to 500 A by
BET method. BET surface area for as-synthesized MIL-101(Fe)-
NH, has been equal to 670 m* g~ . As described above, the BET
surface area of MIL-101(Fe)-NH, enhanced up to 915 m® g~ by
washing in hot ethanol (60 °C, 3 h, 2 times). The pore volume
and medium pore size of MIL-101(Fe)-NH, have been equal to
0.4 cm® g and 24 A respectively. The average crystal size for
this sample has been estimated equal to 65 A by BET method.
Moreover, BET surface area for MIL-53(Fe) has been equal to 25
m?” g~'. The pore volume, medium pore size, and the average
crystal size of MIL-53(Fe) have been equal to 0.01 cm® g%, 17 A
and 2400 A respectively.

Contrary to the achieved values of pore diameters, for MIL-
101(Fe) and MIL-101(Fe)-NH, which correspond to the values
predicted by the simulation (18 to 23 A), the diameter obtained
for MIL-53(Fe) does not correspond to the actual reported
values. The low value surface area estimated by BET method for
MIL-53(Fe) can be attributed to its small pore diameter (4 to 8.5
A) which is close to the nitrogen molecular diameter (3.6 A) and
prevents the nitrogen molecules from passing through the MIL-
53 micropores.® The same reason can explain the inconsistency
between the predicted and actual pore diameter of MIL-53(Fe).
The resulted nitrogen adsorption isotherms at 77 K for MIL-
101(Fe), MIL-101(Fe)-NH, and MIL-53(Fe) are presented in
Fig. 6. The amount of nitrogen adsorption by MIL-101(Fe)-NH,
is considerably more than the adsorbed nitrogen by two other
MOFs at 77 K. The achieved nitrogen isotherms can be
considered as type-I according to the IUPAC classification.>*

RSC Adv, 2021, 11, 5192-5203 | 5195
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Fig. 5

(a) Powder XRD pattern of (a) synthesized MIL-101(Fe) (bottom) and MIL-101(Cr) synthesized by Ferey et al. (top);* (b) synthesized MIL-

101(Fe)-NH, (bottom) and MIL-101(Fe)-NH, synthesized by Ferey et al. (top);*” (c) synthesized MIL-53(Fe) (bottom) and MIL-53(Fe) synthesized

by Ferey et al. (top).>?

Table 1 The morphology characteristics of synthesized Fe-BDCs achieved by BET method

BET surface area, m> g~ "

Pore volume, cm® g~ *

Medium pore size, A Average crystal size, A

MIL-101(Fe) 125 0.05
MIL-101(Fe)-NH, 915 0.4
MIL-53(Fe) 25 0.01

TGA curves for MIL-101(Fe), MIL-101(Fe)-NH, and MIL-
53(Fe) are presented in Fig. 7(a)-(c) respectively. As indicated
in this figure, MIL-101(Fe) is unstable after about 100 °C. MIL-
101(Fe)-NH, is a bit more stable and is stable up to about
120 °C. Conversely, adsorbent MIL-53(Fe) in comparison with
the other two adsorbents is more thermally stable, and it is
stable up to 300 °C.

FESEM results at scales of 2 um, 1 um and 500 nm for MIL-
101(Fe), MIL-101(Fe)-NH, and MIL-53(Fe) are presented in
Fig. 8(a)—(c) respectively. As shown in this figure, the crystals of
MIL-101(Fe)-NH, particles are much more obvious than two
other sorbents, i.e. MIL-101(Fe) and MIL-53(Fe). The FESEM
result for MIL-101(Fe) shows more agglomeration of crystal
particles.

The experimental isotherms of carbon dioxide achieved in
this study are fitted to two well-known isotherm models
including:

Two-parameter Langmuir adsorption isotherm model*”

5196 | RSC Adv, 2021, 1, 5192-5203
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in which, P is gas pressure at equilibrium condition with
adsorbed phase (bar), g stands for the adsorption amount per
mass of adsorbent (mmol g7'), g, is the maximum capacity of
adsorbent (mmol g '), and b is the affinity coefficient (bar ). g,
and b are parameters of the Langmuir isotherm equation and
presented in Table 2 for experimental adsorption data of each
synthesized MOF, i.e. MIL-101(Fe), MIL-101(Fe)-NH, and MIL-
53(Fe). As illustrated in Fig. 9, CO, adsorption isotherm for
MIL-101(Fe)-NH, has an inflection point in pressure around 15
bar. Therefore, two different fittings are applied for achieving
more accurate results including model (A) referring to pressures
below 15 bar and model (B) referring to pressures more than 15
bar.
Three-parameter Redlich-Peterson (R-P) model®
cP

