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1. Introduction

Metal organic frameworks (MOFs) are a class of porous materials with a modular
structure. This allows for a very wide structural diversity and the possibility of synthesizing
materials with tailored properties for advanced applications [1,2]. Thus, MOF materials are
the subject of intense research, with strong relevance to both science and technology. MOFs
are formed by the assembly of two components—cluster or metal ion nodes—which are
also called secondary building units (SBUs), and organic linkers between the SBUs, usually
giving rise to crystalline structures with an open framework and significant porous texture
development. The main aim of this Special Issue of Catalysts is to present the most relevant
and recent insights in the field of synthesis and characterization of MOFs and MOF-based
materials for advanced applications, including adsorption, gas storage/capture, drug
delivery, catalysis, photocatalysis, and/or chemical sensing.

2. Metal-Organic Frameworks for Advanced Applications

This Special Issue includes outstanding studies focused on the synthesis of new
MOF-based materials with enhanced properties in terms of behavior and/or stability
for adsorption and catalytic applications. In this sense, Khraisheh et al. [3] analyzed the
potential application of two MOFs (SIFSIX-3-Ni and NbOFFIVE-1-Ni) for the separation
of prime olefins from gas streams at different temperatures and pressures. Dynamic
adsorption breakthrough tests were also conducted, and the stability and regeneration
ability of the MOFs were established after eight consecutive cycles. The results revealed
that SIFSIX-3-Ni can be considered an effective adsorbent for the separation of 10/90 v/v
C3H4/C3Hg under the range of experimental conditions analyzed. The separated C3Hg
was obtained with a 99.98% purity. Following with the stream purification applications,
Mirante et al. [4] researched the catalytic efficiency of a layered coordination polymer
to remove simultaneous sulfur and nitrogen compounds from fuels. An ionic lamellar
coordination polymer based on a flexible triphosphonic acid linker achieved complete
desulfurization and denitrogenation after 2 h using single model diesels, an ionic liquid
as extraction solvent ([BMIM]PF¢) and HyO, as oxidant. The lamellar catalyst showed a
high recycle capacity for desulfurization. The reusability of the diesel/H,O,/[BMIM]PFq
system catalyzed by a lamellar catalyst was more efficient for denitrogenation than for
the desulfurization process when using a multicomponent model diesel. This behavior
was not associated with the catalyst performance, but mainly due to the saturation of S/N
compounds in the extraction phase. Salahuddin et al. [5] studied the use of MnO,-doped
ZIF-67 MOF for the electrocatalytic oxygen reduction reaction. The material showed an
improved performance due to the incorporation of MnO, not only by enhancing the sur-
face area, but also the conductivity. Chen et al. [6] reported photocatalytic CO, reduction
with MIL-100(Fe)-CsPbBr; composites. The composites, with a high specific surface area,
displayed an enhanced solar light response, and an improved charge carrier separation,
resulted in an improved photocatalytic performance. Optimization of the relative com-
position, with the formation of a dual-phase CsPbBrj to CsPb2Brs5 perovskite composite,
showed an excellent photocatalytic performance with 20.4 pumol CO produced per gram
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of photocatalyst during one hour under visible light irradiation. Palani et al. [7] explored
the practical advantages and limitations of applying a UiO-66-based MOF catalyst in a
flow microreactor for the catalytic hydrolysis of ethyl paraoxon, an organophosphorus
chemical agent. It was concluded that tableting and sieving were viable methods to obtain
MOF particles of a suitable size to be successfully screened under flow conditions in a
microreactor, the optimal condition being catalyst particles with a sieved fraction between
125 and 250 um. The synthesis of new materials was also addressed in this Special Issue.
Li et al. [8] used tetracaboxylic acid, 3-(20,40-dicarboxylphenoxy)phthalic acid (H4dpa),
as a multifunctional linker for the hydrothermal synthesis of new coordination polymers.
Hence, a simple synthetic procedure led to the formation of a series of copper(Il), man-
ganese(II), and zinc(II) coordination polymers, whose catalytic activity was also explored
in the mild cyanosilylation of benzaldehyde substrates with trimethylsilyl cyanide. The
zinc(II)-based one functions as an effective and reusable heterogeneous catalyst to produce
cyanohydrin products in up to 93% yields. Santibafiez et al. [9] described the aerobic oxida-
tion of cyclohexene using heterometallic MOFs as catalysts in solvent-free conditions with
oxydiacetic acid. It was concluded that the Langmuir surface area and the redox potentials
were more important than the acid strength and acid sites of the studied MOFs, in terms of
the referred catalytic performance. In addition, the reaction conditions were also shown to
play an important role in the catalytic performance of the studied systems. In particular,
the type of oxidant and the way to supply it to the reaction medium influenced the catalytic
results. Jiao et al. [10] described the fast immobilization of human carbonic anhydrase II on
Ni-based MOF nanorods with high catalytic performance. These results showed that the
Ni-MOFs have great potential and high efficiency for the specific binding of immobilized
enzymes. Pertiwi et al. [11] used MIL-101(Cr) MOF as a solid—acid catalyst for the solution
conversion of biomass-derived glucose to 5-hydroxymethyl furfural (5-HMF). The substi-
tution of Cr®* by Fe®* and Sc®* in the MIL-101 structure resulted in more environmentally
benign catalysts. It was observed that MIL-101(Fe) could be prepared, and the inclusion
of Sc was possible at low levels (10% of Fe replaced). During extended synthesis times,
the polymorphic MIL-88B structure was formed instead. The optimum material was a
bimetallic (Fe,Sc) form of MIL-88B, which provides ~70% conversion of glucose with 35%
selectivity towards 5-HMF after 3 h at 140 °C, which was a higher conversion compared to
other heterogeneous catalysts reported in the same solvent. Padmanaban and Yoon [12]
studied the surface modification of an MOF-based catalyst with Lewis metal salts for
improved catalytic activity in the fixation of CO, into polymers.

The stability of MOFs is a crucial aspect only scarcely analyzed in the literature. In
this sense, Gomez-Avilés et al. [13] reported a quantitative study of the water stability of
NH,-MIL-125(Ti), analyzing the ligand release along the contact time in water. This study
demonstrates that NH,-MIL-125(Ti) easily leached out over time while maintaining its
structure. The effect of different thermal treatments applied to the MOF was investigated
in order to enhance its water stability. Similarly, Wang et al. [14] synthesized Mn-MOF-74,
which was further modified via two paths for enhanced water resistance. The results
of selective catalytic reduction (SCR) performance tests showed that polyethylene oxide-
polypropylene-polyethylene oxide (P123)-modified Mn-MOF-74 exhibited outstanding NO
conversion of up to 92.1% in the presence of 5 vol.% water at 250 °C, compared to 52%
for Mn-MOF-74 under the same conditions. It was concluded that the water resistance
of Mn-MOF-74 was significantly promoted after the introduction of P123 and that the
unmodified P123-Mn-MOF-74 was proven to be a potential low-temperature SCR catalyst.

This Special Issue contains several reviews, which analyzed promising approaches
for the synthesis and advanced applications of MOFs. The combination of MOFs with
other materials constitutes a promising methodology to synthesize materials with tunable
and optimized characteristics for specific applications. Thus, Sun et al. [15] analyzed the
synthesis of hybrid materials by supporting or incorporating polyoxometalates (POMs)
into/onto MOFs. These hybrid materials combine the strong acidity, oxygen-rich surface,
and redox capability of POMs while overcoming their drawbacks, such as difficult han-
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dling, a low surface area, and a high solubility. MOFs are ideal hosts due to their high
surface area, long-range ordered structure, and high tunability in terms of the pore size
and channels. In some cases, MOFs add an extra dimension to the functionality of hybrids.
A study discussed their synthesis strategies, together with their major applications, such as
their use in different catalytic applications. Jang et al. [16] described the use of MOFs as
catalysts for air and water pollution environmental remediation, including an interesting
approach focused on the synthesis of MOF-based filtering membranes by electrospinning
using an eco-friendly polymer. Elhenawy et al. [17] reviewed the applications of MOFs
in the carbon capture, focused on the applications of MOFs in the adsorption, membrane
separation, catalytic conversion, and electrochemical reduction of CO, to provide new
practical and efficient techniques for CO, mitigation. Finally, Liu et al. [18] described the
recent advances in MOF-based nanocatalysts for photo-promoted CO, reduction appli-
cations. This review described the unique advantages of MOF-based materials for the
photocatalytic reduction of CO,. The catalytic reaction process, conversion efficiency, as
well as the product selectivity of photocatalytic CO, reduction while using MOF-based
materials was thoroughly discussed, with a special focus to the catalytic mechanism of
CO; reduction with the aid of electronic structure investigations.

It can be concluded that MOFs have undiscovered potential for multiple advanced
applications. We will probably witness an explosion of different applications of these
versatile and attractive materials in the coming years. It is likely that their use in real
applications will be the key for their further development.
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Abstract: The separation of C3Hy/C3Hg is one of the most energy intensive and challenging opera-
tions, requiring up to 100 theoretical stages, in traditional cryogenic distillation. In this investigation,
the potential application of two MOFs (SIFSIX-3-Ni and NbOFFIVE-1-Ni) was tested by studying the
adsorption-desorption behaviors at a range of operational temperatures (300-360 K) and pressures
(1-100 kPa). Dynamic adsorption breakthrough tests were conducted and the stability and regener-
ation ability of the MOFs were established after eight consecutive cycles. In order to establish the
engineering key parameters, the experimental data were fitted to four isotherm models (Langmuir,
Freundlich, Sips and Toth) in addition to the estimation of the thermodynamic properties such as the
isosteric heats of adsorption. The selectivity of the separation was tested by applying ideal adsorbed
solution theory (IAST). The results revealed that SIFSIX-3-Ni is an effective adsorbent for the separa-
tion of 10/90 v/v C3Hy/C3Hg under the range of experimental conditions used in this study. The
maximum adsorption reported for the same combination was 3.2 mmol g~!. Breakthrough curves
confirmed the suitability of this material for the separation with a 10-min gab before the lighter C3Hy
is eluted from the column. The separated C3Hg was obtained with a 99.98% purity.

Keywords: metal organic frame works; olefin paraffin separations; propyne; propylene; adsorption
isotherms; dynamic breakthrough

1. Introduction

Separation processes in the oil, gas and chemical industries account for up to 15%
of their total energy requirements [1-4]. Light hydrocarbons (C;-Cy) are vital chemical
feedstocks and energy resources around the world [5]. In addition, olefin separations
are critical for the chemical industry, with the greatest demand on high purity propylene
(C3Hg). The demand for high purity propylene has risen sharply in recent years, and
the compound is now the second most widely produced hydrocarbon by volume in the
world after ethylene [3,6-9]. In 2019, the production of propylene was around 145 million
tons globally [5]. Propylene is an intermediate essential chemical in a large number of
important chemical industries such as polypropylene based plastics, propylene oxides,
isopropanol, acrylonitrile, and other copolymers [3,6,9-19]. Steam/catalytic cracking of
higher chain hydrocarbons is the main method of producing propylene, although the
resulting product inevitably contains amounts of propyne. Propyne (C3Hy) is a common
impurity that is known to cause a poisoning effect of the catalyst during the cracking
process, with detrimental effect on the production of propylene [3]. To meet polymer grade
propylene requirements, the content of propyne must be reduced to less than 5 ppm. It is
therefore imperative to remove propyne from the propylene gas streams to produce the
required propylene polymer grade gas (>99.99% purity). The separation of propane (C3Hg)
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and propylene is well reported in literature given its demanding energy requirements and
the close relative volatilities of both compounds at the temperature range of operation
(typically between 244-327 K) [2,7-10,13,14,17]. However, only a few studies have reported
the separation of C3H,/C3Hg mixtures [4,20-22]. This separation is very challenging due
to the physical and chemical similarities (molecular size C3Hy: 4.16 x 4.01 x 6.51 A [3] and
C3Hg: 5.25 x 4.16 x 6.44 A [3]) between propyne and propylene compounds; more so than
CyHj,/CyHy separations, for example [4]. Cryogenic distillation is the most commonly used
method. Typically, it requires more than 100 theoretical stages to perform the separations
of the gas fractions under low temperature and high pressure conditions [6], resulting
in very high energy demands. Other technologies involve adsorption-based separations
using a variety of materials such as zeolites and carbons in a variety of settings such
as pressure, vacuum, or temperature swing settings [2,7,12,14,23-26]. Low separations
and selectivity remain a challenge in difficult separations like those related to propyne
and C3Hjg separations. New developments in metal organic frameworks (MOFs) and
the development of crystal engineering represent huge potential for previously difficult
separations [27-29]. Metal organic frameworks, sometimes called metal coordinated poly-
mers, are crystalline micropore materials with huge potential, owing to the flexibility in
their chemical structure and intrinsic properties that can be fine-tuned to suit a given gas
separation application [30-32]. Accordingly, the MOF internal aperture can be tuned for
selective size or shape separation. They generally comprise organic ligands and inorganic
metal clusters. Accordingly, the changes in structure pore size, one of the most appeal-
ing features of MOFs, and functional groups lends itself to many gas applications and
separation processes. The structural flexibility and dynamic behavior of metal organic
frameworks, such as the gate-opening effect due to variations in temperature, pressure, or
other eternal stimuli, are another distinct feature of metal organic frameworks compared
to traditional adsorbents such as zeolites [5]. A class of MOFs (hybrid ultra-microporous
materials) are setting a new benchmark in a number of gas separations [27]. These materials
are based on 3D Zn/Cu/Ni coordination networks that contain metal nodes in addition to
organic linkers. Anions such as SiFs2~ (SIFSIX), NbOF52~ (NbOFFIVE) form bridges in the
MOF structure and are reported to have potential application in gas separations, such as
C3Hg/C3Hg and other lower alkene/alkane separations.

Gas hydrocarbons are adsorbed inside the molecule and held via van der Waals,
metal-binding or hydrogen interactions, depending on the type of MOF used. To this end,
equilibrium, kinetic, or molecular sieving separations can be the predominant mechanism
that aids the use of a particular MOF in a given gas separation. Molecular sieving is based
on size/shape exclusion, while thermodynamic equilibrium separation depends on the
type and strength of the interactions and the affinity of the host-guest interactions i.e., MOF
and the gas species. In equilibrium separations, there are relative thermodynamic affinities
between the gas species and the MOF adsorbent via the introduction of strong interaction
sites on the MOF frame. Lewis acidity related to an uncoordinated open metal site MOF is
used in CO; or olefin separations. These interactions form strong bonds which is the major
challenge associated with their use in such separations due to the associated extra energy
requirements related to the desorption of the gas and its subsequent release and separation,
in addition to the MOF regeneration. Kinetic operations are based on the diffusivity of the
gas compounds and their relative selectivity.

The use of metal organic frameworks for the separation of propyne/propylene is
still in the early stages, with few reported studies in literature [4]. The first study on
C3Hy/C3Hg separation was reported using [Cu(4,4’-bipyridine)(trifluo-romethanesulfonate
(OTF):](ELM-12) [21]. This material showed good potential for adsorption selectivity
through the estimation of the ideal adsorbed solution theory (IAST) selectivity at a trace
concentration of propyne (ratio 1/99 C3H4/C3Hg), with good adoption capacity at low-
pressure range. The work highlighted the potential of metal organic frameworks of flexible
structures for hydrocarbon separation at low concentrations. Anion pillared metal organic
frameworks with various structures were also studied, including the NbOF52~ and SiFg2~
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pyrazine based MOF family (NbOFFIVE-1-Ni (sometimes called KAUST-7 [33]), SIFSIX-2-
Cu, SIFSIX-3-Ni, SIFSIX-3-Zn) [18]. The study highlighted that the geometric disposition
and pore size of SiF¢>~ anions could be varied to best match the propyne molecules,
resulting in very promising separation under the applied experimental conditions. The
adsorption capacity reportedly reached 2.6 mmol g~ for propyne concentrations of around
300 ppm. The study reported that both molecules were adsorbed, limiting productivity in
separation [5]. Li et al. [4] screened 20 different MOF materials with varying structures, pore
sizes, preparation methods, and functional groups for propyne/propylene separation. Their
study showed that one material, called UTSA-200, exhibited great potential (95 cm® cm =3 at
low pressure and 298 K) at an ultralow concentration (0.1:99.9 v/v CsHy/C3Hg). The high
affinity was reported to be related to the suitable pore size resulting from the rotation of
the pyridine rings in the MOF with blocking propylene effect [4,5]. Recently, calcium based
metal organic frameworks were investigated for C3Hy/C3Hg separation [3]. An uptake gas
value of 2.4 mmol g~ ! was recorded at low pressures and trace concentrations.

In the few reported studies on propyne/propylene separation, very low concentrations
were studied at pressures up to 1 bar. To establish a good trade off, high productivity and
purity is required from the adsorbent material. In addition, most studies considered the
adsorption capacity alone, while a few considered breakthrough analysis for a number
of different cycles. There is a lack of systematic studies on this particular separation that
take into account the adsorption isotherms and kinetics of the stream under consideration.
Targeting materials with well-developed porous structures and stability is required to
enhance the separation of propyne and propylene, to ensure the high purity of propylene,
which is needed for industrial grade applications, and to reduce the energy requirements of
this process. As mentioned earlier, the study of the selectivity is important to establish the
type of integration between the gas and the MOF adsorbent to facilitate the understanding
of the desorption and the reversibility of the interaction. Accordingly, in this study, a
systematic approach was considered to study the effect of two types of pyrazine-based
inorganic anions SiFs>~, NbOF52~) metal organic frameworks (SIFSIX-3-Ni and NbOFFIVE-
1-Ni) under a range of temperatures (300-360 K) and pressures (up to 100 kPa) for the
separation of propyne/propylene in various concentrations (10/90 v/v). Adsorption
capacities were analyzed using four isotherm models, i.e., single (Langmuir and Freundlich)
and multi constant isotherms (Sips and Toth). No other reported studies have addressed
the mathematical isotherm fitting of the experimental data for the C3H,/C3Hg system in
combination with the metal organic frameworks used in this study. Such data are important
in engineering calculations related to scale up and industrial applications. In addition, the
selectivity was analyzed using the ideal adsorbed solution theory (IAST). Dynamic studies
were conducted and breakthrough curves were established at varying numbers of cycles.

2. Experimental Materials and Methods

High purity analytical materials were supplied by Sigma-Aldrich and Buzwair Inc.
Qatar. Chemical structures and characteristics of propyne and C3Hg are shown in Table 1.
Gases were of 99.99% purity.
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Table 1. Characteristic information for adsorbents and adsorbate gases.

Sorbent BET (m?>g~!) Pore Size (nm)  Pore Volume (cm® g~7) Ref Size (A3) * References
. This study, D1:4.66, D2:3.21, D3:4.9 [1,18]
NbOFFIVE-1-Ni 248 0.139 0.095 ref. [34] D2:3.047 [
: D1:5.03, D2:3.75, D3:4.6 [18]
SIFSIX-3-Ni 368 0.36 0.167 Th‘? Sg‘fyf D2:4.2 4]
ref. [34] D1:5.047 []
Hydrocarbon Structure Size (A3) * References
(e
C3H, D4 4.16 x 4.01 x 651 [3-18]
e
C3H, ce 3 5.5 x 4.16 x 6.4 [3-5,18]

* D1, D2 and D3 refer to distances as illustrated in Figure 1b.

2.1. Adsorbent Synthesis

The two metal organic frameworks (NbOFFIVE-1-Ni and SIFSIX-3-Ni) were prepared
as detailed in our earlier work [34]. Both metal organic frameworks were pyrazine based,
as detailed in Figure 1. The metal organic frameworks were architected by the bridging
of the pyrazine-Ni?* square grid layers with NbOs?~ (Figure 1). The difference between
the NbOs?~ and SiFs?~ resulted in pyrazine moieties free rotation, and it affected the
pore cavity which is smaller in NbO52~ compared to that of SiF¢2~ (= hexafluorosilicate)
(Table 1).

(SiFg)? Pillar
(a)

29
s‘.‘s L_:
+ X

(NbOF)Pillar

Figure 1. (a) Schematic of the basic structure of the pyrazine based metal organic frameworks used in
the study. (b) Structural representation of the metal organic frameworks and size dimensions. Values
of D1, D2 and D3 are given in Table 1 (dimensions are not to scale and for illustration purposes).

2.2. Sample Characterization:
2.2.1. Brunauer-Emmett-Teller (BET) Analysis

Liquid nitrogen was used for the N, gas adsorption tests at 77 K. Micromeritics char-
acterization was carried out using ASAP 2420 surface and porosity analyzer (Micromeritics
GmbH, Unterschleiffheim, Germany). Surface area was established using BET model while
pore size distribution was found using the BHJ method [34]. Table 1 presents the main
characteristics of the metal organic frameworks used.
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2.2.2. Thermogravimetric Analysis (TGA), SEM and FTIR

TGA analysis may be used to establish the weight loss of metal organic frameworks
under thermal stress with high temperatures as an indication to the sample thermal stability.
Tests were conducted using a Perkin Elmer Pyris 6 analyzer. Details of these tests have
been reported by Khraisheh et al. [34].

Furthermore, Fourier-transform infrared spectroscopy (FTIR) (using Bruker Vertex
80) for the adsorbents was conducted in the range of 4000400 cm~!. In addition, SEM
analyses were conducted following standard protocols.

2.3. Gas Uptake
Equilibrium and Kinetic Breakthrough Gas Adsorption Studies

To establish the maximum and equilibrium uptake capacity of the solids towards
C3H4/C3Hg gases, Micromeritics ASAP 2420 (Germany) was used. Samples of around
100 mg were outgassed for at least 12 h under vacuum at 338 K before the adsorp-
tion/desorption experiments. Tests were conducted at a range of temperatures between
300-360 K (controlled via water (300-320 K) or oil (340-360 K) jacket) and pressures from
0-100 KPa. An in-house simple setup was used to test the breakthrough experiments
(dynamic tests). The setup consisted mainly of a small quartz adsorption column (I.D
4 mm, height: 160 mm), gas flow controllers and gas analyzer. The required amount of
adsorbent was used in the columns and then activated inside the column at 338 K for a
couple of hours using helium (He) gas to ensure that any unwanted inert gases had been
fully purged from the column. To eliminate any errors in the use of the gas mixtures, a
(10/90 v/v) C3H4/C3Hg gas mixture cylinder was purchased (Buzwair gas Inc. Qatar) and
used in the experiments. A total flow rate of 5 mL (STP min~!) was used in all experiments.
The flow rate was found to offer the best optimum conditions without having to fluidize
the bed. The beds were regenerated ahead of a new gas breakthrough cycle using He
(99.99 purity) for 30 min at 298 K and a flow rate of 5 mL min~!. The same sample of solid
MOF sorbent was used for up to eight successive breakthrough cycles in order to study the
stability of the adsorbent during multiple cycle operations of sorption and desorption. The
experimental procedure for each cycle was identical to that described above.

3. Theoretical Modeling
3.1. Isotherm and Kinetic Models

The adsorption isotherms of the pure compounds on the NobOFFOVE-1-Ni, SIFSIX-3-
Ni were determined. Many models are reported in the literature to describe the adsorbent
capacity for a certain species. The most commonly used in the case of gas-solid adsorption
system are Langmuir, Freundlich, Sips and Toth isotherms [10]. The first two are known as
the two parameter models, while the latter models are a hybrid combination of the two
parameter models.

The Langmuir model is one of the most widely used isotherms in many applications
including solid-gas and solid-liquid separations. The model is based on the assumption of
monolayer interaction between the adsorbent and adsorbate with the assumption that all
adsorption sites have similar adsorption energy requirements. Equation (1) represents one
of the simplest forms to describe the Langmuir isotherm, where the maximum or saturation
adsorption capacity is related to the system pressure and Langmuir constant, as shown in
Equation (1):

kP
Q= Gsat T3 P €))

where Q (mmol g~1) is the adsorption capacity, gsat (mmol g 1) is the equilibrium uptake
capacity of the gas species, P is the system pressure (kPa), and k;: isotherm constant related
to the energy of adsorption

The two main factors of Equation (1) were estimated from experimental data and used
to establish the model fit of the data to the isotherm. The applicability of the isotherm is
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typically related to another factor that is associated with the Langmuir model, as described
in Equation (2):

1
1+ kP

The value of the separation factor Ry is indicative of the ability of the model to fit the
experimental data.

The Freundlich isotherm, on the other hand, is based on the assumption of multilayer
adsorption with various adsorption energies [35]. In this model (Equation (3)), the increase
in the pressure of the system increases the uptake capacity of the adsorbent.

@

R, =

Q= kPr 3)

where k¢ is the Freundlich constant and n is a constant. A value of n lower than 1 is
indicative of chemisorption rather than physisorption.

Although both models are widely used in many applications, their ability to fit the
experimental data in a wide range of applications is limited in systems related to adsorption
of many hydrocarbons. Accordingly, hybrid multiconstant models that are based on the
two models have been used with better representation of the adsorption of hydrocarbons
on solid materials.

The Sips model is an isotherm derived from both Langmuir and Freundlich isotherms
and is presented in Equation (4) [10]:

Q= quu(ksP)/™/(1+ KkP)/™ @)

where ks is Sips constant and m is a constant that represents deviation from ideal het-
erogeneity of the adsorption system and is typically considered as intensity factor with
values above 1 indicative of a heterogeneous adsorption. Equation (4) reduces to its Lang-
muir form (Equation (1)) in cases when m equals unity. The Sips model is known to be
best applied in cases where the system operates at higher-pressure conditions. The Toth
isotherm [36] (Equation (5)), on the other hand, is another hybrid combination of the Lang-
muir and Freundlich isotherm that is reported to have better data fitting in applications at
a wider variety of pressures compared to the Sips model.

@ (155)) g

where ki and n are Toth constants specific for adsorbate-adsorbent pairs, while n indicates
the affinity of the adsorption. A value of n close to 1 is an indication of the system
heterogeneity. As with the Sips model, a value of 1 reduced the Toth equation back into
Langmuir isotherm. The applicability of this model in a good range of system pressure
application resulted in its wider application in gas solid adsorption systems.

Statistical analyses were used to evaluate the fit of the experimental data to the various
models. The most reported parameter used is based on the average absolute relative
deviation (AARD), coefficient of determination (R?) (Equations (6) and (7), respectively).

AARD(100%) = @ Y Qepr Qpred o
i=1 exp
2
Zi Q red — Qex Bt
R2 =1— 1( pred p> ”

Zﬁil (Qpredfi - éexp)2

where Qpred is the predicted amounts, Qexp is the values of Q obtained experimentally, and
N is the number of the experimental data points used in the isotherm fit.

10
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3.2. Isosteric Heats of Adsorption, IAST Selectivity and Adsorption Kinetics

The isosteric heat of adsorption makes it possible to characterize the surface properties of
adsorbents, catalysts, and other materials, and provides information on the homogeneity and
heterogeneity of surface. The calculation of the isosteric heats of adsorption (Qs (k] mol 1))
is essential for an understanding of the strength of the interactions between the solid surface
and the adsorbate in addition to any energetic heterogeneity in the solid surface. The
calculations are typically based on the fundamental Clausius-Clapeyron equation:

olnP
Qu=rr2 (%) ®
qsat

where P and T are the system pressure and temperatures and qsat is the saturated equilib-
rium uptake amount (mmol g~1).

To assess the selectivity and feasibility of the separation, the IAST selectivity was
considered for CsHs/C3Hg gases on the two metal organic frameworks employed in this
study. The IAST calculations facilitate the study of the selectivity in binary gas mixtures. A
full mathematical description is available elsewhere [6,10,37,38].

Adsorption kinetics is fundamental for engineering evaluation of adsorption systems.
Typically, models derived from Fick’s law of micropore diffusion are employed to model
adsorption uptake curves via the calculation of the intercystalline diffusivity (D.) [10]. An
analytical solution of the equation based on the assumption of approximate cylindrical
geometry of the solids is given as:

I > 4o(1+ o)
9o n=1 4+ 4o+ o2p2 exp(—%ﬁﬁt)

©)

where qw is the equilibrium adsorbed amount (mmol g’l), t is the time (s), and constants
« and { are calculated as detailed in [10].

4. Results and Discussion
4.1. Adsorbent Characterization

The SIFSIX and NbOFFIVE metal organic frameworks were synthesized and character-
ized as described in our earlier work [34]. Figure 2 offers some of the main characteristics
obtained, including SEM, FTIR, N, adsorption desorption, and TGA analysis. In addition,
Table 1 presents the estimated surface area and pore volumes. Thermal stability is essential
for proper application of microporous materials in separation processes. The stability of the
prepared materials was tested in a harsh temperature environment, i.e., up to 750 °C, by
thermogravimetric analysis in the presence of nitrogen gas. The TGA isotherms are given
in Figure 2i for both sorbents and represent the change in the weight of the material at
elevated temperatures. A steep change in the mass of the adsorbent indicates a less stable
structure and the possibility of material deterioration at higher temperature settings. At
280-300 °C, both materials underwent between 10-15% decrease in mass. The decrease was
much steeper in the case of SIFSIX compared to NbOFFIVE at temperatures above 300 °C.
The results of TGA obtained in our study were in good agreement with those reported in
Bhatt [39] and Kumar [40]. The initial loss of mass is usually due to the evaporation of free
water and other volatile compounds. A large drop in mass at elevated temperatures, as
is the case in SIFSIX, may result in the decomposition of the material and the loss of wall
and structural integrity [30,35]. The interactions between the different functional groups in
a material can clarify the gas uptake. FTIR spectroscopy (Figure 2ii) was recorded in the
range of 400-4000 cm~ L. For NbOFFIVE-1-Ni, the peaks at 3221, 1615, 1402, and 465 cm~!
most likely correspond to the characteristic nickel O-H stretching. A SEM micrographs
for the two prepared materials (Figure 2iv) showed multisized agglomerations in both
materials with the pore size in the range of 100-600 nm. Voids are clearly present between
the uniform particles. The porous nature of the materials was tested using N, adsorption.

11
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A significant difference in pore size and volume (Figure 2iii) was found between the SIFSIX
and NbOFFIVE; both were higher for SIFSIX. The pore size for this compound was nearly
2.6 times higher than that recorded for the Nb MOF (Table 1), indicating a more enhanced
surface area and porosity, and the formation of a well-defined structure [17]. The shape
of the adsorption and desorption isotherms (depicted in Figure 2iii) clearly indicated a
reversible Type-I isotherm in accordance with IUPAC categorization. This type indicated
the formation of uniform narrow mesopores and a wider distribution of the pores [10,36,41].
The initial steep rise in the N, adsorption—desorption isotherm at a low relative pressure
(P/Py less than 0.001) is typically associated with the formation of microporosity. The
high-adsorbed volume values (Figure 2iii) at relative pressures higher than 0.8 have been
attributed to the N capillary condensation in the antiparticle pores, and may indicate
expandable pores and a flexible structure which may lead to what is known as gate-opening
effect [35]. The N; adsorption-desorption isotherms did not indicate the presence of a
clear hysteresis loop at low P/P, ratio. A slight hysteresis effect was present at higher

P/P, ratio.
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Figure 2. Characterization results for SIFSIX-3-Ni and NbOFFIVE-1-Nji; (i) TGA; (ii) FTIR; (iii) N, adsorption/desorption;
(iv) SEM images (a) NbOFFIVE-1-Ni, (b) SIFSIX-3-Ni.

It has been reported that the separation of C3Hg/C3Hg, for example, is dominated
by size selection separation [1]. It is hence expected that the separation of C3Hy/C3Hg
will follow a similar mechanism as in both cases of fluorinated metal organic frameworks
(NbOFFIVE and SIFSIX were deployed under similar experimental conditions). The
restrictive pore size of the metal organic frameworks due to the prevention of the pyrazine
moieties (Figure 1) affects the size selection between gas species. From the N, adsorption
data, BET areas were estimated to be 248 and 368 m? g‘l for NbOFFIVE and SIFSIX,
respectively (Table 1). The experimentally obtained total pore volumes were 0.095 and
0.167 cm® g~ for NbOFFIVE and SIFSIX, respectively.
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4.2. C3Hy/C3Hg Uptake and Separation

The potential of using the microporous metal organic frameworks for the selective
adsorption—desorption and molecular interactions and binding nature of propyne over
propylene at low pressure ranges (up to 100 kPa) and various temperatures was inves-
tigated. The results are presented in Figures 3 and 4. Figure 3a,b depicts an example of
adsorption and desorption gas uptake for both adsorbents at a range of pressures up to
100 kPa. The figure shows the adsorption at 300 K as an example. Similar trends were
obtained at different temperatures. The figure clearly reveals that different uptake values
can be obtained in the case of propyne and propylene, indicating an effective separation
due to the differences in the uptake values and steepness of the isotherms obtained. Both
figures clearly show that propyne is adsorbed in a larger amount at a given pressure
in comparison to propylene. A maximum uptake value of 3.28 and 2.99 mmol g~ ! was
obtained for propyne on SIFSIX-3-Ni and NbOFFIVE, respectively at 300 K. The maximum
absorbed values for propyne were lower than those for propyne on both adsorbents, as can
be seen from Figure 3a,b. Values of 2.9 and 2.39 mmol g~! were obtained for propylene
on SIFSIX and NbOFFIVE, respectively. The C3Hg and C3Hy values on the SIFSIX were
higher than those recorded for the NbOFFIVE-1-Ni for the entire pressure range at a given
temperature. It is also evident that the difference in the adsorption of C3Hy and C3Hg on
SIFSIX was wider (Figure 3a) than that obtained on the NbOFFIVE MOF (Figure 3b). This
indicated that the separation of propyne from C3Hg on the SIFSIX was more effective than
that on the NbOFFIVE based MOF, and provides evidence of the potential for C3Hy/C3Hg
separation applications. A value of 2.85 mmol g~! was reported for SIFSIX-3-Ni at 298 K
for propylene [42]. The anion pillar NbOF52~ is bulkier than SiFs?~ and has longer F-Nb
bond length (1.89 compared to 1.68 A for SIFSIX), resulting in a thinner and longer pore
space (4.66 x 7.88) which leads to lower propyne capacity [18]. This led us to conclude
that small changes to the pore structure can have a major influence on the selectivity and
absorbability of the adsorbate on the selected MOFs.

In addition, study of the adsorption-desorption behavior for propyne and propylene
for both adsorbents (Figure 3) was important to establish the reversibility (regeneration
ability) for the adsorbents. It is clear that both adsorbent isotherms show reversibility upon
uptake of propyne and C3Hy gases. It is also evident that the hysteresis effect is more
pronounced in propyne adsorption for both sorbents compared to that for C3Hg. This
indicated a strong affinity and molecular interactions between C3Hy molecules and the
structure of the sorbents. A less defined hysteresis effect is realized in the case of propylene
adsorption on both solids. A similar effect was reported in a recent study by Lin et al. [42].
Li et al. [4] reported that some metal organic frameworks such as SIFSX-1-Cu, SIFSIX-2-
Cu-i, ELM-12 have a strong interaction with C3Hy at pressures less than 20 kPa. These
interactions were exhibited in a steep adsorption uptake isotherm at a fixed temperature
over propylene with the reported benchmark uptake values [4]. One issue related to the
aforementioned materials is that their pore sizes were large, allowing the passage of both
gases, and hence reducing their potential selectivity.

The effect of temperature on the adsorption of C3H, and C3Hg on both MOFs is
given in Figure 4. Temperatures in the range of 300-360 K were used for pressures up
to 1 kPa. It can be seen from Figure 4a—c that the temperature has a profound impact
on the removal and uptake rate for all adsorbents. It is clearly shown that the uptake
of the gases is lowered by the elevation in temperature. Other adsorption systems such
as C3Hg and C3Hg, as reported in studies, showed similar trends with respect to uptake
values vs. temperature [10]. No other studies have shown the full experimental isotherm
results for propyne and C3Hg systems. In all cases, the adsorption of C3Hy is higher
than that for propylene at all temperature ranges and in both adsorbents. In addition,
SIFSIX outperformed NbOFFIVE for the selectivity of C3Hy. It can also be noted that a
steep increase in the adsorption capacity at the lower pressure range is more apparent in
the case of C3Hy and SIFSIX combination at all temperature ranges in comparison with
the other adsorbent/adsorbate systems (Figure 4a). A similar result was reported, but
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Uptake(mmol/g)

in the C3Hg and C3Hg systems on different metal organic frameworks [10]. To facilitate
a good comparison, Figure 4c also shows experimental uptake isotherms at a selected
temperature for both adsorbents and adsorbate systems. The superior uptake capacity
of SIFSIX for propyne is evident, especially at low-pressure ranges (<20 kPa), indicating
a strong interaction between the SIFSIX and C3Hy. Comparisons between the uptake
capacity and those published in the literature are presented in Table 2. This higher affinity
and uptake values may also be related to the better BET surface area and pore structure
of the SIFSIX compared to NbOFFIVE metal organic frameworks (Table 1). Figure 4c
shows that the gap between the two isotherms for C3Hy and C3Hg are larger in SIFSIX
compared to that in NbOFFIVE. A marked gap means that the separation is feasible for
this system, and will be further studied via IAST analysis. The kinetic diameter of the
molecule will have a major effect on the selectivity of one gas over another. Propyne is a
linear molecule (4.16 x 4.01 x 6.51 A), while C3Hy is a larger molecule which is typically
curve-shaped with 4.64 x 4.16 x 6.44 A4 Irrespective of the linear shape, the existence
of the methyl group in both gases makes their kinetic diameters quite close (4.2 and 4.6 A
for C3Hy and C3Hg, respectively). This small difference is one of the main reasons for
the difficulty and energy intensity of their separation. SIFSIX and NbOFFIVE have a
range of reported dimensions, depending on methods of preparation, post-treatment and
experimental conditions, (Table 1), which clearly indicates that SIFSIX is more suited for the
adsorption of C3Hy from C3Hg. A micropore analysis of the SIFSIX and kinetic diameter
(average 4.2) will allow both C3H4 and C3Hg to enter the pores. Nonetheless, it seems that
a large number of anions (SiF¢27) in the pores and channels of the framework [4] provides a
better binding ability for alkynes, as compared to alkenes, creating a preferred sieving effect
towards propyne. This results in the excellent selectivity and separation ability of SIFSIX
compared to NbOFFIVE. The maximum equilibrium adsorption value reported here for
the SIFSIX MOF was higher than that reported for the same material and C3H, separation
(1.87 mmol g’l) [4]. The difference may be attributed to the different v/v% ratios used in
the reported study. In addition, the value recorded in our work is similar to the benchmark
uptake value reported for UTSA-200 ([Cu(azpy)2(SiFe)ln; azpy = 4,4’-azopyridine) in a
recent work by Li et al. (4). The main reason for the good reported selectivity is the small
aperture size of the UTSA-200 (3.4 A), meaning that size exclusion is the only dominating
mechanism in this case, compared to stronger interactions between SIFSIX and the C3Hy
gas. Yang et al. [18] reported that the precise tuning of the size of the inorganic anion hybrid
ultramicroporous materials based on SiFs?~ and NbOFs%~ serves as a single molecule trap
for propyne.
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Figure 3. (a) adsorption
NbOFFIVE-1-Ni at 300 K.