=y ——— 2
4= I T " cpr 2)
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Fig. 6 Nitrogen adsorption isotherms at 77 K for MIL-101(Fe), MIL-
101(Fe)-NH, and MIL-53(Fe).
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Fig. 7 GTA curves for (a) MIL-101(Fe); (b) MIL-101(Fe)-NHy; (c) MIL-
53(Fe).

where n is the dimensionless adsorbent parameter. g,,, and c are
also parameters of the R-P isotherm model which are presented
in Table 2 for each adsorbent in this study. Regarding to the
reported R-squared in Table 2, the CO, adsorption data fitted by
Redlich-Peterson model are more precise rather than Langmuir
isotherm model, unless for MIL-53(Fe) in which Langmuir
model has shown better fitness. Other mentioned isotherm
models are resulted in less accurate data or they are not appli-
cable for these set of data.

In Fig. 9, the CO, adsorption isotherms for synthesized Fe-
BDCs, i.e. MIL-101(Fe), MIL-101(Fe)-NH, and MIL-53(Fe) in
25 °C which are resulted by using R-P model are shown. As
presented in Fig. 9, the maximum CO, adsorption amount in
25 °C by MIL-101(Fe)-NH, is about 13 mmol g ' at 4 MP.
Moreover, the amount of CO, adsorption by MIL-101(Fe) and
MIL-53(Fe) are equal to 9.3 and 8.6 mmol g~ " respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 FESEM results at scales of 2 um (left side), 1 um (middle) and
500 nm (right side) for (a) MIL-101(Fe); (b) MIL-101(Fe)-NH,; (c) MIL-
53(Fe).

As mentioned before, the surface area and the amount of
CO, adsorption by MIL-101(Cr) which is synthesized by chro-
mium precursor is more than the surface area and CO,
adsorption capacity by functionalized MIL-101(Cr)-NH,. In
addition, lower surface area for Amino-MIL-101(Cr) rather than
MIL-101(Cr) has been attributed to the occupation of pores by
NH, agent.>>*° But the achieved results in this report show that
the functionalized MIL-101(Fe)-NH, synthesized by iron
precursor can adsorb more CO, rather than unfunctionalized
MIL-101(Fe).

The synthesis of MIL-101(Fe) is kinetically, and the forma-
tion and growth of its structure is more difficult rather than Cr-
based one. Therefore, it was previously reported that it is not
possible to synthesize this MOF.'”** From this point of view, the
resulted MIL-101(Fe) has lower crystallinity and thermal and
chemical stability. Furthermore, no further processing is per-
formed for solvent and non-reacted precursors’ extraction on
MIL-101(Fe). Therefore, contrary to the Cr-based MIL, MIL-
101(Fe)-NH, adsorbed more CO, rather than MIL-101(Fe).

On the other hand, the amount of CO, adsorption by MIL-
53(Fe) is less than two other synthesized Fe-BDCs which can
be raised from its lower surface area rather than MIL-101(Fe)
and MIL-101(Fe)-NH,. Although the reported BET surface area
of MIL-53(Fe) is about 20 percent of surface area of MIL-101(Fe)
and 3 percent of MIL-101(Fe)-NH,, its CO, adsorption is not
considerably lower than the adsorption by MIL-101(Fe) and
MIL-101(Fe)-NH,. This disagreement between CO, adsorption
and surface area data can be attributed to the unconfident
surface area data determined using N,.

As described before, increasing the interaction between the
electric field of MOF and the quadrupole moment of CO, by
NH, functional group and furthermore, the hydrogen bonding
are the reasons of the higher CO, adsorption by MIL-101(Fe)-
NH, rather than MIL-101(Fe). In addition to these mechanism,
chemical reaction between amine group and CO, molecules can
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Table 2 Parameters of Langmuir and Redlich—Peterson isotherm models used to fit and model the experimental adsorption data of synthesized

MOFs

Langmuir model

Redlich-Peterson

b ds R c qm n R
MIL-101(Fe) 0.01170 28.92 0.995 25 950 0.5169 0.2167 0.998
MIL-101(Fe)-NH, (A) 0.10430 7.337 0.972 20 500 0.9493 0.4181 0.995
MIL-101(Fe)-NH, (B) 0.00007 4711 0.986 82 590 0.1695 —0.1726 0.990
MIL-53(Fe) 0.00530 49.88 0.979 33 820 0.4416 0.1962 0.975
16 the adsorption (bar). In order to calculate the heat of adsorp-
1 tion, the adsorption tests was performed in two other temper-
— - — MIL-53(Fe) . .
L’ atures. For this purpose, the temperature of laboratory was
= ——— MiL-101(Fe}-NH, P uniformly adjusted in 18 and 30 °C respectively. Furthermore,
i 10 -+~ MIL-101(Fe) et " the temperature of the adsorption chamber was recorded and
E 3 _ 3% T i controlled by an electrical jacketing system which was equipped
g Lot T with a temperature indicator and controller (TIC). In Fig. 10, the
& 6 egirim T effect of temperature on the adsorption of CO, by Fe-BDC
“s ﬂ_‘d . . . .
4 LemT sorbents is shown. According to Fig. 10(a), by plotting In(P) vs.
y . :‘:.',-—‘—' : temperature and applying eqn (3), the amount of isosteric heat
L for MIL-101(Fe) has been achieved equal to 36.6 k] mol . In the

0
0 5 10 15 20 25 30 35 40
P, bar

Fig. 9 CO, adsorption isotherms for synthesized MIL-101(Fe), MIL-
101(Fe)-NH,, and MIL-53(Fe).

affect the adsorption of CO, MIL-101(Fe)-NH,, especially in the
higher pressures and the inflection point in the CO, isotherm of
MIL-101(Fe)-NH, can be referred to chemisorption mechanism.

For investigation of the stability of the samples during the
process of CO, adsorption, the performance of CO, adsorption
was tested after five adsorption cycles for three synthesized
adsorbents, i.e. MIL-101(Fe) and MIL-101(Fe)-NH,, and MIL-
53(Fe). No significant loss in the CO, adsorption capacity was
observed after each adsorption test which revealed the stability
of Fe-BDCs during the process of CO, adsorption.

Heat of adsorption

The heat of adsorption indicates the strength of the interaction
between the adsorbate molecules and the adsorbent surface.
This parameter can be estimated by determining the gas
adsorption at different temperatures called isosteric heat of
adsorption.®”*® Isosteric heat (AHg) has been obtained by
differentiating an adsorption isotherm at a constant adsorbate
loading, g, which is similar to the well-known Clausius-Cla-
peyron equation:*>*°

AHs = R dln p _ RT? dlnP 3)
o) ),
)7,

wherein R is the global gas constant (k] mol ™' K™'), T is the
absolute temperature (K), and P is the equilibrium pressure of

5198 | RSC Adv, 2021, 1, 5192-5203

same way, the amount of isosteric heat for MIL-53(Fe) has been
achieved equal to 58.7 k] mol .

Chemical adsorption, also known as chemisorption, is ach-
ieved by electron sharing between the adsorbent sites and
adsorbate to form a covalent or ionic bond. Therefore, kineti-
cally adsorption of CO, needs an activation energy to reach
equilibrium status. Although chemisorption of a certain vapor
by the structural materials is a well-known phenomenon, a few
data are available on it.*** As indicated in Fig. 10(c), the
adsorption isotherm of MIL-101(Fe)-NH, is independent to
temperature. Therefore, if the activation energy of CO, chemi-
sorption by -NH, agent is supposed to be supplied by released

12

a) b)
= 108 _32
£2.8/m=0.05 &g m =0.08
10 =26 g
. 2.4 8 =24
o8 292 296 300 o0 292296300 .7
3 T (X) 4 =6l T (K) g
£ £ -
£ £
= &

q, mmol.g™!

P, bar

10

15

Fig. 10 The effect of temperature on the adsorption of CO, by (a)
MIL-101(Fe); (b) MIL-53(Fe); (c) MIL-101(Fe)-NH,.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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heat of physical adsorption, the amount of adsorption heat will
be considered equal to the activation energy for primary alka-
nolamines. Since the activation energy for primary alkanol-
amine is equal to 46.7 k] mol~'? the heat of adsorption can be
supposed equal to 46.7 k] mol .