/ desorption of C3Hy on SIFSIX-3-Ni at 300 K and (b) adsorption/ desorption of CzHg on
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Figure 4. Full experimental isotherms at different temperatures (300-360 K) (a) C3Hy and SIFSIX-3-Ni (b) C3Hg and
SIFSIX-3-Ni (c) C3Hy and NbOFFIVE-1-Ni (d) C3Hg and NbOFFIVE-1-Ni.

Table 2. Uptake adsorption values reported in the literature.

Material Adsorption Uptake (mmol g—1) Ref.
C3Hy from C3Hy /C3Hg
SIFSIX-3-Ni 3.2 This study
NbOFFIVE-1-Ni 29 This study
SIF-Six-2-Cu-i 1.73 [3]
SIFSIX-3-Ni 2.7 3]
SIFSIX-1-Cu 0.19 [18]
SIFSIX-2-Cu-i 0.2 [18]
SIFSIX-3-Ni 2.65 [18]
[Cu(dhbc),(4,4"-bipy)] 0.25 [43]
NK-MOE-Ni 1.83 [3]
NK-MOF-Cu 176 [3]

4.3. IAST Selectivity and Isosteric Heats of Adsorption

Figure 5a shows the isosteric heats of sorption (Qst) as a function of uptake amounts
of propyne and propylene. The trends in Figure 5a clearly indicate that the Qs of C3Hy
is higher than that for C3Hg for both SIFSIX and NBOFFIVE metal organic frameworks.
A higher Q; value is indicative of strong affinity and interactions between the solid pore
structure and the gas being adsorbed. At zero uptake, the maximum value of Qs is attained.
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Qst (kJ/mol)

For SIFSIX and C3Hy system, the Qg zero was around 45 k] Kmol~! and for propylene
system, the maximum value was around 30 kJ Kmol ™. Similar trend was observed in the
case of NbOFFIVE with the gas systems where isosteric heats of adsorption at zero uptakes
were 38 and 30 k] Kmol~!, respectively, for propyne and propylene systems. In both
cases, the values of Qg at zero coverage were higher for C3Hy than for C3Hg, indicating a
stronger affinity and interactions between the C3Hy molecules and the MOF structures. In
addition, the value for propyne for the SIFSIX is higher than that obtained for NbOFFIVE,
also indicating the stronger affiliation and intermolecular interactions between the SIF and
propyne gas. In addition, the general trend for all cases is that Qs; decreases gradually with
the increase in uptake rate of the gases on the pore structure of the solids. The continuous
decrease at a similar rate indicates the homogeneity of the pore environment. Typically, as
Qs increases with higher uptake rates, heterogeneity of the surface is usually present [10].
In addition, the differences between the propyne and propylene for both solids is a good
indication of the separation possibilities of the two gases.
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Figure 5. (a) Isosteric heats of sorption for SIFSIX and NbOFFIVE metal organic frameworks for both C3H4 and C3Hg as a
function of adsorption uptake, (b) IAST selectivity for C3Hy/C3Hg system on both adsorbents at 300 K.

To assess the separation ability of the two compounds, the selectivity (a key factor and
application index for industry) of the ideal adsorbed solution theory (IAST) were calculated
and are presented in Figure 5b for 10/90 v/v binary gas mixtures of C3H, and C3Hg at 300 K.
The IAST is typically employed, as the isotherms for binary systems of gases are difficult to
measure. In the IAST estimations, it was assumed that the gas species had formed an idea
mixture. This approximation has been used in many studies of metal organic frameworks
and different gas species. Full details on the and mathematical treatment of Raoult’s law are
given elsewhere [10]. As indicated in Figure 5b, the selectivity of propyne over propylene
for both metal organic frameworks was higher at lower pressure operations compared
to pressures above 20 kPa. In some studies using different flexible structures, metal
organic framework trends for propane/propylene adsorption, for example, showed higher
selectivity at pressures above 60 kPa, indicating increased adsorption due to the “gate
opening” effect of the MOF structures used [10]. The trend observed in this investigation
led us to the conclusion that the structure of the used metal organic frameworks did not
change with an increase of pressure in the range used in this study. In addition, the SIFSIX
showed a higher selectivity between the two gases compared to those found for NbOFFIVE.
As there is no published data on the selectivity of the gases and MOF combinations used,
it is difficult to draw comparisons with other works. However, the trends reported here
lean towards the conclusion of the size sieving effect and strong interactions between the
propyne and SIFSIX at low pressure range. A Qs value of 68 k] mol~! at 0.003 bar was
reported by Yang et al. [18] for SIFSIX, and was attributed to the effect of single-molecule
trap and the strong interaction between the MOF and the gas molecules.
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4.4. Modeling of the Equilibrium and Kinetic Adsorption for C3Hy/C3Hg on Metal Organic Frameworks

Experimental data were fitted to isotherms in an effort to help predict the general
behavior of the adsorbent adsorbate interactions and uptake values. Isotherms were
divided into one-parameter isotherms, such as Langmuir and Freundlich, or a multicontent
hybrid combination of the two models such as the Sips and Toth models, as explained in
an earlier section. The affinity of the system for adsorption was indicated by the value of
the calculated constants. In the case of Langmuir and Freundlich, the linearized form of
the Equations (1) and (3) is used to estimate the equilibrium adsorption uptake amount
(gsat) under a given pressure and temperature system. It is also related to the maximum
adsorbed amount Q. The experimental results obtained for both metal organic frameworks
and the two gases were analyzed by regression analyses, and all model fits are represented
in Figure 6. In the Freundlich model, a value of 1/n close to zero indicates a heterogeneous
surface, while a value of n greater than 1 indicates strong affinity [41]. From the trends
shown in Figure 6a,b, it can be seen that the two linearized models did not represent the
adsorption data well, as reflected by the lowered AARD (Table 3) for the range of pressures
for the SIFSIX and propyne systems. Having said that, both the Freundlich and Langmuir
models represented the data between the other adsorbent adsorbate combinations. This
may have been due to stronger monolayer type interactions between the propyne and
SIFSIX compared to the NbOFFIVE gas system. Even in the case of propylene and SIFSIX,
both isotherms managed to represent the data in a more accurate manner. It can also be
seen that both models underestimated the experimental uptake data in most cases. This
was more apparent at higher pressure regions, especially in the Nb gas adsorbent-adsorbate
systems. Apart from SIFSIX/propyne, the isotherm models represented the data at lower
pressure ranges. The Sips (combined Langmuir and Freundlich isotherm) and the Toth
model regression fitting are given in Figure 6¢,d. Both models offered a better fit of the
experimental data over the entire range of pressures. Again, it can be seen that in the case
of the SIFSIX and propyne combination, the Sips model was less accurate compared to the
Toth model.

In addition to equilibrium and selectivity studies, information related to the adsorption
system kinetics is key in designing of adsorption systems. The most reliable method of
addressing the transient uptake curves is to use micropores diffusion models that are based
on Fick’s law of diffusion (Equation (9)). The modeled data are given in Figure 7, where the
fractional uptake ratio is expressed as a function of time (solid lines are model-estimated
values). It can be seen that the model fit the adsorption uptake data well at all combinations
of metal organic frameworks and gases, indicating a diffusion based process. It can also
be seen that the model fits the propyne and SIFSIX combination best. This was expected,
given the availability of passage through the SIFSIX structure due to the suitability of the
kinetic size of both the adsorbent and adsorbate. From Equation (9) and upon fitting of
the experimental data, the values of D./ r2 were calculated and are reported in Table 3. It
can be seen from Figure 7 that the value of the time constant of micropore diffusion D./ rl
increased with increase in temperature. In addition, the propyne time constant was smaller
than that of propylene for both adsorbents owing to the ease of diffusion due to the size
acceptance of propyne compared to that of propylene.
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Figure 6. Fitted adsorption isotherms at temperatures of 300 K (a) Freundlich, (b) Langmuir, (c) Sips, (d) Toth.
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4.5. Breakthrough and Cyclic Breakthrough Experiments

To confirm the validity of the kinetic effect and the ability and extent of the separation
on the SIFSIX and NBOFFIVE metal organic frameworks, studies on binary mixtures of
C3Hy/C3Hg (10/90 v/v) were conducted. It can be clearly seen from the trends in Figure 8a
that the heavier propylene molecules were eluted first from the column, in contrast to the
lighter propyne molecules, upon adsorption on SIFSIS-3-Ni. Similar trends were found for
the Nb gas combination (not shown). This also confirms earlier findings about the stronger
bindings and affinities found between propyne and the SIFSIX adsorbent. The trends
(Figure 8a) show that the breakthrough for propylene occurs after nearly 4-5 min and yields
a 99.98% purity gas, while propyne was slowly eluted and becomes detectable in the outgas
after nearly 16 min. This confirms the suitability of SIFSIX for the appropriate separation of
C3Hg/C3Hy systems. Accordingly, high purity propylene gas can be effectively separated
and collected within the 10-min gap between the breakthrough of propyne and propylene
from the column confirming the potential application of SIFSIX-3-Ni for the separation.
Effective durability and recyclability are very important parameters in the selection and
operation of adsorbent in gas separations. Eight cycles of adsorption and regeneration
were conducted in order to examine the recyclability of the adsorbents and its effectiveness
in repeated application. After each breakthrough test, the experimental breakthrough
column was simply heated to around 423 K for 20 min [44] to allow the desorption of the
gas adsorbed in the solid. Figure 8b shows the uptake ratios for eight consecutive cycles
using the same experimental condition and adsorbent-adsorbate combinations. As can be
seen, the adsorption capacity of the solids was not accepted with repeated use, confirming
the suitability of solids for potential C3H,/C3Hg application.
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Figure 8. (a) Dynamic breakthrough curves for the SIFSIX and NbOFFIVE and C3H4/C3Hg systems at 300 K (4 cycles are
shown); (b) uptake amounts of C3Hy /C3Hg after 8 adsorption cycles at 300 K.
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Table 3. Modeling isotherm statistical parameters, isosteric heats of adsorption and micropores
diffusion time constants for MOFs and C3Hy/ C3Hg at 300 K.

SIFSIX-3-Ni NbOFFIVE-1-Ni
C3Hy C3Hg C3Hy C3Hg
Langmuir
gsat (mmol/g) 3.32 2.93 3.03 2.45
k 0.23 0.21 0.034 0.0022
Ry 0.82 0.65 0.74 0.62
AARD (%) 13.7 122 10.3 9.7
Freundlich
n 0.298 0.228 0.265 0.2007
k¢ 0.342 0.432 0.665 0.453
AARD (%) 9.2 8.5 6.8 6.3
Sips
gsat (mmol/g) 0.047 0.837 1.179 1.231
Ks (mmol/gbar) 0.0087 0.0076 0.0061 0.0052
m 0.067 0.025 0.0289 0.088
AARD (%) 2.3 1.7 32 2.1
Toth
Jsat (mmol/g) 4.09 3.98 3.54 2.48
k¢ 0.042 0.076 0.0342 0.066
n 0.203 0.019 0.187 0.0172
AARD(%) 0.03 0.04 0.05 0.04
Qst (J/mol) 45.0 38.3 30.8 24.7
De/r2 (571 9.34 x 1073 523 x 1073 6.14 x 1073 412 x 1073

5. Conclusions

This investigation reports the effective separation of propyne (C3Hy4) and propylene
(C3Hpg) using the fluorinated metal organic framework, SIFSIX-3-Ni. The SIFSIX MOF
showed a better adsorption capacity compared to another pyrazine based MOF (NbOFFIVE-
1-Ni) under the same experimental conditions. Characterization of the adsorbents showed
developed micropores and a stable structure with a BET area of around 248 m? g~
The maximum uptake recorded for the SIFSIX was in excess of 3.2 mmol g~! for C3Hy
compared to 2.99 mmol g~ for C3H,. Size sieving and thermodynamic interactions were
thought to be the main separation mechanisms, as indicated by the high isosteric heat
of adsorption towards propyne on SIFSIX. The selectivity of propyne over propylene
on the used metal organic frameworks can be attributed to kinetic (size exclusion) and
thermodynamic (pore and surface interactions) combination. Isotherm models fitted the
Toth model well for all combinations of solid metal organic frameworks and gases at
the full applied range of temperatures. The smaller kinetic diameter of propyne and the
strong interactions make its adsorption easier on SIFSIX-3-Ni and facilitate its possible
application in the separation of propyne and propylene binary mixtures. A 10-min time
difference between the breakthrough of C3Hg and the lighter C3Hy was evident from the
dynamic breakthrough curves, indicating great potential for the application of SISFIX-3-Ni
for propyne/propylene separation.
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Abstract: Three 2D coordination polymers, [Cuy(py-dpa)(bipy)z (H20)]n-6nH,O (1), [Mny(ps-dpa)
(bipy)z21ln (2), and [Zny(p4-dpa)(bipy)2(H20)2]n-2nH, O (3), were prepared by a hydrothermal method
using metal(II) chloride salts, 3-(2’ 4’-dicarboxylphenoxy)phthalic acid (Hydpa) as a linker, as well
as 2,2/-bipyridine (bipy) as a crystallization mediator. Compounds 1-3 were obtained as crys-
talline solids and fully characterized. The structures of 1-3 were established by single-crystal X-ray
diffraction, revealing 2D metal-organic networks of sql, 3,6L66, and hcb topological types. Thermal
stability and catalytic behavior of 1-3 were also studied. In particular, zinc(II) coordination polymer
3 functions as a highly active and recoverable heterogeneous catalyst in the mild cyanosilylation of
benzaldehydes with trimethylsilyl cyanide to give cyanohydrin derivatives. The influence of various
parameters was investigated, including a time of reaction, a loading of catalyst and its recycling, an
effect of solvent type, and a substrate scope. As a result, up to 93% product yields were attained in a
catalyst recoverable and reusable system when exploring 4-nitrobenzaldehyde as a model substrate.
This study contributes to widening the types of multifunctional polycarboxylic acid linkers for the
design of novel coordination polymers with notable applications in heterogeneous catalysis.

Keywords: hydrothermal synthesis; coordination polymers; crystal structures; metal-organic frame-
works; carboxylate ligands; heterogeneous catalysis

1. Introduction

Functional coordination polymers (CPs) and derived materials have been of a special
focus in recent years owing to important structural characteristics of these compounds [1-3],
intrinsic properties [4,5], and a broad diversity of applications [6-10] including in the field
of catalysis [11-17]. The development of new catalytic systems incorporating coordination
polymers with target structures and functionalities continues to be a challenging area, since
the assembly of CPs can be affected by a diversity of factors. These include the nature of
metal centers, organic linkers and supporting ligands, stoichiometry, and various reaction
conditions [18-24].

Aromatic carboxylic acids with several COOH groups are the most common building
blocks for constructing functional CPs [14,15,17,19]. Within a diversity of such carboxylic
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acids, semi-flexible linkers are especially captivating due to unique geometrical arrange-
ments and conformational flexibility, which may lead to crystallization of unexpected
metal-organic architectures [21-23,25].

On the other hand, cyanosilylation of carbonyl substrates is an interesting reaction for
C-C bond formation [26,27], which is used for the preparation of cyanohydrins—key pre-
cursors for some pharmaceutical and fine chemistry products [28,29]. The use of transition
metal complexes or coordination polymers in cyanosilylation reactions is gaining relevance
as these compounds can behave as low-cost, efficient, and recyclable catalysts [25,30,31].

Considering our research focus on the design of CPs and catalytic systems on their ba-
sis [14,15,25], the main goal of this study consisted in the preparation of new metal-organic
architectures, followed by their characterization and catalytic application in cyanosilylation
of benzaldehydes. Thus, we selected an unexplored ether-linked tetracarboxylic acid,
3-(2',4'-dicarboxylphenoxy)phthalic acid (Hydpa, Scheme 1), and tested it as a principal
building block for generating copper(Il), manganese(II), and zinc(II) CPs. The use of Hydpa
as a linker can be justified by a number of relevant features of this tetracarboxylic acid.
These features include (i) up to 9 possible sites for coordination (eight O-carboxylate sites
and an O-ether site); (ii) two aromatic rings that can provide certain spatial flexibility and
conformational adaptation owing to their separation by O-ether group; (iii) the fact that
this carboxylic acid possesses good stability under hydrothermal conditions and remains
little-explored in the synthesis of CPs.

COOH COOH

HOOC O _
O
COOH N N=
Hydpa bipy

Scheme 1. Structural formulae of Hydpa and bipy.

Thus, this work reports on the hydrothermal synthesis, characterization, thermal
behavior, crystal structures, and catalytic application of 2D CPs derived from Hydpa as a
linker and bipy as a crystallization mediator. The obtained products [Cuy(us-dpa)(bipy),
(H20)]n-6nH,0 (1), [Mny(pe-dpa)(bipy)z]n (2), and [Zny(py-dpa)(bipy)2(H20)2]n-2nHyO
(3) were also screened as potential catalysts for mild cyanosilylation of benzaldehydes
into cyanohydrins. The influence of different reaction conditions and substrate scope
was investigated, showing that the zinc(II) CP 3 is a particularly effective and recyclable
heterogeneous catalyst.

2. Results and Discussion
2.1. Hydrothermal Synthesis

Aqueous medium mixtures composed of Cu(Il), Mn(II), or Zn(II) chlorides with Hydpa
as a linker, NaOH as a base for deprotonation of carboxylic acid groups, and 2,2’-bipyridine
as a mediator of crystallization were subjected to hydrothermal synthesis (3 days, 160 °C),
resulting in the formation of three 2D coordination polymers as crystalline solids. These
were formulated as [Cuy(uy-dpa)(bipy)2(Hp0)]n-6nH,O (1), [Mny(ue-dpa)(bipy)z]n (2), and
[Zn;(ps-dpa)(bipy)2(H20)2]n-2nH,O (3) on the basis of standard solid-state characteriza-
tion methods, namely infrared spectroscopy (IR), elemental analysis (EA), thermogravimet-
ric analysis (TGA), powder (PXRD) and single-crystal X-ray diffraction. All compounds
represent 2D metal-organic networks that are driven by ether-bridged tetracarboxylate
nodes that show two distinct coordination modes, namely p4-dpa4_ in1and 3, or pé-dpa‘l_
in 2 (Scheme 2).
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1(1,3) 1I(2)
Scheme 2. Coordination modes of - or ué-dpa‘l’ linkers in 1-3.

2.2. Structure of [Cuy(g-dpa)(bipy),(H,O)1,-6H,0 (1)

The structure of a 2D CP 1 (Figure 1) comprises two Cu(Il) centers (Cul, Cu2), one
ty-dpa*~ linker, two bipy moieties, and one terminal HO ligand per asymmetric unit.
The Cul center is 4-coordinated and exhibits a distorted {CuN,O;} seesaw geometry. It
is formed by two carboxylate O atoms from a pair of py-dpa*~ ligands and two bipy N
atoms (Figure 1a). The Cu2 atom is five-coordinated and features a distorted {CuN,Os}
square-pyramidal geometry. It is constructed from two oxygen atoms from two py-dpa*~
blocks, two bipy N atoms, and a terminal H,O ligand.

Figure 1. Structural fragments of 1. (a) Coordination environment around Cu(Il) atoms; H atoms are omitted for clarity.
Symmetry codes: i=x+1,y,z + 1;ii = x + 1, y, z. (b) 2D metal-organic layer; view along the b axis. (c) Topological view of
2D layer with a sql topology; view along the b axis; Cu centers (green balls), centroids of 4-dpa*~ nodes (gray).

The Cu-O [1.942(2)-2.345(3) A] and Cu-N [1.992(3)-2.058(3) A] bonds are typical for
such a type of compounds [14,18,30]. The dpa4* ligand behaves as a p-linker with carboxy-
late moieties being monodentate (Scheme 2, mode I). In j14-dpa®~, a dihedral angle between
aromatic cycles and a Cy—Ogpner—Car angle are 86.34 and 115.93°, correspondingly. The
iy-dpa*~ linkers connect four Cu atoms to assemble a 2D metal-organic layer (Figure 2b)
which, after simplification, is described as a mononodal 4-linked net. It possesses a sql
(Shubnikov tetragonal plane net) topology with a (4*.62) point symbol (Figure 1c) [32,33].
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(d)

Figure 2. Structural fragments of 2. (a) Coordination environment around Mn(II) atoms; H atoms are omitted for clarity.
Symmetry codes:i=x+1,y,zii=x+1, —y +3/2,z+1/2. (b) Mn; subunit. (c) 2D metal-organic layer; view along the b
axis. (d) Topological representation of 2D layer with a 3,6L66 topology; view along the b axis; Mn(II) nodes (turquoise balls),
centroids of ys-dpa*~ nodes (gray).

2.3. Structure of [Mny(ps-dpa)(bipy)s 1, (2)

The structure of 2 also shows a 2D coordination polymer network (Figure 2). Per asym-
metric unit, there are two manganese(Il) atoms, one (15-dpa*~ block, and two bipy ligands.
The Mn1 center is five-coordinated and shows a distorted {MnN,Os} trigonal-bipyramidal
environment. It is built from three oxygen atoms from three pg-dpa*~ linkers and a pair of
bipy N donors (Figure 2a). The six-coordinate Mn2 center is bound by four oxygen atoms
from three yg-dpa®~ ligands and a pair of bipy N atoms, thus creating a distorted {MnN,O,}
octahedral geometry. The Mn-O [2.087(3)-2.217(4) A] and Mn-N [2.226(4)-2.277(4) A]
bonds agree with those in related compounds [19,21,22]. The tetracarboxylate dpa*~ moi-
ety behaves as a pg-linker (Scheme 2, mode II) with the carboxylate functionalities being
monodentate or p-bridging bidentate. In ué-dpa‘**, the relevant angles are 79.83° (dihedral
angle among aromatic moieties) and 116.37° (Car—Ogther—Car). The manganese(II) centers
are held together by three carboxylate groups from three pg-dpa*~ blocks, thus generating
a dimanganese(ll) subunit [Mn1-Mn2 3.4679(6) A] (Figure 2b). Such Mn; subunits are
additionally connected by carboxylate groups of ué—dpa‘l* to form a 2D metal-organic layer
(Figure 2¢). Regarding topology, this 2D layer is built from 3-linked Mn1/Mn2 nodes as
well as the 6-linked ué-dpa‘L* nodes (Figure 2d). The resulting net is thus classified as a
binodal 3,6-linked layers of a 3,6L66 topological type [34]. It is described by a (4%.612)(4%),
point symbol, wherein the (43.61?) and (4%) indices correspond to the Mn(Il) and j1s-dpa*~
nodes, respectively.

2.4. Structure of [Zny(y4-dpa)(bipy)2(Hy0),1,-2H,0 (3)

In the structure of a 2D coordination polymer 3 (Figure 3), there are two zinc(II)
atoms (Znl, Zn2), one py-dpa*~ block, two bipy moieties, two terminal water ligands
and a couple of lattice HyO molecules. Both Zn atoms are five-coordinated, showing
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(@)

Figure 3. Structural fragments of 3. (a) Coordination environment around Zn(II) atoms; H atoms are omitted for clarity.

Symmetry codes: i = —x,

distorted {ZnN,O3} square pyramidal geometries. These are constructed from two O
donors from a pair of py-dpa*~ linkers, a water ligand, and a pair of bipy nitrogen atoms.
The Zn-0 [1.973(3)-2.093(4) A] and Zn-N [2.119(3)-2.181(3) A] bond lengths are typical
for compounds having an O-Zn-N environment [2,30,35,36]. The dpa*~ block adopts a
py-coordination fashion (Scheme 2, mode I). In u4-dpa4*, the relevant angles are 72.59°
(dihedral angle among two aromatic moieties) and 117.72° (Ca—Ogther—Car)- The u4—dpa4’
blocks interconnect four Zn(II) centers to furnish a 2D layer (Figure 3b). Its topological
classification discloses an uninodal 3-linked layer with an hcb (Shubnikov hexagonal plane
net/ (6, 3)) topology and a 6% point symbol (Figure 3c) [37,38].

W sl P e
Lk W«\&i’é’?"
‘*é»?* *b/f*
*ﬁﬁ st

(b) (©

v?\&r’@fw&y

—y+1,—zii=—-x+1/2,y —1/2, —z + 1/2. (b) 2D metal-organic layer; view along the a axis.

(c) Topological representation of 2D layer with an hcb topology; view along the a axis; Zn(II) centers (cyan balls), centroids

of u4—dpa4’

nodes (gray).

2.5. TGA & PXRD

Thermal behavior of compounds 1-3 was investigated by TGA on gradual heating
from 30 to 800 °C under nitrogen flow (Figure S2). CP 1 reveals a loss of six lattice and one
coordinated HyO molecules in the 33-104 °C interval (calcd. 13.8%; exptl. 13.5%). After
dehydration, the network of 1 maintains its stability until 220 °C. CP 2 does not encompass
water as a lattice solvent or ligand and shows thermal stability up to 338 °C. For CP 3,
a mass loss in the 86-171 °C window refers to an elimination of two crystallization and
two coordinated HyO moieties (calcd. 8.4%; exptl. 8.6%); the obtained sample maintains
stability until 218 °C.

To confirm a phase purity, the microcrystalline powders of 1-3 were analyzed by
PXRD (Figure S2). The obtained experimental plots well agree with the patterns calculated
from single-crystal X-ray diffraction data, what confirms a purity of the bulk solids 1-3
prepared via hydrothermal synthetic procedure.

2.6. Cyanosilylation of Benzaldehydes

Coordination polymers 1—-3 were tested as catalysts in the mild, heterogeneous
cyanosilylation of benzaldehyde substrates with TMSCN (trimethylsilyl cyanide) [33,35].
4-Nitrobenzaldehyde was used as model substrate and converted into the correspond-
ing cyanohydrin product, 2-(4-nitrophenyl)-2-[(trimethylsilyl)oxyJacetonitrile (Table 1,
Scheme 3). An influence of catalyst loading, solvent type, reaction time, catalyst recycling
and substrate scope was investigated.

The cyanosilylation reaction almost does not undergo when catalyst is absent or when
using a carboxylic acid ligand or a metal salt precursor as potential catalysts (3—8% yields;
Table 1, entries 1—3). The product yields are higher when using 1 (37%, entry 4) and
2 (27%, entry 5) as catalysts, and significantly higher in the presence of 3 (92%, entry 6).
Although it is not possible to establish a clear relationship between structural features
and catalytic activity of the obtained 2D compounds, we can speculate that a superior
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activity exhibited by the coordination polymer 3 may eventually be related to the presence
of accessible and unsaturated zinc(Il) centers on a surface of catalyst particles, together
with a higher Lewis acidity of the zinc sites [30,39]. Given a superior activity of zinc(II)
derivative 3, the reaction catalyzed by this CP was optimized further.

Table 1. Cyanosilylation of 4-nitrobenzaldehyde with TMSCN catalyzed by coordination polymers.

Entry Catalyst Time, h Catalyst Loading, mol% Solvent Yield b, %

1 blank 12 - CH,Cl, 3
2 Hzdpna 12 3.0 CH,Cl, 6
3 ZnCl, 12 3.0 CH,Cl, 8
4 1 12 3.0 CH,Cl, 37
5 2 12 3.0 CH,Cl, 27
6 3 12 3.0 CH,Cl, 92
7 3 1 3.0 CH,Cl, 40
8 3 2 3.0 CH,Cl, 62
9 3 4 3.0 CH,Cl, 73
10 3 6 3.0 CH,Cl, 80
11 3 8 3.0 CH,Cl, 84
12 3 10 3.0 CH,Cl, 88
13 3 12 2.0 CH,Cl, 73
14 3 12 40 CH,Cl, 93
15 3 12 3.0 CHCl3 82
16 3 12 3.0 CH3CN 76
17 3 12 3.0 THF 68
18 3 12 3.0 CH3;OH 80

@ Conditions: 4-nitrobenzaldehyde (0.5 mmol), TMSCN (1.0 mmol), solvent (2.5 mL), room temperature (~25 °C).
® Yields based on '"H NMR (nuclear magnetic resonance) analysis: (moles of product per mol of benzaldehyde
substrate) x 100%.

\ s
CHO Si—
NC_

AN
+ _OSi—CN CP catalyst
solvent, r.t.

NO,
NO,

Scheme 3. Cyanosilylation of model substrate(4-nitrobenzaldehyde) into the corresponding cyanohydrin.

We found that there is an yield growth from 40 to 92% on increasing the time of
reaction in the 1-12 h interval (Table 1, entries 6—12; Figure S7). The catalyst 3 loading of 2,
3, or 4 mol% has also a notable effect as attested by an yield increase from 73 to 92 and 93%,
respectively (entries 6, 13, 14). Although dichloromethane (CH,Cl,) was used as a standard
solvent to achieve the highest yield (92%), the cyanosilylation reaction also undergoes quite
effectively in alternative solvents such as chloroform (CHCl3, 82%), tetrahydrofuran (THF,
68%), acetonitrile (CH3CN, 76%), and methanol (CH30H, 80%) (Table 1, entries 15—18).

Furthermore, in the reactions catalyzed by 3, substrate scope was studied using
different functionalized benzaldehydes (Table 2). The corresponding cyanohydrin products
are obtained in yields ranging from 51 to 87%. The substrates with an electron-withdrawing
group (R = NO,, Cl) generally show a higher reactivity (Table 2, entries 2—5), which can be
explained by an increased substrate electrophilicity. As expected, benzaldehyde (R = H)
and substrates with an electron-donating group (R = OH, CHj) reveal lower product yields
(entries 6, 7).
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Table 2. Substrate scope in cyanosilylation of various benzaldehydes with TMSCN catalyzed by 3. 2

W
1\
CHO o~
NC/ H
N Catalyst 3
+ _—~Si—CN
R / CHzClz, r.t.
R
Entry Substrate (R-C¢H4CHO) Yield b, %
1 R=H 61
2 R =2-NO, 82
3 R =3-NO, 87
4 R = 4-NO, 92
5 R =4-Cl 62
6 R = 4-OH 56
7 R = 4-CHj 51

@ Conditions: functionalized benzaldehyde (0.5 mmol), TMSCN (1.0 mmol), catalyst 3 (3.0 mol.%), CH,Cl,
(2.5 mL), room temperature (~25 °C). ? Yields based on "H NMR analysis: (moles of product per mol of function-
alized benzaldehyde substrate) x 100%.

Given a remarkable activity of CP 3 in these cyanosilylation reactions, the stability of
the catalyst and its possible recycling were studied. Thus, in the end of the cyanosilylation
of 4-nitrobenzaldehyde (conditions of entry 6, Table 1), the catalyst was isolated via cen-
trifugation, washed by CH,Cl,, air-dried, and reused in the next reaction runs. These tests
indicate that the coordination polymer 3 behaves as a stable catalyst which maintains its
activity for a minimum of 4 cyanosilylation cycles, as attested by resembling product yields
in the 92—87% range (Figure S8). In addition, PXRD data of the used catalyst (Figure S9)
show that its metal-organic structure remains stable.

3. Experimental
3.1. Chemicals & Equipment

All chemicals were obtained from commercial sources. In particular, 3-(2' 4 -Dicarboxy
Iphenoxy)phthalic acid (Hsdpa) was acquired from Jinan Henghua Sci. & Tec. Co., Ltd.
(Jinan, China). Infrared (IR) spectroscopy measurements (KBr discs) were performed on a
Bruker EQUINOX 55 spectrometer (Bruker Corporation, Billerica, MA, USA). Elemental
analyses (C, H, N) were carried out on an Elementar Vario EL device (Elementar, Lan-
genselbold, Germany). LINSEIS STA PT1600 thermal analyzer (Linseis Messgerdte GmbH,
Selb, Germany) was used for TGA (thermogravimetric analysis) measurements under
N; atmosphere at 10 °C/min heating rate. Excitation/emission spectroscopic data were
obtained using an Edinburgh FL5920 fluorescence spectrometer (Edinburgh Instruments,
Edinburgh, England). Rigaku-Dmax 2400 diffractometer (Cu-Ke radiation; A = 1.54060 A;
Rigaku Corporation, Tokyo, Japan) was used to obtain powder X-ray diffraction (PXRD)
patterns. Solution "H NMR (nuclear magnetic resonance) spectra were measured on a JNM
ECS 400M spectrometer (JEOL Ltd., Tokyo, Japan).

3.2. Hydrothermal Synthesis & Analytical Data

In a general procedure, metal(Il) chloride (0.2 mmol: CuCl,-2H,0O (34.1 mg) for 1,
MnCl,-4H,0 (39.6 mg) for 2, or ZnCl, (27.3 mg) for 3), Hydpa (0.1 mmol, 34.6 mg), bipy
(0.2 mmol, 31.2 mg), NaOH (0.4 mmol, 16.0 mg), and H,O (10 mL) were added into a Teflon-
lined stainless steel vessel (volume: 25 mL) and stirred for 15 min at ambient temperature.
Then, the vessel was closed and kept in an oven at 160 °C. After 3 days at this temperature,
the vessel was gradually (10 °C/h) cooled down to ambient temperature. The reaction
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mixture was then transferred to a glass flask and the crystals of products were decanted or
filtered off, followed by washing with H,O and drying in air to produce compounds 1—3.

[Cuy(ug-dpa)(bipy)»(H,O)l,-6nH,O (1). Blue block-shaped crystals, yield: 55% based
on Hydpa. Caled for C3sH36CupN4Oq6: C 47.63, H 4.00, N 6.17%. Found: C 47.86, H 3.98,
N 6.21%. IR (KBr, cm~1): 3748 w, 3082 w, 1599 s, 1568 s, 1497 w, 1475 w, 1448 m, 1368 s,
1288 w, 1240 m, 1164 w, 1137 w, 1084 w, 1062 w, 1032 w, 974 w, 921w, 854 w, 823 w, 770 m,
735w, 663 W.

[Mn;(pg-dpa)(bipy)z1, (2). Yellow block-shaped crystals, yield: 52% based on Hydpa.
Calced for C36HoMnyN4Og: C 56.56, H 2.90, N 7.33%. Found: C 56.37, H 2.89, N 7.38%. IR
(KBr, cm™1): 1639 s, 1598 s, 1569 m, 1470 w, 1438 w, 1376 s, 1240 m, 1182 w, 1157 w,1128 w,
1087 w, 1063 w, 1013 w, 968 w, 923 w, 848 w, 820 w, 770 m, 736 w, 696 w, 675 w, 646 w.

[Zny(uy-dpa)(bipy)>(H,0)51,-2nH, 0O (3). Colorless block-shaped crystals, yield: 48%
based on Hydpa. Caled for C3H30Zn;N4Oq3: C 50.43, H 3.53, N 6.53%. Found: C 50.64,
H 3.55, N 6.51%. IR (KBr, cm~1): 3383 w, 3106 w, 1614’5, 1569 s, 1470 m, 1438 5, 1392 5, 1322 w,
1244 w, 1157 w, 1083 w, 1063 w, 1021 w, 972 w, 918 w, 877 w, 766 m, 733 w, 687 w, 650 w.

3.3. Single-Crystal X-ray Diffraction

For CPs 1-3, data were collected on a Bruker APEX-II CCD diffractometer (Bruker,
Karlsruhe, Germany) (graphite-monochromated CuK radiation, A = 1.54178 A). SADABS
was used for semi-empirical absorption corrections. Crystal structures were determined by
direct methods, followed by the refinement (full-matrix least-squares on FZ) with SHELXS-
97 and SHELXL-97 [40]. With an exception of hydrogen atoms, all other atoms were
subjected to an anisotropic refinement (full-matrix least-squares on F?). Except hydrogen
atoms in water, all H atoms were placed in calculated positions (fixed isotropic thermal
parameters); these were taken into account at the final stage of full-matrix least-squares
refinement in structure factor calculations. Water hydrogen atoms were found by difference
maps and constrained to the respective oxygen centers. In 1, some molecules of solvent
are heavily disordered and thus were detached by applying SQUEEZE in PLATON [41].
Elemental and thermogravimetric analyses confirmed the number of crystallization H,O
molecules. For 1-3, final crystal data are summarized in Table 3. Representative bond
distances and angles (Table S1) as well as hydrogen bond parameters (Table S2) are listed in
Supplementary Materials. CCDC-2043757-2043759 contain crystallographic data for 1-3.

For topological analysis of 2D layers in 1-3, an underlying net concept was fol-
lowed [42]. Such simplified networks were constructed by reducing bridging ligands to their
centroids and removing terminal ligands, preserving a ligand-metal center connectivity.

3.4. Catalytic Cyanosilylation

Typical reaction mixtures were prepared as follows: in a small vessel, solid catalyst
(typically 3 mol%) was suspended in dichloromethane (2.5 mL) and then an aldehyde
substrate (0.50 mmol) and a cyanosilylation agent trimethylsilyl cyanide (1.0 mmol) were
added. The reaction was kept under stirring at room temperature (~25 °C) for the desired
time. Then, the catalyst was separated by centrifugation and the filtrate was subjected to
solvent evaporation under reduced pressure to form a crude solid. This solid was dissolved
in CDCl3 and analyzed by 'H NMR spectroscopy for product quantification (for details,
see Supplementary Materials, Figures S5 and S6). In the catalyst recycling experiments, the
catalyst was centrifuged, washed with CH,Cly, dried at room temperature, and reused in
subsequent steps that were done as described above. Blank tests without any catalyst or
using metal salt or Hydpa as catalyst were also carried out for comparative purposes.
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Table 3. Crystal data for CPs 1—3.

Compound 1 2 3
Chemical formula C36H36CUZN4016 C36H22Mn2N409 C36H3OZn2N4013
Molecular weight 907.78 764.45 857.38

Crystal system Monoclinic Monoclinic Monoclinic

Space group P2y /n P21 /c P2y /n

a/A 10.3607 (5) 10.5312 (3) 7.9352 (2)
b/A 35.8638 (11) 21.2195 (5) 13.1264 (4)
/A 11.3823 (5) 15.1835 (4) 34.5048 (10)
a/(°) 90 90 90
B/(°) 116.385 (6) 107.751 (3) 94.158 (3)
/(%) 90 90 90
V/A 3788.8 (3) 3231.47 (17) 3584.58 (18)
Z 4 4 4
F (000) 1624 1552 1752
Crystal size/mm 0.25 x 0.23 x 0.21 0.18 x 0.16 x 0.15 0.26 x 0.24 x 0.20
6 range for data collection 4.508-69.993 3.699-66.992 3.604-70.060
Limiting indices —12<h<12,-43<k< —12<h<11,-25<k< —8<h<9,-1<15 41
30, -13<1<13 25, -18 <1<17 <1<40
Reflections collected /unique (Rint) 19,512/7079 (0.0494) 20,432/5753 (0.0993) 13,030/6658 (0.0337)
D¢/(Mg-cm™3) 1.402 1.571 1.589
u/mm~1 1.892 6.917 2.285
Data/restraints/parameters 7079/0/469 5753/0/460 6658/0/496
Goodness-of-fit on F? 1.047 1.074 1.017
Final R indices [(I > 20(I))] Ry, wR; 0.0537, 0.1444 0.0707, 0.1680 0.0515, 0.1169

R indices (all data) Ry, wR»
Largest diff. peak and hole/ (eu&’3 )

0.0710, 0.1546
1.195 and —0.648

0.0901, 0.1800
0.859 and —1.089

0.0619, 0.1238
0.857 and —1.096

4. Conclusions

In this study, we explored a still poorly studied tetracaboxylic acid, 3-(2',4’-dicarboxyl
phenoxy)phthalic acid (Hsdpa), as a multifunctional linker for the hydrothermal synthesis
of new CPs. Hence, a simple synthetic procedure led to the formation of a series of
copper(Il), manganese(ll), and zinc(II) coordination polymers. These compounds feature
distinct types of 2D metal-organic layers driven by the py-dpa*~ or ps-dpa*~ linkers, as
well as different topologies ranging from sql (1) and 3,6L66 (2) to hcb (3).