Water and solvent resistance

The resistance of synthesized sorbent has been investigated
against water and ethanol. The surface area of MIL-101(Fe) after
2 h washing with DM water is significantly decreased from 125
to 14 m> g~ '. The same descent has been observed when it has
been washed by ethanol (from 125 to 12 m”> g~ ). The nitrogen
adsorption isotherm of as-synthesized MIL-101(Fe) at 77 K is
compared with the nitrogen isotherm of this sorbent after
exposure to DM water and ethanol in Fig. 11(a). As is shown in
this figure, the type of nitrogen isotherms for MIL-101(Fe) was
changed from type-I to type-II after washing with DM water and
ethanol. While the filling of the micropores occurs at low rela-
tive pressures and therefore, micropores lead to Type I
isotherms, the nonporous or macroporous adsorbents yield
Type II isotherms.*®® Regarding to the sharp decline in the
surface area of MIL-101(Fe) after exposure to DM water and
ethanol, the destruction of adsorbent structure can be
concluded. For more evidence, powder XRD pattern of as-
synthesized MIL-101(Fe) has been compared with the XRD
pattern of this sorbent after exposure to ethanol in Fig. 11(b)
which it confirmed the mentioned results. Further investiga-
tions, such as washing sorbent with chloroform and DMF or
heating it in the vacuum oven, were also performed, and no
considerable positive effect on the surface area of MIL-101(Fe)

View Article Online
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was revealed. Therefore, as explained in Experimental section,
no additional washing is performed after synthesis of MIL-
101(Fe).

Although, MIL-53(Fe) has shown more resistance against
water in comparison to MIL-101(Fe), they also cannot be
supposed as thermodynamically resistance against water, as
discussed in the Introduction section. The surface area of MIL-
53(Fe) after 2 h washing with DM water is decreased from 25 to 8
m? g~ . The same result has been achieved when MIL-53(Fe) has
been washed by ethanol and the surface area is decreased from
25 to 7 m®> g '. The nitrogen adsorption isotherm of as-
synthesized MIL-53(Fe) at 77 K is compared with its isotherm
after exposure to DM water and ethanol in Fig. 11(c).

As mentioned before, washing the synthesized MIL-101(Fe)-
NH, with pure ethanol during 3 h for two times increased the
BET surface area from 670 to 915 m* g~ . Moreover, spending
more time for washing will have reverse effect and decrease the
BET surface area of this sorbent. Furthermore, the surface area
of MIL-101(Fe)-NH, has not considerable change after it has
been washed 2 h with DM water. Therefore, among three
synthesized sorbents, MIL-101(Fe)-NH, has the best stability
against water and ethanol.

For more investigation of the ethanol effect on the MIL-
101(Fe)-NH,, the nitrogen adsorption isotherms at 77 K are
presented for three different samples, as seen in Fig. 11(d). The
first one is as-synthesized MOF without any further washing
which its BET surface area was achieved equal to 670 m* g™ *.
The second sample was washed two times for 3 h (totally 6 h) in
60 °C pure ethanol. As mentioned above, the BET surface area
for this sample was achieved equal to 915 m”> g~ ". Finally, the
third sample was washed four times for 3 h (totally 12 h) in 60 °C

.
16 (a) ‘/ (b)
[ il
il s
%12 Y, &
- 4 «-e--- As-Synthesized =
S s 4 @
E i 7 —»- 2x3hEOHWash i 5
o 3 =
& ; - 2 DMW Wash =
J
0.4 st ,z"
Ao ool e o PRy S e
0
0 0.2 0.4 0.6 0.8 > i 10 14 18
P, bar Position [°26]
12
A
0s| © > @ Fa
- As-Synthesized H | 10
- -+- 2x3hEOHWash| o’, RS . 2
06 +dees 2h DMW Wash f Wi
g g = P we--- As-Synthesized i,
E 04 r g6/ — - 2x3hEOHWash &
. P g [ {
< s S 5 4 +sers 4x3h EOH Wash ‘g
I
0.2 A’
R A‘f"? 2 dee ke R
” Ada b A A puruhe b drrd f_a s>
L aase [l oV Ve L ToE ) S L
0 0
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8

P, bar

Fig. 11

P, bar

(a) Comparison of nitrogen adsorption isotherms at 77 K for as-synthesized MIL-101(Fe) and MIL-101(Fe) washed with ethanol and DM

water; (b) XRD pattern of as-synthesized MIL-101(Fe) (bottom) and MIL-101(Fe) after washing with ethanol (top); (c) comparison of nitrogen
adsorption isotherms at 77 K for as-synthesized MIL-53(Fe) and MIL-53(Fe) washed with ethanol and DM water; (d) comparison of nitrogen
adsorption isotherms at 77 K for as-synthesized MIL-101(Fe)-NH, and MIL-101(Fe)-NH, after washing with ethanol for 6 and 12 h.
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pure ethanol. The BET surface area for this sample was ob-
tained less than the second sample, and it was equal to 81 m>
g~ '. As depicted in this figure, the type of nitrogen isotherms for
MIL-101(Fe)-NH, was changed from type-I to type-II after
washing with pure ethanol. It seems that the macropores in the
MIL-101(Fe)-NH, structure has been increased by washing the
sorbent with hot ethanol due to the extraction of the unreacted
materials from its structure.