Catalytic activity of 1—3 was also explored in the mild cyanosilylation of benzaldehyde
substrates with TMSCN, showing that the zinc(II) CP 3 functions as an effective and
reusable heterogeneous catalyst to give cyanohydrin products in up to 93% yields. The
effects of various reactions parameters as well as substrate scope were studied.

As main novelty features of this work, we can highlight (i) an application of Hydpa
as an underexplored multifunctional linker for design of new CPs, (ii) a synthesis of three
structurally and topologically distinct metal-organic architectures, and (iii) notable catalytic
activity of a zinc(Il) derivative in the cyanosilylation reactions. Besides, the obtained results
widen the applications of coordination polymers in heterogeneous catalysis [43,44]. Further
research on assembling related types of CPs and exploring their potential in other catalytic
transformations are currently underway.

Supplementary Materials: The following data are available online at https://www.mdpi.com/
article/10.3390/ catal11020204/s1. Figure S1: FT-IR spectra, Figure S2: TGA curves, Figures S3 and
59: PXRD patterns, Figure S4: emission spectra, Figures S5-58: supplementary catalysis data, Tables
S1 and S2: selected structural parameters for 1-3. CCDC-2043757-2043759.
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Abstract: In this study, zeolitic imidazolate framework (ZIF-67) derived nano-porous carbon struc-
tures that were further hybridized with MnO, were tested for oxygen reduction reaction (ORR) as
cathode material for fuel cells. The prepared electrocatalyst was characterized by X-ray powder
diffraction (XRD), scanning electron microscopy (SEM) and Energy Dispersive X-ray Analysis (EDX).
Cyclic voltammetry was performed on these materials at different scan rates under dissolved oxygen
in basic media (0.1 M KOH), inert and oxygen rich conditions to obtain their I-V curves. Electro-
chemical impedance spectroscopy (EIS) and Chronoamperometry was also performed to observe the
materials’ impedance and stability. We report improved performance of hybridized catalyst for ORR
based on cyclic voltammetry and EIS results, which show that it can be a potential candidate for fuel
cell applications.

Keywords: fuel cell; oxygen reduction reaction (ORR); metal organic frameworks (MOFs)

1. Introduction

Consumption and production of energy is the sign of industrial growth and progress
of any country, as energy develops everything, and around 85% of our energy commitments
depend upon fossil fuels [1,2]. However, energy resources such as fossil fuels reduce speed-
ily due to escalating life standards and growing populations. In addition, the economic
growth of developed countries, industrial civilization and modern lifestyles rely on the
energy withdrawal from gas and oil supplies [3,4]. For intermittent energy generation
technologies to strengthen their foothold, energy storage solutions need to become better
performing and economically viable [5].

Recently, fuel cells have been considered to be a promising energy resource in contrast
to other substitutes that convert chemical energy into electrical energy during a catalytic
reaction [6,7]. Various types of fuel cells are available among these; the polymer electrolyte
membrane fuel cell (PEMFC) and alkaline fuel cell (AFC) have the advantage of having
smaller size, light weight and astonishing power density [8]. Consequently, they can be
utilized for stationary and portable applications. They can perform work constantly at low
temperature and give high current densities [9]. Cost and stability, however, are the two
main factors that delay the commercialization of fuel cells at a large scale.

Since the key cost is because of extreme and ineffective utilization of platinum based
electro catalysts, Pt electrodes present the ideal catalytic activity for ORR (oxygen reduction
reaction), thus serving as a standard electrode for all the catalysts prepared up until
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now [10]. Time is needed to prepare various new non-noble metal catalysts which have
generated a lot of attraction because of their vastly effectual catalytic properties [11,12].

Multiple techniques have been tested to address the catalysis, including the use of
microspheres, nanoparticles, perovskites, etc., of which metal organic frameworks are also
part [13-17]. Recently, metal organic frameworks (made up of organic ligands and Inorganic
metal ions) have been the subject of significant attention in the field of electrochemistry
because they have a variety of structures with large surface area, large pore volume, high
porosity and tunable pore size, and are being tested as an economically viable substitutes
for noble metal nano-composites [18,19]. Wang et. al. designed a carbon matrix with
nitrogen phosphorous doping using Cu-MOF, showing an extraordinary performance as
an electro-catalyst for hydrogen evolution reaction (HER) and ORR [20].

In addition, the nano sized pores present in the metal organic frameworks, when
turned into porous carbons, make the access to guest molecules much easier, thus increasing
the likelihood of an active site being available [21]. Moreover, nano carbons formed from
metal organic frameworks are formed as sheets, nanotubes and multiple other forms which
can act as high-performance nonmetal catalysts. Besides, for improving their mechanical
strength and conductivity, they are transformed conventionally into NPC (nitrogen doped
nanoporous carbon), which has shown outstanding performance in the electrochemical
field. Gai et al. modify an electrode by NPC prepared from ZIF-8 for the detection of
uric acid, ascorbic acid and dopamine. Rizvi et.al. reported Cu-MOF Derived Cu@AC
electrocatalyst for ORR in PEMFC. The composite Cu@AC (1:1) shows the peak current
density of 2.11 mA cm~2 in 0.1 M KOH at a potential of 0.9 V with a scan rate of 50 mV s,
which shows superior activity compared to commercial grade Pt/C, having a peak current
density of 1.37 mA cm2ata potential of 0.86 V [10]. Moreover, bimetallic MOFs have been
utilized to boost the catalyst electrocatalytic performance [22,23]. Yoon el al. reported new
bimetallic 2D MOFs (Co,Ni,-CATs) for electrochemical reduction of oxygen; the two metal
ions, i.e., Co?* and Ni2*, are rationally controlled in CoxNiy-CATs (a bimetallic catalyst) for
efficient performance in the oxygen reduction reaction (ORR) [24].

Electro catalysts derived from metal organic frameworks, i.e., ZIFs (Zeolitic imida-
zole frameworks), which are rich in transition metals, i.e., Zn*2, CO*2 and nitrogen and
carbon and preparation of Zeolitic frameworks, which are single-site solid catalysts with
effective and uniform catalytic activity, can be accomplished via the use of metal organic
frameworks [25,26]. The metal organic framework is a nitrogen and carbon precursor
with a transition metal and is heat treated at 800-1000 °C to form nitrogen doped electro
catalyst [27]. ZIFs have been utilized in the production of ORR catalysts where a metal—
nitrogen—carbon structure is formed when ZIF-67 is pyrolyzed in the presence of iron carrier,
which showed effective electrochemical activity owing partially to the increased surface
area provided to the active metals [28,29]. ZIF-67 can also provide the basis for creating
tunable structures owing to the ordered arrangement of atoms in the framework. The for-
mation of nanocrystals of carbon decorated with cobalt catalyst has been reported with the
ability to catalyze ORR and to perform this function in symmetry. Cobalt containing ZIF-67
based catalysts can also perform catalysis under special preparatory conditions [30,31].
This ability to create uniform crystals can also be utilized in conjunction with the flexibility
of carbon materials for ORR [32,33].

Besides cobalt and nickel, manganese has also been shown to perform catalytic activity
pertaining to oxygen reduction, which has sparked interest in utilizing this capability in
ZIF-67 based carbon electrodes [34,35]. Work with ZIF-67 involving the use of magnesium
oxides has yielded remarkable enhancement in the catalytic capability of carbon-based
electrodes. In work utilizing Mn3O4 and Co30y4, aimed at catalyzing water splitting reac-
tions and oxygen reduction, the reversible overpotentials were reported to be better than
those shown by electrodes containing noble metals like platinum and ruthenium [36,37].

In this paper, we have followed a novel approach to recommend a new material for
ORR reaction in fuel cells. ZIF-67 derived nanoporous carbon was modified with MnO,
particles using a simple hydrothermal process to enhance its ORR performance. Both
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ZIF-67 derived nanoporous carbon and the modified sample were tested through cyclic
voltammetry to analyze the difference in their individual performance.

2. Results and Discussion
2.1. Characterization of Prepared Catalyst

The morphology of synthesized catalysts such as ZIF-67, ZIF derived carbon nanotubes
(ZCNT) and Manganese oxide doped ZCNT (ZCNT-M) was analyzed by scanning electron
microscopy as illustrated in Figure 1a—c. The rhombic dodecahedron shaped nano crystal
of the ZIF-67 is well preserved, as shown in Figure 1a.

SEMHV:200kV | WD:14.88 mm

USPCAS-E NUST

Figure 1. SEM images of (a) ZIF-67, (b) ZCNT and (c) ZCNT-M.

From Figure 1b,c, it was observed that after pyrolysis of ZIF-67, carbon nanotubes
(CNTs) are visible in SEM images of ZCNT and ZCNT-M. Moreover, at high magnifi-
cation, the SEM image shows that the obtained ZIF-67 surface was smooth, and their
dodecahedron-shaped crystals were closely affixed to the CNTs. In addition, the surface
pop and shacks of ZIF-67 nanoparticles more evidently approve that nanoparticles of
ZIF-67 were in situ grown on CNTs’ surfaces.

The EDS analysis of prepared catalysts such as ZCNT and ZCNT-M shows the presence
of manganese, cobalt, oxygen and carbon without any impurity. Table 1 shows the weight
percentages of the following element. ZCNT has the maximum carbon percentage while
other samples such as ZCNT-M have comparatively lower percentages of carbon, as the
unstable organic groups have evaporated after heating, which also reduces the carbon
percentage. Moreover, after Mn loading, the relative wt. % of carbon decreases in ZCNT-
M, correspondingly.
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Table 1. EDS outcome of ZCNT, ZCNT-M.

Sample Element ZCNT ZCNT-M
Cwt% 50.02 15.98
Owt% 19.07 4791
Co wt% 30.91 9.99
Mn wt% - 24.80

Moreover, EDS elemental mapping images, i.e., Figure 2a,b, illustrate that the uniform
loading of Mn in the sample and the elemental composition match well with the expected
ratio of elemental weight and atomic %.

Heated at 360°C for 1.5h
increased to 750°C for 3.5 h

Heating at 80 °C for
overnight

Stirring for 15 Sonication for 15
min min

HC1 (30%) added Drop wise

Figure 2. Elemental Mapping of ZCNT-M. (a) map showing C, O, Mn & Co distribution, (b) mapshowing Mn distribution.

Figure 3a illustrates the XRD pattern of ZIF-67. The presence of characteristic peaks
indicates the successful synthesis of material, i.e., 7.2° (011), 10.4° (002), 12.7° (112), 14.7°
(022), 16.4° (013), 18° (222), 22.1° (114), 26.5° (134), 29.6° (044), 31.3° (244), 32.5° (235), and
43.1° (100) [38].

Figure 3b illustrates the XRD pattern of prepared ZCNT. The peak at 26.3 (002) con-
firms the presence of graphitized CNTs and other peaks at 44.36°, 51.67° and 75.98°
correspond to Co (111), Co (200) and Co (220) [39].

Figure 3c illustrates the XRD pattern of prepared ZCNT-M sample. The presence
of characteristic peaks corresponds to cobalt carbide (JCPDS card number 43-1144) [40],
cobalt oxide (JCPDS card number 43-1003) [41], manganese oxide (JCPDS card number
44-0141) [42] and cobalt manganese oxide (JCPDS card number 32-0297) [43].
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Figure 3. XRD plot for (a) ZIF-67 (b) ZCNT (c) ZCNT-M.

2.2. Electrochemical Analyses

Eco Chemie Autolab PGSTAT 302 potentiostat/galvanostat (Utrech, The Netherlands)
was used to perform cyclic voltammetry measurements and GPES software 4.9 was used
to run the experiments on the equipment. A three-electrode system was used in which
Ag/AgCl was used as the reference electrode, platinum wire as the counter electrode, while
glassy carbon (7.065 mm?) was used as the working electrode.

Moreover, for the modification of working electrode (GCE) ink is deposited on its
surface and ink is prepared by adding ZCNT and ZCNT-M catalyst in 100 uL ethanol
with 20 uL Nafion (5 wt %) as the binding and conducting agent to form the catalyst
ink, which was later deposited (20 uL) on the glassy carbon electrode and allowed to dry.
All the prepared composites were tested for different techniques, i.e., cyclic voltammetry,
chronoamperometry and electrochemical impedance spectroscopy (EIS) in 0.1 M KOH (an
electrolyte) by using the same method of preparing ink. In addition, ZCNT and ZCNT-
M samples were tested under inert, dissolved oxygen and oxygen rich conditions. A
frequency range of 10 to 40 kHz with a scan rate amplitude of 50 mVs~! was used for
electrochemical impedance spectroscopy under potentiostatic mode. Chronoamperometry
was also performed for 3600 s.

2.3. Electrochemical Evaluation of Prepared Catalsyts

At first, ZIF-67 derived CNTs (ZCNT) and ZIF-67 derived CNTs/MnQO, (ZCNT-M)
were compared. To ensure that dissolved oxygen is the only analyte present within the KOH
solution and there are no other analyte species to react with the electrode, the solution was
purged with argon gas for 2-3 min and then the response was recorded and compared with
oxygen dissolved solution. Figure 4 shows that in the presence of oxygen, the prepared
catalysts’ reduction current was noticeably increased, which may be attributed to the
presence of continuously regenerated reaction centers that might lead to current value
amplification during the reduction process [44].
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Figure 4. ZCNT-M Performance under dissolved O, and Ar purged environment.

With an optimal flow rate of oxygen gas and at a scan rate of 50 mV /s, cyclic voltam-
metry of prepared catalysts was performed; in this study, the electrochemical activity of
ZCNT was compared with ZCNT-M to obtain the values of peak current density, onset
potential and peak potentials for oxygen reduction reactions, as illustrated in Figure 5.
From the figure, it can be observed that ORR performance of ZCNT-M is much better than
ZCNT due to the addition of MnO; and it has markedly increased the current densities
up to 6.56 mA/cm? for ORR with an ORR onset potential (V vs. RHE) of 1.02 V, which
is comparable with that of Pt/C (1.01 V), illustrating that there is a current density of
5.02 mA/cm? [45]. In comparison to ZCNT-M, commercial MnO, shows remarkably low
current density with 0.25 mA/cm? and with onset potential (V vs. RHE) of 0.96 V, as
reported by Huang et al. and Chhetri et al. [46,47]. The increased current densities of
ZCNT-M can be attributed to good catalytic ORR activity of MnO,; as with the ZIF-67
derived CNTs (ZCNT), it enhances the surface area and conductivity of prepared catalysts
to a significant level. Thus, as-prepared ZCNT-M composite was used as an efficient non-
precious cathodic electrocatalyst with preferable ORR stability, enhanced electron-transport
performance, and elevated antitoxic property in alkaline media for ORR.

Figure 6 illustrates the effect of scan rate on the current density of the prepared
sample. All the tests were executed with a diverse range of scan rate values such as
5mV/s, 15mV/s, 25 mV/s and 50 mV /s in an alkaline media (0.1 M KOH). Prepared ink
composition (i.e., 3 mg per catalyst) remained the same in all the experiments. The current
density of ZCNT-M in 0.1M KOH for ORR increased gradually because of electroactive
species’ easy access to the surface of the electrode in the lesson time period [5]; also, at high
scan rates, non-electrolytic species were not able to be reduced or oxidized into products.
Consequently, only electroactive products were liable for high current density values, this
remarkable response of catalyst is linked to the improved extent of reaction. Moreover, a
slight shift in peaks was observed, which indicated a slight irreversibility during reaction.
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Figure 5. Cylic voltammograms of ZCNT and ZCNT-M for ORR.
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Figure 6. Cyclic voltammograms at different scan rates for ZCNT-M.

Furthermore, linear sweep voltammetry was performed with oxygen purging to study
the effect of increasing analyte concentration on current density, as shown in Figure 7. Pure
oxygen was purged through the electrolyte for one, two and three minutes, respectively,
before performing the linear cyclic voltammetry experiment. A continuous supply of
oxygen was maintained during the experimental run. Oxygen purging showed a marked
increase in the current density relative to the dissolved oxygen case for ORR. The graph
below shows that peak current densities increased as the amount of oxygen present in the
electrolyte was increased; however, the current density decreased beyond two minutes of
oxygen purging. A possible explanation for this decrease is the saturation of the electrolyte
with analyte along with a decrease in oxygen diffusion to the electrode surface.
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Figure 7. Current densities at different oxygen purging durations for ZCNT-M.
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Furthermore, the kinetics of ORR reactions were found to be diffusion controlled. A
plot between the square root of scan rate and peak current density was made for ZCNT-M,
as shown in Figure 8.
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Figure 8. Scan rate vs. peak current density for ZCNT-M.

The figure illustrates that the square roots of scan rates and current densities have
a linear relationship, while this linear plot is relative to D!/? to obtain the slope value.
Moreover, diffusion coefficients were calculated using the Randles-Sevcik Equation (1) [48].

nFvD

Ip = 0.4463nFA 1
p = 0.4463nFAC RT (1)

where D is the diffusion coefficient, A is the active surface area (cm?), C is the molar bulk
concentration of 0.1 M KOH, v is the scan rate (V s~1), and n is the number of electrons
transferred.

The diffusion coefficients for ORR of ZCNT-M are calculated as Dogg = 6.6 x 10~* cm?/s.
These results support that a diffusion-controlled mechanism is followed by electrocatalytic
oxygen evaluation reaction and oxidation reduction reaction.

Finally, to analyze the trend of overpotential with the current density, Tafel plots
(Figure 9) were made which were then used to calculate the exchange current densities
value of 1.49 x 103 A/cm?. Firstly, overpotential is calculated by using the formula such
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as E—E, [19]. In order to comprehend the reaction kinetic performance, Tafel slopes were
calculated by using the subsequent Equation (2).

dn/dIn Ijl = —=RT/anF 2)

where o was calculated by using Equation (3) [42]:
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Figure 9. Tafel plots for ZCNT-M.

For the oxygen reduction reaction, n was deemed to be 4. The Tafel slope value for
ZCNT-M s calculated and obtained in the range of 165-200 mV /dec, and the value of slope
is determined such that if >118 mV/dec, then the rate determining steps are ascribed via (i)
ongoing chemical oxidation, (ii) the resulting chemical combination and (iii) the transfer
of electrons occurring via an oxide layer. In order to elude the confusion, the outcomes
collected from the Tafel slopes will be referred as “cathodic quantities” and the mechanisms
for ORR can be established precisely by these approaches [17]. The outcomes are in accord
with the literature, where the first C—-H bond breaking in ORR occurs because of the low
potential region along with the rate determining step through the first electron transfer,
while in the high potential region, the increase in slope values is because of poisonous
intermediate species having less exposure [10].

To understand the activity of the modified electrode in a better way, electrochemical
impedance spectroscopy was performed using the same three electrode systems in 0.1 M
KOH solution under the potentiostatic mode. The Nyquist plot below in Figure 10 repre-
sents two regions, presenting an idea regarding solution resistance (Rs) and charge transfer
resistance (Rct); the small semicircle clearly shows that the charge transfer resistance for
ZCNT-M is lower in comparison to ZCNT. Moreover, corresponding low Ret and Rs values
are liable for higher catalyst activity as well [5,49]. The decreased value of resistance in
ZCNT-M can be attributed in good catalytic ORR activity of MnO,, as it improves the
surface area and conductivity of prepared catalysts to a significant level. Similarly, the high
electronic and ionic conductivity of ZCNT-M may possibly be responsible for the straight
line. This significant reduction in charge transfer resistance in ZCNT-M clearly favors ORR
reactions in ZCNT-M as compared to ZCNT.
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Figure 10. Electrochemical impedance spectroscopy (EIS) plot for ZCNT-M and ZCNT.

The prepared catalysts’ stability was determined via the chronoamperometry tech-
nique, a key parameter to accomplish the practical application of synthesized samples. The
stability test of ZCNT-M was carried out in 0.1 M KOH solution at a potential of 0.1 V
for 3600 s in the similar three electrode setup and subsequent electrolyte. At the start,
the current dropped substantially very quickly, which can be justified with the following
reasons: (a) adsorption of reaction intermediate to the electrode surface; (b) blockage of
active site due to evolved oxygen accumulation on the surface of the electrode [10] and (c)
flake off material caused by extreme bubbling, but later it adopted a fairly stable trend for
the remainder of the hour, as shown in the Figure 11 below. Moreover, Figure 12 shows the
plot between the current and square root of current and describes a linear trend over time.
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Figure 11. Chronoamperometric plot for ZCNT-M.
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Figure 12. Chronoamperometric plot between current and square root of current for ZCNT-M.

Figure 13 shows the mechanism of ORR in basic media (KOH); it describes the complex
reaction pathway by which reductive splitting of the oxygen O-O bond occurs on the
catalyst adsorbed surface. Here, k; epitomizes the direct reduction of O, to OH™ ion
without any intermediate formation.
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Figure 13. Oxygen reduction reactions (ORR) mechanism on the surface of electrode.
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In addition, the k; is a comprehensive rate constant for the adsorbed peroxide forma-
tion, and might implicate other rate constants that are associated to both the dispropor-
tionation reaction and intermediate formation of the adsorbed super oxide; besides, k3 is
the rate constant for peroxide reduction, k4 refers to the catalytic decaying of adsorbed
peroxide on the electrode surface, and ks represents rate constants for peroxide desorption
and adsorption processes [50].

3. Experimental
3.1. Characterization

To study the surface morphologies of prepared catalysts, SEM analysis was conducted
with VEGA3 TESCON at the voltage of 20 kV. For elemental analysis of prepared catalysts,
EDS analysis was conducted. Moreover, the crystal structure and phase purity of the
prepared catalyst was established by XRD analysis (D8 Advanced Diffractometer) by using
Jade 6.0 with diffraction angle (20), at a range of 10-70°, with the step size of 4°/s.

3.2. Synthesis of ZIF-67

A quantity of 1.97 g of 2-methylimidazole was dissolved in a 40 mL of 50/50 (v/v %) of
ethanol and methanol. Furthermore, 1.746 g of Co(NO3),-6H,0O were mixed with ethanol
and methanol mixture, keeping the ratios as before. The two solutions were then stirred
together for 20 min and kept at room temperature for 20 h. After centrifugation, washing
and drying, a purple precipitate was obtained [33].

3.3. Synthesis of Mesoporous Carbon

ZIF-67 was heated to 350 °C and was maintained at that temperature for 1.5 h using a
tube furnace under reducing atmosphere (H;/Ar). The temperature was then increased to
750 °C with a ramp rate of 2 °C/min and was sustained at that temperature for 3.5 h. The
furnace was naturally allowed to cool down. The sample was then treated with HySOy,
centrifuged, washed, and dried [51].

3.4. Synthesis of MnO,-Doped Mesoporous Carbon

Next, 1 M solution of KMnOy4 was prepared in deionized water. Nano-porous carbon
particles derived from ZIF-67 were dispersed in the 100 mL of solution using a bath
sonicator for 15 min. The mixture was then stirred for 30 min and HCI (30%) was added
dropwise to the mixture. The mixture was then transferred into a Teflon lined autoclave
and heated in a box furnace at 80 °C for 3 h. The heated suspension was then filtered and
washed using ethanol/water mixture and eventually dried in a vacuum oven at 80 °C
overnight. The dried sample is the desired product (ZIF-67 derived nano-porous carbon
and MnO, hybrid). Figure 14 illustrates the synthesis route of ZCNT and ZCNT-M.
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4. Conclusions

ZIF-67 derived nano-porous carbon that is further doped with MnO, particles offers a
potential material to be used as ORR catalyst in fuel cells, and the material shows good ORR
performance. Onset potentials, peak potential and peak current densities were calculated
using current vs. voltage plots obtained through cyclic voltammetry. The modified material
ZCNT-M showed better performance as compared to ZCNT, as observed through cyclic
voltammetry and EIS. The material showed a performance enhancement up to a certain
level of oxygen purging, as compared to its performance with dissolved oxygen in the
electrolyte. In addition, electrochemical stability was tested by using chronoamperometry,
showing a sudden decrease in current and stable performance up to 3600s. Ultimately, it
can be concluded from this work that the good catalytic ORR activity of ZIF-67 derived
CNTs/MnO; (ZCNT-M) is due to the incorporation of MnO, not only enhancing the
surface area, but also the conductivity of prepared catalysts to a significant level.
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Abstract: Bromide-based metal halide perovskites (MHPs) are promising photocatalysts with
strong blue-green light absorption. Composite photocatalysts of MHPs with MIL-100(Fe), as a
powerful photocatalyst itself, have been investigated to extend the responsiveness towards red light.
The composites, with a high specific surface area, display an enhanced solar light response,
and the improved charge carrier separation in the heterojunctions is employed to maximize the
photocatalytic performance. Optimization of the relative composition, with the formation of a
dual-phase CsPbBr3 to CsPb,Brs perovskite composite, shows an excellent photocatalytic performance
with 20.4 umol CO produced per gram of photocatalyst during one hour of visible light irradiation.

Keywords: metal halide perovskites; metal-organic framework; photocatalysis

1. Introduction

The capture of CO; and further conversion of this greenhouse gas into chemical fuels (CO, CHy,
CH30H, etc.) has been a hot topic during the past decades [1]. The reduction of CO, is complicated by
its inherent chemical stability [2,3]. Despite this issue, photocatalytic CO, reduction is still seen as one
of the promising ways to sustainably produce chemicals [4]. To date, a wide variety of photocatalysts
such as TiO,, ZnO, CdS, perovskite oxides and their composites, and metal (complex) functionalized
derivatives, have been tested. But the obtained performances under solar irradiation are still limited,
mainly due to the low efficiency of using visible light.

Over the last decades, metal-organic frameworks (MOFs) have been one of the fastest
developing materials, exhibiting unique properties such as structural flexibility, large specific
surface area, tunable but uniform cavities, and easy ligand functionalization [5,6]. MOF-5 was
the first MOF reported to have photocatalytic activity in UV-induced phenol photodegradation [7].
Fu et al. successfully employed an amine-functionalized Ti-based MOF, NH,-MIL-125(Ti), in CO,
photoreduction [8]. Ever since, MOFs are not only used as matrix for other semiconductors or noble
metals but are also seen as promising photocatalysts on their own [9-11].

Recently, all-inorganic CsPbBr; perovskites have emerged as promising photocatalysts in various
applications ranging from dye degradation [12] to selective organic reactions [13] and renewable fuel
generation from CO, and water [14]. These materials combine the excellent optoelectronic properties of
organic-inorganic hybrid perovskites, such as a bandgap largely overlapping with the visible part of the
electromagnetic spectrum, a high absorption coefficient, and long-range charge transport, with good
temperature stability [15,16]. However, the performances of MHPs are limited by their poor structural
stability in a humid atmosphere. Heterojunction formation with materials such as graphene oxide,
MOFs, TiO,, C3Ny, etc., has been explored to further improve charge carrier separation and protect the
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MHPs from a polar environment [17-21]. The use of MOFs in combination with MHPs is motivated by
the composites improved stability as compared to the parent MHP material in photocatalytic reactions
in the presence of water.

Herein, we report the excellent performance of CsPbBr;/MIL-100(Fe) composites for the
photocatalytic reduction of CO,. Among the reported MOF photocatalysts, Fe-based MIL-100
was chosen due to its low cost, high chemical and water stability, and the intense and complementary
visible light absorption to the far red [22,23]. We reasoned that the CsPbBr3/MIL-100(Fe) composite
should show an extended and improved absorption and hence has the potential to be an efficient
photocatalyst. The composite material was generated through the in situ synthesis of MIL-100(Fe) on
perovskite particles, which tends to improve the stability of the composite and offers more efficient
electron transfer [24]. MIL-100(Fe) introduction endows the composite with a high specific surface
area and enhanced visible light response.

2. Results

Pure CsPbBr3 was synthesized using an anti-solvent method and MIL-100(Fe) was synthesized by
a modified non-hydrothermal method (see Section 3). The composite photocatalysts were obtained by
an in situ growth method and were named after the amount of MIL-100(Fe) precursor (Fe(NO3)3-9H,O)
added (see Section 3).

In the first step, X-ray diffraction (XRD) was used to investigate the crystallinity of the pure and
composite materials (Figure 1a). The XRD patterns clearly show the orthorhombic CsPbBrj; structure
and in the composite materials, additional diffraction peaks at 3.4° and 11° from MIL-100(Fe) appear
(Figure 1b) [25,26]. With an increasing amount of MIL-100(Fe) loaded in the composites, we observe a
gradual transformation of CsPbBrs (PDF#18-0364) to CsPb,Brs (PDF#25-0211). Figure 1c illustrates the
perovskites’ crystallographic structure transformation. This phase transformation could be ascribed to
the excessive HyO in the Fe precursor, which partially converts the CsPbBrs. To evaluate the necessity of
H,0 during the in-situ growth of the MOF, the Fe precursor was dried ahead of the synthesis. With this
dried Fe(NOj3)3 precursor, the desired MIL-100(Fe) could not be generated (Figure 1b), indicating the
critical role of water during the MIL-100(Fe) formation, in line with literature reports [10].

The Fourier-transform infrared (FTIR) spectra of all composites exhibit typical MIL-100(Fe) bands
(Figure 2a) [27]. The bands at 1625 and 1380 cm™! are related to the stretching vibrations of carboxyl
groups [28], the band at 1446 cm™! can be ascribed to the O-H stretching vibration, while the ones
corresponding to the bending vibration of C-H (at 759 cm™!) and C=C (at 711 cm™") originate from the
benzene ring. As expected, the peak intensities of the Fe-O stretching vibration (at 491 cm™!) and free
C=0 stretching vibration from unreacted H3BTC (at 1716 cm™!) enhanced with increasing the amount
of MIL-100(Fe) loaded in the composites [29]. Further, a broad peak at 3000-3500 cm~!indicates the
presence of a significant amount of adsorbed H,O in the composites.

Thermogravimetric analysis (TGA) was performed in O, to quantify the MIL-100(Fe) amount in
the composites based on the oxidation of the organic linker (Figure 2b). MIL-100(Fe) exhibits a clear
two-step weight loss: (1) below 200 °C, the weight loss is associated with the removal of adsorbed H,O,
and H,O coordinated to the iron trimers, (2) around 300 °C, H3BTC decomposes [30]. This two-step
weight loss was identified in all the composites. CsPbBrs shows a good thermal stability to about
500 °C. Hence, the weight loss due to H3BTC decomposition was used to determine the relative amount
of MIL-100(Fe) in the composites. As listed in Table 1, the MIL-100(Fe) content in the composites varies
from 9 wt% in p-30Fe to 53 wt% in p-180Fe.
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Figure 1. (a,b) XRD patterns of the as-prepared photocatalysts, and (c) visualization of the perovskites
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Figure 2. (a) FTIR spectra, and (b) TGA thermograms of the as-prepared photocatalysts.

Table 1. Weight ratio of MIL-100(Fe) in the composites.

Sample p-30Fe

p-60Fe p-90Fe p-120Fe p-180Fe

MIL-100(Fe) content/wt% 9

14 18 27

53
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The surface chemical composition and chemical states of the as-synthesized composites were
further revealed by X-ray photoelectron spectroscopy (XPS). The XPS spectrum (Figure 3a) of p-90Fe
shows distinct peaks from both of MIL-100(Fe) and CsPbBr3. Relevant high-resolution spectra of p-90Fe
(Figure S1) display peaks of Cs 3d, Pb 4f, and Br 3d in the range of 720-745, 134148, and 64-74 eV,
respectively, which are well-matched with those of CsPbBrj [31,32]. Two dominant peaks of Fe
(Figure 3b) at 724.6 and 711.7 eV are attributed to Fe 2py, and Fe 2p3), respectively. Additional satellite
peak appearing at 717.2 eV corresponds to Fe®* in MIL-100(Fe) [33].

a Qs b Fe2p,, Fe 2p
Cis
Fe 2p MIL-100(Fe)
Cs 3d 91s

Fe 2p p-9oFe G1s Pb 4t
s a7 Br 3d
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Figure 3. XPS spectra of p-90Fe: (a) survey and (b) Fe 2p.

The response of MIL-100(Fe) in the visible light region arises from the direct excitation of the
Fe-O clusters. As shown in the absorption spectra in Figure 4a (as obtained by UV-vis diffuse reflectance,
see Section 3), p-30Fe, p-60Fe, and p-90Fe basically maintain the pattern of CsPbBr3. p-120Fe and
p-180Fe exhibit a pattern similar to MIL-100(Fe), due to the larger amount of MIL-100(Fe) included.
The addition of MIL-100(Fe) enhances the composites” optical response in the visible light region,
especially above 550 nm. The absorption edges around 550 nm gradually blue shift, corresponding to
the increased bandgaps (Eg) (calculated by the Tauc plots, Figure 4b) of the composites consisting
of more MIL-100(Fe) (Table 2). This blue-shift arises from the phase transformation from CsPbBrj
(Eg = 2.3 eV) to CsPb,Brs (Eg = 3.0 eV) and the more dominant role of MIL-100(Fe) in the composite
photocatalysts upon increasing the Fe content.
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0.8 — p-60Fe —— p-30Fe
' —p-90Fe ——p-60Fe
o p-120Fe ——p-90Fe
g 08f —— p-180Fe = p-120Fe
3 —— MIL-100(Fe) Z| ——p-180Fe
3 04f —— MIL-100(Fe)
[
02t
0.0f

300 400 500 600 700 800 18 20 22 24 26 28 3.0
wavelength/nm hveV

Figure 4. (a) UV-vis absorption spectra of parent compounds and composites, and (b) Tauc plots of
MIL-100(Fe) and the composites. The band gap energies of the photocatalysts, listed in Table 2,
were estimated following Kubelka-Munk transformation. Each bandgap is determined by the
intersection point of the corresponding tangent line and horizontal axis.
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Table 2. Bandgap data of the prepared samples.

Sample MIL-100(Fe) CsPbBr3 p-30Fe p-60Fe p-90Fe p-120Fe  p-180Fe
Eg/eV 2.68 2.27 2.29 2.29 2.30 2.55 2.69

Figure 5 and Figure S2 show the steady-state photoluminescence (PL) spectra of the photocatalysts
at an excitation wavelength of 380 nm. As shown in Figure S2, CsPbBrj has significantly higher peak
intensity than the composites. The broad emission peak from 400 to 450 nm can be attributed to the
1,3,5-benzene tricarboxylic acid linkers in the MIL-100(Fe) structure [34]. The PL emission spectra of
p-30Fe, p-60Fe and p-90Fe show a gradual blue shift and weakening intensity of the peak at around
530 nm. Different from 3D CsPbBrj, Cs* ions separate the layers of 2D CsPb,Brs, and the excitons
are slowed down by the layered structure [35]. Thus, with more CsPb,Brs formed, the PL peaks of
p-120Fe and p-180Fe get more blue shifted [36,37]. p-90Fe possesses the lowest PL intensity among all
as-synthesized CsPbBr3/MIL-100(Fe) samples.

—— p-30Fe
—— p-60Fe
—— p-90Fe
—— p-120Fe
p-180Fe

intensity/a.u.

400 450 500 550 600
wavelength/nm

Figure 5. Steady-state PL spectra at an excitation wavelength of 380 nm of the composites. PL spectra
of the parent compounds in Supplementary Materials.

As shown in Figure S3a, the pure CsPbBr; sample displays nanoparticles with a uniform
cubic shape. MIL-100(Fe) synthesized in HF-free conditions crystallizes into small nanoparticles with
no clearly visible shape compared to the classic octahedral shapes (Figure S3b); this is in line with
previous reports [38]. In the composite materials, e.g., p-90Fe, the cubic CsPbBr; morphology is lost
and only agglomerated particles are observed (Figure S3c). Selected location elemental analysis by
energy-dispersive X-ray spectroscopy (EDS) confirms the co-existence of both CsPbBr3 and MIL-100(Fe)
(Figure S3d).

The components’ dispersion and interaction were studied by confocal laser scanning fluorescence
measurements on p-90Fe, using a 375 nm laser. Figure 6d showed the wide field image of p-90Fe.
Based on the PL spectra mentioned above, two emission channels at 430—470 nm and 505-540 nm
were chosen to visualize the MIL-100(Fe) (red colored) (Figure 6a) and CsPbBrj; (green colored)
(Figure 6b) distribution, respectively. Both channels were acquired with the same excitation power.
As CsPbBrj3 has a significantly stronger signal than MIL-100(Fe) upon excitation (Figure S2), Figure 6a
was adjusted to be 25% brighter than Figure 6b.

As shown in Figure 6¢, yellow shaded areas appear where both signals overlap. Based on
particle count, ca. 80% particles were yellowish-green. These uniformly dispersed yellow shades
reflect the close contact between MOF and MHP parts in the composite.

The complementary light absorption by CsPbBr; and MIL-100(Fe) should result in an efficient
photocatalytic activity under simulated solar irradiation. Here, CO, photoreduction under visible
light irradiation was chosen to test the photoactivity of the different catalysts. The reaction was
performed under 1 bar hydrated CO, atmosphere, at ambient temperature. CO was found as the
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only photoreduction product generated from CO,, and no other carbonaceous products was detected.
A series of control experiments were also conducted. No appreciable amounts of CO or other hydrocarbons
were detected in the absence of light irradiation, or photocatalyst, or CO, (under wet He atmosphere).

Figure 6. Confocal fluorescence scanning images of (a) 430-470 nm emission and (b) 505-540 nm emission,
(c) overlapped image of (a,b), and (d) wide field image, using a 375 nm laser excitation of p-90Fe.

Figure 7a shows the time-dependent CO production on the as-synthesized samples during
a 4 h experiment. The CO production rate over pure CsPbBrz and MIL-100(Fe) are similar,
about 4.5 pmol g‘1 h™l. The composite materials show significantly higher activity, and p-90Fe
exhibits a maximum CO production of 20.4 umol g~! h™!, which is about 4.5 times higher than the
pure constituents. Upon increasing the load of MIL-100(Fe), lower photocatalytic activity is obtained.
The decrease in photocatalytic activity may be caused by an increasing amount of CsPb;Brs in
the composites, which is not active upon visible light irradiation. The critical role of H,O was
revealed by a test reaction on p-90Fe in high purity CO, gas without H,O. The CO yield over p-90Fe
dropped from 20.4 to 5.3 umol g~! h~!. The composites’ stability was evaluated by four consecutive
runs (4 h each, in total 16 h) on p-90Fe. As shown in Figure 7b, the composite exhibits no significant
deactivation, and its crystal structure is well maintained after the 16 h photocatalytic reaction (Figure S4).