The relative crystallinity of MOFs can be reduced by the
presence of the disordered unreacted precursors and solvent in
the sorbent structure.?*® As discussed above, no suitable
method was found for extracting unreacted precursors and
solvent, i.e. FeCl;, BDC and DMF, in MIL-101(Fe) and MIL-
53(Fe) and also washing MIL-101(Fe)-NH, for more than 2 h
had a negative effect on the BET surface area. Therefore, the
resulted degree of crystallinity for the synthesized Fe-BDCs was
comparatively lower than degree of crystallinity for similar
MOFs synthesized by Cr and Al as metal center.

The material properties such as hardness, density, melting
point, transparency, and diffusion can be significantly affected
by the degree of crystallinity.®® Although less stability of Fe-
BDCs against water and solvents can be attributed to their
lower degree of crystallinity, the achieved performance of CO,
adsorption was not considerably affected by it and relatively
acceptable adsorption was achieved (see Fig. 9). Using different
metal centers and solvents affects the properties such as hard-
ness and stability, degree of crystallinity, etc.®*”* Differences
between the synthesis conditions of MIL-101 and MIL-53
synthesized by Cr and Al compared to MIL-101 and MIL-53
synthesized by Fe, such as the reaction temperature (220 °C
versus 110 °C) and solvent (water vs. DMF), may leads to the
formation of more stable materials with lower energy levels. On
the other hand, the higher stability of MIL-101(Fe)-NH, against
polar solvents, e.g. water and ethanol, can be attributed to the
existence of amino agent in MIL-101(Fe)-NH, structure and the
formation of the hydrogen bond between them.

Conclusions

MIL-101(Fe), MIL-53(Fe) and Amino-MIL-101(Fe) were synthe-
sized solvothermally using BDC ligands and Fe-based precur-
sors. Characterization of the synthesized MOFs were performed
by BET, SEM, and TGA methods. While the temperature resis-
tance of MIL-53(Fe) was about 350 °C, the temperature resis-
tances of MIL-101(Fe) and MIL-101(Fe)-NH, were lower and
near 100 °C and therefore, desorption of gas in high tempera-
tures was not possible for these two sorbents. Adsorption tests
for synthesized Fe-BDCs were performed by means of prepared
volumetric setup. The achieved CO, adsorption for MIL-101(Fe),
MIL-53(Fe) and Amino-MIL-101(Fe) at 4 MP and 25 °C were
equal to 9.3, 8.6 and 13 mmol g™, respectively. Furthermore,
the results showed that Amino-MIL-101(Fe) was more stable
against water and ethanol, and its surface area increased from
670 to 915 m* g~ ' after being washed by ethanol. The heat of
adsorption for synthesized MOFs was estimated by Clausius—
Clapeyron equation. The achieved heat of adsorption for MIL-
101(Fe), MIL-53(Fe) and MIL-101(Fe)-NH, were equal to 36.6,

5200 | RSC Adv, 2021, 11, 5192-5203

View Article Online

Paper

58.7, and 46.7 k] mol ' respectively. The achieved results
revealed that in addition to physical adsorption of CO, by
Amino-MIL-101(Fe), chemisorption of carbon dioxide by NH,
agent in the structure of sorbent has also significant effect on
the mechanism of adsorption.
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Nomenclatures
atm Atmosphere
BDC  1,4-Benzenedicarboxylate (terephthalate), fomula:

CeH,-1,4-(CO,H),

BET Brunauer-Emmett-Teller

DM Demineralized

DMF  N,N-Dimethylformamide

FESEM Field emission scanning electron microscopy
MIL Material institute Lavoisier

MOF  Metal organic framework

R-P Redlich-Peterson

PSA Pressure swing adsorption

PXRD Powder X-ray diffraction

PT Pressure transmitter

SBUs  Secondary building units

TGA  Thermal gravimetric analysis

TIC Temperature indicator and controller
PSM  Postsynthetic modification
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