Two reference samples, p-post and p-mix, with the same amount of MIL-100(Fe) loaded
as p-90Fe, were constructed. p-post was synthesized by the anti-solvent deposition of CsPbBrs
onto MIL-100(Fe) [39]. p-mix was prepared through ultrasonically mixing the CsPbBrz and
MIL-100(Fe) powders. Under visible light irradiation, the CO production rates over p-post and
p-mix are only 8.7 umol g~' h™! and 6.8 pmol g~ h™!, nearly one-third of that obtained via the newly
introduced in situ growth route. A summary of the reported photocatalytic CO, reduction performance
on perovskite-based and traditional photocatalysts under various illumination conditions is listed
in Table S1.
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Figure 7. (a) Time-dependent CO generation over the synthesized MIL-100(Fe), CsPbBrs3, and composites,
(b) Stability test on p-90Fe for four consecutive runs (4 h each, in total 16 h), and (c) CO generation over
the photocatalysts under different illumination conditions.

It is observed that CsPbBr3 gradually transforms to CsPb,Brs in the composites, and CsPb,Brs
is a large bandgap material without visible light response. Therefore, full-spectrum (300-800 nm)
measurements were performed on the selected samples to investigate the photocatalytic contribution of
CsPb,Brs in the composites. As shown in Figure 7c, only slight improvements in CO generation were
found on CsPbBrj, p-post, and p-mix, compared to that under visible light irradiation (420-800 nm).
The CO generation significantly enhanced from 20.4 to 29.6 umol g‘l h! on p-90Fe and from 13.6
to 16.6 umol g~! h~! on p-120Fe. Hence, CsPb,Brs, used to be seen as the undesirable byproduct
of CsPbBr3, can contribute to the composites” photoactivity.

It is acknowledged that the photocatalysts’ performance can be influenced by the specific
surface area. First, gas sorption measurements were performed (Figure S5a). N physisorption
revealed a negligible surface area for the pure CsPbBr; microcrystals. The composite materials show a
tremendously increased specific surface area between 130 and 400 m?/g (Table 3); the specific surface
area increases with the amount of MIL-100(Fe). This surface area enhancement favors the exposure of
active sites and the adsorption of CO, molecules. For the composites, a type IV isotherm is observed
related to the existence of a mesoporous structure. Further, Figure S5b shows the CO, adsorption
isotherms of the as-obtained samples. The CO, uptakes in the composites are 15 to 30 times higher
than that in pure CsPbBrs, which benefits the photocatalytic efficiency. Figure S6 shows the Nj
physisorption isotherms and related pore size distribution of p-90Fe before and after the reaction.
After the reaction, the surface area reduced from 201 m?/g to 155 m?/g, the average pore size decreased
from 4.5 nm to 3.7 nm, and the pore volume dropped from 0.21 cm?/g to 0.11 cm3/g. As can be seen in
Figure S6b, p-90Fe has dominant peaks at 1.2 and 2.0 nm, which is the typical pore size distribution of
MIL-100(Fe) [40]. After the reaction, the portion of the mesopores around 10 nm decreased, which may
be due to the influence of H,O on the particle size and shape during the reaction.
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Table 3. The specific surface area of the prepared composites.

Sample p-60Fe p-90Fe p-120Fe p-180Fe
Sper/m? g1 130 201 277 390

As shown in Figure 8, the PL decay plots of CsPbBr3 and composite p-90Fe are fitted with
a biexponential decay function. The short and long PL lifetimes can be assigned to two different
physical origins. The short (t1) and long (t,) lifetimes are related to the trap-assisted and exciton
recombination, respectively [13]. The average lifetime (1) of CsPbBrz exhibits an obvious decrease
from 4.4 to 1.6 ns after adding MOF, resulting from the suppressed exciton recombination. MIL-100(Fe)
here functions as a quencher of CsPbBr3, endowing the composite with a more effective electron
extraction [41].

Sample t,(ns) Int,(%) T,(ns) Int,(%)
CsPbBr, 1.8 67 9.7 33
. p-90Fe 1.0 90 6.5 10
>
Ky
2
S 01f
Q
o
3
N
©
g —— CsPbBr,
[
0.01} —— p-90Fe
—— Fitting
0 5 10 1 20 25 30 35
time/ns

Figure 8. Time-resolved PL spectra of pure CsPbBr; and p-90Fe fitted with a biexponential decay
kinetic, including the corresponding fitting parameters.

The photocatalytic activity of MIL-100(Fe) mainly originates from the direct excitation of the
Fes—u3—-oxo clusters inside the structure. Under light irradiation, Fe-O clusters in MIL-100(Fe) can
be excited, transferring an electron from the 02~ to Fe3* for the formation of Fe?t, which is responsible
for CO, reduction over pure MIL-100(Fe) [22,42]. The combination of the bandgap data with valence
band measurements (Figure S7 and Table 2) allow to determine the VB and CB edge potentials of
CsPbBrj to be 0.82 and —1.45 eV, respectively. The VB and CB edge potentials of MIL-100(Fe) are
calculated to be 1.75 and —0.93 eV, respectively. Therefore, a typical type II heterojunction was formed
by the perfect band structure matching of CsPbBr; and MIL-100(Fe) [42].

A possible mechanism for the visible-light driven photocatalytic CO, reduction over the composite
is proposed, as shown in Figure 9. Photo-induced electron and hole pairs are generated on CsPbBrj
and MIL-100(Fe) and tend to transfer. The electrons in the conduction band of CsPbBrjz will transfer to
that of MIL-100(Fe), where CO, would be reduced to CO. The holes on the valence band of MIL-100(Fe)
would migrate to that of CsPbBr3, where H,O will be trapped to generate O,.

MIL-100(Fe)

Figure 9. Schematics of the CO, photoreduction process on CsPbBr3/MIL-100(Fe) under visible
light irradiation.
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With H,O involved in the synthesis, CsPbBrz gradually converts to CsPb,Brs, which has no
visible light response. Revealed by the XRD and UV-vis absorption spectra, p-90Fe has the highest
amount of MIL-100(Fe) in the composite while maximally retaining CsPbBr3. MIL-100(Fe) greatly
increases the surface area and enhances the visible light absorption ability of CsPbBr;. Upon visible
light irradiation, the separation and transfer of the photogenerated charge carriers is promoted in
the composites, resulting in enhanced photocatalytic performance. Further increasing the amount of
MIL-100(Fe) increases the specific surface area and CO, uptake, but at the expense of CsPbBr;.

3. Materials and Methods
3.1. Catalyst Synthesis

3.1.1. Synthesis of CsPbBr3

CsPbBr; was synthesized by the anti-solvent method. 2.5 mmol cesium bromide (CsBr, 99.9%, Alfa Aesar,
Kandel, Germany) and 2 mmol lead (II) bromide (PbBry, 99.999%, Alfa Aesar, Kandel, Germany) were
dissolved in 15 mL dimethyl sulphoxide (DMSO, >99.9%, ACS reagent, Sigma-Aldrich, Overijse,
Belgium) and stirred for 12 h. The solution was quickly added into 150 mL toluene under stirring.
The obtained product was collected by centrifugation, washed with toluene, and dried in a vacuum
oven at 80 °C.

3.1.2. Synthesis of Pure MIL-100(Fe)

In a typical procedure, 2.02 g iron (III) nitrate nonahydrate (Fe(NO3)3-9H,0)(99%, ACROS Organics,
Geel, Belgium),and 0.7 g 1,3,5-benzenetricarboxylic acid (H3BTC, 95%, Sigma-Aldrich, Overijse, Belgium)
were added to 5 mL H,O and stirred for 30 min at RT. This mixture was then heated to 95 °C and
maintained at this temperature for 12 h. After cooling down the mixture, the obtained orange solid
product was collected by centrifugation, washed with distilled water, and dried at 80 °C.

3.1.3. Synthesis of the CsPbBr3/MIL-100(Fe) Composites

The CsPbBr3/MIL-100(Fe) composites were obtained by in situ growth. The Fe precursor solution
for MIL-100(Fe) was made first, by adding 30, 60, 90, 120, and 180 mg Fe(NOj3)3-9H,0 into 3 mL
1-propanol (99.5%, ACS agent, Fisher Chemical, Merelbeke, Belgium). Next, 0.1 g CsPbBr; was added
to this Fe precursor solution and the mixture was stirred for 12 h at RT. The H3BTC powder was
then added with a 3:1 molar ratio of H3BTC to Fe(NOj3)3-9H,0O. The mixture was heated to 95 °C and
kept at this temperature for 12 h. The resulting orange solid product was collected by centrifugation,
washed by toluene, and dried at 100 °C in a vacuum oven. The obtained samples were named as p-xFe
(x = the weight of Fe(NO3)3-9H,0 added).

For comparison, CsPbBr; was loaded onto MIL-100(Fe) by anti-solvent deposition [39]. This sample
isnamed as p-post. Furthermore, a physical mixture of the pure CsPbBr; and MIL-100(Fe) was prepared
by ultrasonically mixing the powders, named as p-mix. The weight ratios of MIL-100(Fe) in both p-post
and p-mix are 18 wt%. Finally, 90 mg Fe(NO3)3-9H,0 was dehydrated in a vacuum oven at 80 °C for
4 h before the composite synthesis, and the obtained sample was named as p-90Fe-dehydrated.

3.2. Characterization

X-ray diffraction (XRD) patterns were recorded on a Malvern PANalytical Empyrean system
(Malvern PANalytical, Hoeilaart, Belgium). Scanning electron microscopy (SEM) images and the
corresponding energy dispersive X-ray spectroscopy (EDS) data were taken with a FEI-Q FEG250
system (Thermo Fisher Scientific, Zaventem, Belgium). X-ray photoelectron spectroscopy (XPS) data
were recorded on an ESCALAB 250 spectrometer (Thermo Fisher Scientific, Beijing, China) with a
monochromatized Al Ka X-ray as the excitation source, and the binding energies were calibrated by
the Cls peak at 284.8 eV. Gas sorption measurements were performed on a 3Flex Surface Analyzer
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(Micromeritics, Unterschleissheim, Germany) where nitrogen (N;) adsorption-desorption isotherms
were acquired at =196 °C and CO; adsorption isotherm were acquired at 0 °C. Before the measurement,
all the samples were degassed at 150 °C for 8 h under flowing N;. Thermogravimetric analysis
(TGA) was performed from room temperature to 800 °C at a heating rate of 10 °C min~! in O, on a
TA-TGA Q500 (TA Instruments, Antwerp, Belgium). Fourier transformed infrared (FTIR) spectra were
collected using a Bruker FTIR spectrophotometer (Bruker, Kontich, Belgium). UV-Vis diffuse reflectance
spectra were recorded with a Lambda-950 UV-Vis spectrometer (PerkinElmer, Mechelen, Belgium).
The steady-state photoluminescence (PL) spectra were acquired on an Edinburgh FLS980 instrument
(Edinburgh Instruments Ltd, Livingston, UK). The samples were prepared by filling a thin quartz
cuvette (Macro cell 110-QS, 1 mm light path, Hellma, Kruibeke, Belgium) with the same volume
of powders. Time-resolved PL spectra were acquired by a home-built confocal FLIM microscope,
equipped with a single-photon counting device (Picoquant, Berlin, Belgium) Powders of CsPbBrj
and p-90Fe were dispersed in toluene and sonicated for 15 min. The suspension was then dropped
onto a 20 X 20 mm cover slide and dried in the vacuum oven at 80 °C overnight. The excitation
source was a 5 MHz pulsed 485 nm laser diode, and the emission was filtered by a 530 + 25 nm band
pass filter. Confocal fluorescence images were acquired on a Fluoview FV1000 confocal microscope
(Olympus, Tokyo, Japan). An Olympus 20 X 0.75 NA air immersion objective lens was used. A 375 nm
laser was used as the excitation source, and the detectors for fluorescence emission were set at 430-470
and 505-540 nm. The image size was 1024 x 768 pixels with a pixel dwell time of 4 ps.

3.3. Photocatalytic CO, Reduction Measurement

The photocatalytic reduction of CO, was performed in ahomemade Pyrex reactor (volume: 150 mL).
Visible light was generated by a 300 W Xe lamp with a 420 cut-off filter (Newport, Darmstadt, Germany)
and positioned 5 cm away from the photocatalytic reactor. In a typical sample preparation, 20 mg
photocatalyst was uniformly dispersed on a flat glass plate with an area of 4 cm?. The as-prepared sample
plate was left in the vacuum oven at 80 °C overnight to remove the residual solvent. Before the reaction,
helium flowed through the reactor for about 20 min to eliminate the air inside. Then, a mixture of
CO;, and water vapor, generated by passing high purity CO; (99.99%) gas through a water bubbler,
flowed through the reactor for another 40 min in the dark. Afterwards, the reactor was closed off and
light irradiation was started. The gas sample was evaluated every 1 h by gas chromatography (GC-2014,
Shimadzu, Tokyo, Japan) equipped with a ShinCarbon packed column with a flame ionization detector
(FID) and a thermal conductivity detector (TCD). The carrier gas used in the GC-2014 was high
purity helium. After the 16 h stability test, the sample was collected and treated at 80 °C in the vacuum
oven overnight.

4. Conclusions

In summary, we have reported the in situ synthesis of CsPbBr3/MIL-100(Fe) for CO, photoreduction
under visible light irradiation. Compared to anti-solvent deposition and physical mixing methods,
the composites obtained by this new route show a significantly improved CO, photoreduction’activity.
H,O0 is necessary for the in situ growth of the MOF structure, but excessive H,O initiates the
transformation of CsPbBr3 to CsPbyBrs. Through optimization of the composite material composition,
the highest CO production rate is 20.4 pmol g‘1 h~!, which is about 4.5 times that of the parent materials.
The composite showed good stability in a 16 h photocatalytic reaction, where H,O is involved as
the reactant. The introduction of MIL-100(Fe) endowed the composites with a largely increased
surface area and enhanced light-harvesting capability in the visible light region. The perfect band
matching between CsPbBr; and MIL-100(Fe) attributes to better electron-hole separation and transfer.
The findings here could serve as a steppingstone for further developing MHP photocatalysts,
involving MOF-based heterojunctions.
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Abstract: We explored the practical advantages and limitations of applying a UiO-66-based
metal-organic framework (MOF) catalyst in a flow microreactor demonstrated by the catalytic
hydrolysis of ethyl paraoxon, an organophosphorus chemical agent. The influences of the following
factors on the reaction yield were investigated: a) catalyst properties such as crystal size (14, 200,
and 540 nm), functionality (NH, group), and particle size, and b) process conditions: temperature
(20, 40, and 60 °C), space times, and concentration of the substrate. In addition, long-term catalyst
stability was tested with an 18 h continuous run. We found that tableting and sieving is a viable
method to obtain MOF particles of a suitable size to be successfully screened under flow conditions
in a microreactor. This method was used successfully to study the effects of crystal size, functionality,
temperature, reagent concentration, and residence time. Catalyst particles with a sieved fraction
between 125 and 250 um were found to be optimal. A smaller sieved fraction size showed a major
limitation due to the very high pressure drop. The low apparent activation energy indicated that
internal mass transfer may exist. A dedicated separate study is required to assess the impact of pore
diffusion and site accessibility.

Keywords: MOF; catalyst; microreactor; kinetic studies

1. Introduction

In the early 1990s, microreactors and flow chemistry emerged and established themselves as
powerful tools for exploratory research, piloting, and industrial production. Due to the characteristically
small diameter of the reaction channel in the micron-to-millimeter range, a very high surface-to-volume
ratio is realized and mixing and heating are significantly accelerated, which enable demanding
chemical processes to operate safely and under closely controlled conditions [1,2]. The very low
holdup of the reaction volume ensures an entirely new level of inherent safety in the process,
as evidenced in the application of this technology to toxic or explosive reactions [3-6]. The narrow
residence time distribution approaching that of an ideal plug flow reactor [7-9] makes it beneficial for
maximizing the selectivity of parallel and sequential reactions and in the synthesis of monodispersed
nanoparticles [10-12]. Running reactions under flow microconditions enables much better quality
control compared to batch reactions, as processes can be run under continuous monitoring using
online sensors. As such, flow microreactors are ideal for fully automated systems to synthesize, screen,
and optimize chemical research [13-15].

Metal-organic frameworks (MOFs) are an emerging class of porous materials constructed from
metal-containing secondary building units (SBUs) and organic linkers [16]. The highly porous cavities
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decorated with functional ligands and active metal SBUs produce MOFs with exceptional potential
for the fabrication of a variety of heterogeneous catalysts. For example, the hydrolysis of chemical
warfare agents (CWAs) and simulants with highly stable Zr(IV)-based MOFs such as UiO-66, NU-901,
NU-1000, and MOF-808 has been explored because of their ultrahigh stabilities in aqueous solvents.
Using Lewis acidic zirconium clusters as active sites has also been studied [17-19]. Although MOF
or MOF-based composite catalysts have been proven to be effective for the degradation of CWAs,
most examples were tested in batch conditions in basic solutions. In general, there are few examples of
catalytic testing of MOF-based catalysts in flow reactors as shown in Scheme 1 [20,21].

O,N O,N
o MOF Packed Column o
1 _— + !
O/‘"””////ost l/ on  HOT Ny,
EtO OEt

N
Nerve Agent Simulant [j » H0 p-Nitrophenol
O

Scheme 1. Schematic illustration of the catalytic hydrolysis of CWAs under microflow conditions.

Catalyst testing in flow microreactors has many advantages over traditional solid catalyst testing
in batch reactors [20]. First, many operating parameters such as temperature, pressure, and feed
concentrations can be easily and quickly varied in flow microreactors, which provide an insight into
the reaction mechanism and kinetics; second, consumption of chemicals and waste production is
significantly reduced; and third, it enables easy testing of catalyst reusability, and catalyst stability
under reaction conditions via long-term testing on a stream and changing the feed purity. Additionally,
flow microreactors enable the study of the direct leaching of the active metal or organic components by
chemical analysis of the filtrate and effluent. Considering the potential of MOFs as catalytic materials
and flow microreactors as a powerful tool for catalyst testing, studying how to use MOF catalysts in a
flow microreactor is valuable for future research, especially during the exploration and screening phase.

A major limitation to loading the as-synthesized MOF catalyst powder in the flow microreactor
is the small particle size, ranging from nanometers up to a few micrometers, which results in a very
high pressure drop. To eliminate this drop, the catalyst particles must be enlarged to a sufficient
size. Several compounding methods have been proposed in the literature to enlarge MOF catalyst
particle size. These include coating the catalyst on the wall of the reaction channel, using a monolith,
producing catalyst microfibers, or using 3D printing to construct smart designs [22,23]. Each of these
concepts has its own advantages and specific challenges. Although these are promising solutions for
final commercial applications, testing catalysts in powder form is sometimes inevitable in the research
stage. This is especially true at the initial exploratory phase of research, in which determining intrinsic
reaction kinetics is essential, the quantities of available catalysts are small, and supply is limited.
The intrinsic kinetics are better tested without the presence of binders, as they could affect activity and
catalyst particle size needs to remain small to avoid mass and heat transfer limitations.

The most common method used to increase catalyst particle size is tableting the as-synthesized
powder via mechanical compression, followed by crushing and sieving the tablet to obtain particles
of the desired size. This is advantageous and easy as no binding material or additional complex
treatment steps that could affect the catalyst properties are needed. The only concern is that applying
mechanical compression to MOFs could cause a decrease in surface area due to destruction of the
crystalline structure [24-26]. Some MOFs collapse when submitted to mechanical compression beyond
a certain pressure [27]. The zirconium metal-organic framework UiO-66 chosen for this study possesses
exceptional mechanical stability in a highly porous system and can be processed through the pelleting,
crushing, and sieving procedure without significant mechanical damage [28-30].

The aim of this paper is to demonstrate the capability of MOFs as a catalytic material in a flow
microreactor. The emphasis is mainly on demonstrating if increasing particle size by tableting and
crushing is a viable option for efficient catalyst screening and testing. To this end, the detoxification
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of ethyl-paraoxon (pesticide) through a hydrolysis reaction was studied in the loaded capillary flow
reactor. Several parameters were tested including different MOF crystal sizes and functionality.
The operating temperature, concentration, and residence time were also tested. Finally, the catalyst
was tested for a long period of time under continuous flow to check its stability.

2. Results

2.1. MOF Synthesis, Loading Sieved Catalysts in the Capillary Flow Reactor and Analysis of the Catalyst Bed

All reagents were purchased from commercial sources and used without further purification.
Ui0-66-14nm (1), UiO-66-200nm (2), UiO-66-540nm (3), UiO-66-NH;-14nm (4), and ethyl-paraoxon
were synthesized according to literature procedures (see the Supplementary Materials) [31,32].

To prepare the particles suitable for microreactor loading, the as-synthesized MOF powders were
tableted for 5 min using a bench-top tablet press at 10 tons for a tablet diameter of 13 mm. The tablet
was then crushed using a hand mortar and sieved. Particle sizes in the sieved fraction ranged from 45
to 125 um and from 125 to 250 pm were collected for reactor loading. The process was repeated several
times until a sufficient amount of powder in the targeted ranges was obtained. The sieved catalyst
was then loaded into the 15 cm capillary tube with an internal diameter of 1.55 mm. The capillary
loaded with the catalyst was secured from both sides by inserting glass wool. A quantity of catalyst
ranging from 35 to 60 mg was loaded into each capillary, resulting in loaded catalyst lengths of 28
to 37 mm. The six capillary tubes prepared according to this method are summarized in Table 1.
For example, reactor 1a represents the capillary tube loaded with a 30 mm catalyst bed of 35 mg of
particles, with particle size fractions between 125 and 250 um and prepared with UiO66_14nm and
UiO66 MOF with an average crystal size of 14 nm.

Table 1. Catalyst-loaded capillary reactors used in this study.

Reactor Loaded UiO66 Amount (mg) Length (mm) Sieved Fraction (um)
la Ui066_14nm 35 30 125-250
1b UiO66_14nm 45 28 45-125
2a Ui066_200nm 39 29 125-250
3a Ui066_540nm 60 37 125-250
4a UiO66-NH;_14nm 28 36 125-250
4b UiO66-NH;_14nm 35 30 45-125

Table 2 presents the Langmuir surface area of as-synthesized MOF samples after tableting and
sieving and a sample analyzed after the reaction. The surface area measurements for as-synthesized
MOF was similar to what is reported in the literature [33,34]. The surface area of tableted MOF 1a
significantly decreased compared to as-synthesized UiO66, 1, although no damage to the crystal
structure was incurred as observed by the powder X-ray diffraction (PXRD) patterns, which are shown
in the supplementary material. A similar decrease in the surface area after the tableting and sieving
process was also observed for catalyst 4a. A significant decrease in surface area for catalysts 2a and 3a,
with larger crystal sizes, has also been previously reported [35]. We also observed that the surface area
of catalyst 1aAR recovered after the reaction decreased compared to the surface area measured before
loading, which may be due to the substrate or product being trapped in the pores of the catalyst during
the flow reaction. The as-synthesized, tableted, and sieved catalysts were also analyzed by transmission
electron microscopy (TEM), scanning electron microscopy (SEM), and energy dispersive X-ray analysis
EDX-elemental mapping and PXRD techniques. Despite the observed decrease in the surface area,
these measurements showed that the structure and integrity of the particles were preserved during the
flow reactions, in agreement with previous observations on the mechanical and chemical stability of
UiO66 MOFs. Detailed TEM, SEM, and EDX-elemental mapping and Brunauer-Emmett-Teller (BET)
and PXRD analysis data are provided in the Supplementary Materials, Figures S1-517.
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Table 2. Langmuir surface areas of prepared UiO66-based MOFs.

MOF Langmuir Surface Area (m? g=1)

1 1280
1la 1102
1a AR 1218
2a 628
3a 230
4 1317
4a 1246

AR After catalytic run.

2.2. Catalyst Testing for Ethyl Paraoxon Hydrolysis and Analysis

The experimental setup for the flow microreactor is shown in Figure 1. It consisted of a syringe
pump that enabled the microreactor flow rates to be controlled. The 12 mL syringe was filled with the
buffer solution of the 3.4 g/L (0.012 mol/L) organophosphorus agent and connected to the reactor via
capillary tubes. The reactions were conducted at different temperatures by placing the microreactor
in a heated water bath. The products were collected in small batches of less than 0.2 mL and the
yields were measured offline via UV spectroscopy by comparing the absorbance of p-nitrophenoxide
at 405 nm in the product mixture to the calibration curve. The calibration curve and further details
about the UV analysis are provided in the Supplementary Materials, Figure S18.

UiO66 (~14 nm)
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Figure 1. Experimental testing setup and analysis. (i) Syringe pump, (ii) water bath, (iii) loaded MOF
catalyst in a capillary flow reactor, (iv) collected sample in a vial, (v) UV-Vis spectroscopy, (vi) example
of one of the results, including reference starting solution.

After the catalyst was loaded, the loaded microreactors were tested for a pressure drop at three flow
rates of 0.5, 1, and 1.5 mL/min using water. A very high pressure drop was observed in reactors 1b and 4b
(Table 1) with sieved particle sizes between 45 and 125 um that resulted in catalyst particle movement and
the formation of a segregated channeled catalyst bed. For reactors loaded with larger sieved particle sizes
of 125 to 250 pm, the catalyst bed was stable and demonstrated reproducible performance. MOF catalyst
particles larger than 125 pm were therefore tested in catalytic runs in the capillary flow reactor.

Figure 2 summarizes all of the flow reactions conducted in this study. Results are presented in
terms of yield versus liquid hourly space velocity (LHSV, flow rate divided by amount of loaded
catalyst). For reactor 1a tested in an ambient temperature, yields in excess of 93% in less than 15 s were
obtained, corresponding to an LHSV of 7.1 L/min/kg (a liquid flow rate of 0.25 mL/min). The yield
decreased linearly as the flow rate increased. A good level of reproducibility was observed, with a yield
fluctuation of +2%. Reactor 1b, loaded with the same MOF catalyst but a smaller particle size (with a
sieved fraction between 45 and 125 um), demonstrated a significantly lower yield (see Figure 519 in
Supplementary Materials). As mentioned earlier, the catalyst bed was not stable for sieved fractions
smaller than 125 pm, resulting in segregation and channeling because of the very high pressure drop.
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Figure 2. The plot of yield vs. liquid hourly space velocity (LHSV) for reactors 1-4.

Ui066 crystal sizes of 14, 200, and 540 nm, 1a, 2a, and 3a, respectively, were tested, as shown
in Figure 2. These MOFs were all prepared according to the procedure described by Morris et al.,
in which the average MOF particle size was controlled by the amount of acid used in the synthesis,
whereby using a larger amount of acid in the MOF synthesis leads to the formation of MOFs with larger
crystal size [31]. Increasing the crystal sizes decreased the yield at a given LHSV. This is consistent
with the results reported in the literature. Since the reaction is considered to occur at the surface
of the crystal, catalysts with a smaller crystal size will have more surface area accessible and more
activity [36]. The yield trend for larger crystal sizes of 200 nm (2a) and 540 nm (3a) was different
than that of 1a, indicating that other factors influence the activity. It could be that when crystal size
increases, the interparticle pore structure in the crystal aggregate is altered to reduce the accessibility
of the catalytically active sites. The effect of the -NH; group in the MOF linker on catalyst activity was
also tested. As expected, the presence of the -NH; group in the MOF resulted in a significant increase
in catalyst activity, in agreement with prior reports [37].

The long-term stability of the catalyst under the flow conditions was tested by running the
reference catalyst in reactor 1a for 18 h at a liquid flow rate of 0.5 mL/min at 20 °C with periodic
sampling, as shown in Figure 3. As can be seen in the figure, catalyst activity remained level throughout
the testing period. This excellent stability over time suggests good potential for future practical
applications of MOF catalysts in flow reactors.
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Figure 3. Stability of reaction yield for reference case of reactor 1a tested for 18 h at liquid flow rate of
0.5 mL/min and 20 °C.
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2.3. Catalyst Kinetic Evaluation Based on Initial Rates

The effect of temperature on catalyst performance is shown in Figure 2 for reactor 1a. The flow
microreactor enabled multiple space times and temperatures to be easily tested. This is a significant
advantage over batch reactors where each condition requires a separate reaction setup. The kinetic
measurements of catalyst 1a were found to nicely fit first-order reaction kinetics, as shown in Figure 4.
Using the Arrhenius plot, the apparent activation energy was estimated as 8.8 kJ/mol. Although the
response to temperature is evident in Figure 4, the process may be limited by internal mass transfer
limitation, as the apparent activation energy (Ea) value could be considered low [38]. To provide
conclusive answers on mass transfer limitations, a dedicated study in which various particle size
ranges and loading lengths are tested at different temperatures is required.
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Figure 4. Arrhenius plot of catalyst 1a loaded in reactor 1, which followed first-order reaction kinetics.

3. Materials and Methods

3.1. Materials

All air- or water-sensitive reactions were carried out in a nitrogen atmosphere using oven-dried
glassware. All syntheses of oven-based UiO66 and the derivative MOFs were carried out in explosion-
proof HERAtherm OMS-100 (Thermo Fisher Scientific, Waltham, MA, USA) ovens that had been
pre-heated to a specific temperature. All sonication was carried out with a Fisher Scientific Ultrasonic
Cleaner FS60 (Thermo Fisher Scientific, Waltham, MA, USA). Anhydrous solvents in Sure/Seal™
bottles were purchased from the Aldrich Chemical Company (Milwaukee, WI, USA) and used as
received inside a nitrogen-filled KIYON Glovebox (Korea Kiyon Glovebox System, Seoul, South Korea).
All other reagents were purchased from the Aldrich Chemical Company (Milwaukee, WI, USA) and
used without further purification unless otherwise noted.

Powder XRD spectra were collected using a Rigaku Ultima IV multipurpose X-ray diffractometer
equipped with Cu-K« radiation and a fixed monochromator. The XRD was operated at 40 KV and
40 mA and a fixed time-scan mode with a 0.02-degree step width and 1 s/step count time used for data
collected from 5 to 90 degrees.

For scanning electron microscopy/energy dispersive X-ray spectroscopy (SEM/EDS), an FEI Quanta
400 environmental scanning electron microscope was used to collect high-resolution SEM images.
The SEM was operated at an acceleration voltage of 30 KV and the working distance was 6.5 mm.
An EDAX Apollo EDS system was used for EDS signal collection and analysis.

Transmission electron microscopy images were collected using a Thermo Fisher company
TalosF200x model with a super X EDS system. Powder 1 or 2 was dispersed in isopropyl alcohol and
sonicated for about 5 min. An amount of 20 uL of the dispersed solution was dropped over a 300 mesh
copper/lacey carbon grid and dried at room temperature for TEM analysis.
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For N, gas sorption analysis, the MOF samples for analysis were heated under vacuum overnight
at 150 °C to remove the solvents trapped within the pores prior to analysis. Following this, an ~50 mg
sample was transferred to pre-weighed sample tubes and degassed at 150 °C for 3 h by a Micromeritics
Flow prep 060 sample degassing system. After degassing, the MOF sample tubes were re-weighed to
obtain the mass for the samples. Sorption data with the Brunauer—Emmett—Teller method (BET) and
the Langmuir surface area (m?/g) measurements were collected at 77 K with N, on a Micromeritics
TriStar II 3020 surface area and porosity system adsorption analyzer. The BET surface area and pore
volume of prepared MOFs are shown in Supplementary Materials Table S1.

For the continuous-flow reaction, the MOF catalyst was loaded in transparent 1/8” Radel® tubing
with an inner diameter of 1.55 mm. Glass wool was used to hold the catalyst inside the reactor.
A syringe pump was used to pump the reaction solution through 1/16” peek tubing connected to the
packed reactor capillary and placed in a water bath to control the temperature, as shown in Figure 1.
Before starting all flow runs, the packed microreactor was run under the flow of pure solvent to remove
any components from the catalyst bed and perform the pressure drop test. Then a syringe was loaded
with the chemical solution of ethyl paraoxon at a concentration of 0.061 M in a buffer solution of
0.1 M N-methylmorpholine. Multiple samples were collected from each condition and analyzed using
UV-Vis measurements calibrated beforehand based on the product concentration.

UV-Vis spectra were recorded using quartz cells with a path length of 10 mm at room temperature
with a Perkin Elmer UV/Vis/NIR spectrophotometer model Lambda 950; analysis was carried out
using the UVwinLab software. The spectral baseline was corrected with Cary Win UV software.
Progress of the reaction was monitored by following the p-nitrophenoxide absorbance at 405 nm to
avoid overlapping absorptions with other species. Yields were calculated based on the calibration run
of para-nitrophenol solutions in known concentrations (Supplementary Materials Figure 516).

3.2. Synthesis
3.2.1. UiO66 MOF Nano-Catalyst Synthesis

Synthesis of UiO-66_14 nm (1) and UiO-66-NH;_14 nm (4)

All UiO-66 MOF materials with 14 (1), 200 (2), and 540 (3) nm and UiO-66-NH; MOF materials in
14 nm (4) were prepared and activated according to previously reported procedure by Morris et al. [31]
with slight modifications. The 1,4-benzenedicarboxylic acid (500 mg, 3.0 mmol) was dissolved in
10 mL of N,N-dimethylformamide (DMF). In a separate vial, zirconyl chloride octahydrate (270 mg,
0.83 mmol) was dissolved in 30 mL of DMFE. The two solutions were mixed together in a 100 mL
Erlenmeyer flask and acetic acid (3 mL) was added to the reaction mixture. The solution was mixed well
to obtain a homogeneous solution. The homogeneous solution was separated into seven 15 mL glass
vials, with approximately 6 mL in each vial. The solution vials were heated at 90 °C for 18 h to yield
UiO-66 with an average size of 14 nm (UiO-66_14nm (1). The MOF nanoparticles were purified by
centrifugation (10,000 rpm, 30 min) followed by a solvent exchange (3x DMF and 3x H,O) over a 24 h
period. Similar procedure was followed for UiO-66-NH,_14nm (4) for MOF synthesis and purification.
2-amino-1-4-benzenedicarboxylic acid was used in this reaction instead of 1,4-benzenedicarboxylic
acid, but the remaining materials were the same as for UiO-66_14nm (1). To confirm the formation
of product, the crystallinity and particle size of all the synthesized MOF materials were analyzed by
powder X-ray diffraction (PXRD) as well as TEM and SEM EDX-elemental mapping. The analysis data
obtained were verified against the reported results.

Synthesis of UiO-66_200 nm (2) and UiO-66_540 nm (3)

The same synthetic conditions mentioned earlier were used, but the volume of acetic acid was
changed from 3 to 21 and 35 mL for UiO-66_200 (2) and UiO-66_540 nm (3), respectively [31]. Based on
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the methodology used in this paper, increasing the amount of acetic acid in the MOF synthesis
procedure results in larger crystals.

3.2.2. Synthesis of Paraoxon-Ethyl

Paraoxon-ethyl was prepared by following the synthesis method reported by Tamilselvi et al. [32].
Diethyl chlorophosphate (0.860 mL, 5 mmol), p-nitrophenol (0.696 g, 5 mmol), and triethylamine
(0.7 mL) were mixed in diethyl ether (20 mL). After stirring the reaction mixture for 12 h at room
temperature, the reaction mixture was poured into water and the compound was extracted from
the aqueous layer with diethyl ether. The combined organic fractions were evaporated to dryness
to produce a yellow oil, which was subjected to reverse-phase flash chromatography to obtain pure
paraoxon. The formation of paraoxon-ethyl and purity were verified by analyzing with 'H and
31P NMR spectroscopy and comparing the data to reported results.

4. Conclusions

This study demonstrated the application of flow microreactors packed with catalysts derived
from UiO-66 MOF for the hydrolysis of ethyl paraoxone. Through the tableting and sieving procedure,
catalysts with a particle size between 125 and 250 um were found to be most suitable for kinetic testing
of this application. Catalysts with a smaller particle size demonstrated a significant pressure drop
that resulted in the segregation and channeling of the packed catalyst bed. Catalysts derived from
MOFs with smaller crystal sizes proved more effective than catalysts derived from MOFs with larger
crystal sizes. The catalyst displayed an excellent long-term stability of more than 18 h of continuous
operation. The presence of -NH, functionality greatly enhanced catalyst activity in agreement with
previous reports. The flow microreactor setup also allowed us to conduct easy kinetic investigations to
deduce the first-order reaction kinetics and the apparent activation energy for the reaction.

Supplementary Materials: The following are available online at http:/www.mdpi.com/2073-4344/10/10/1159/s1:
detailed synthesis methods of 1-4, ethyl-paraoxon, and complete analysis data from Figures S1-519, Table S1.
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Abstract: An ionic lamellar coordination polymer based on a flexible triphosphonic acid linker,
[Gd(Hanmp)(H,0),]Cl, HyO (1) (Hgnmp stands for nitrilo(trimethylphosphonic) acid), presents
high efficiency to remove sulfur and nitrogen pollutant compounds from model diesel. Its oxidative
catalytic performance was investigated using single sulfur (1-BT, DBT, 4-MDBT and 4,6-DMDBT,
2350 ppm of S) and nitrogen (indole and quinolone, 400 ppm of N) model diesels and further, using
multicomponent S/N model diesel. Different methodologies of preparation followed (microwave,
one-pot, hydrothermal) originated small morphological differences that did not influenced the
catalytic performance of catalyst. Complete desulfurization and denitrogenation were achieved
after 2 h using single model diesels, an ionic liquid as extraction solvent ([BMIM]PF¢) and HyO,
as oxidant. Simultaneous desulfurization and denitrogenation processes revealed that the nitrogen
compounds are more easily removed from the diesel phase to the [BMIM]PF4 phase and consequently,
faster oxidized than the sulfur compounds. The lamellar catalyst showed a high recycle capacity for
desulfurization. The reusability of the diesel/H,O,/[BMIM]PF; system catalyzed by lamellar catalyst
was more efficient for denitrogenation than for desulfurization process using a multicomponent
model diesel. This behavior is not associated with the catalyst performance but it is mainly due to the
saturation of S/N compounds in the extraction phase.

Keywords: layered coordination polymer; oxidative desulfurization; denitrogenation extraction;
hydrogen peroxide; lanthanides

1. Introduction

One of the main aims of Green chemistry is to minimize the negative impact of the petroleum and
chemical industries on the environment and human health. The major sources of air pollution in urban
areas are the road fuels [1,2], releasing to the atmosphere different pollutants such as carbon monoxide,
ammonia, sulfur dioxide (SOy), nitrogen oxides (NOy) and particulate matter. SO, and NO, emissions
can have adverse effects for the environment and for human health [3], with harsh regulations being
implemented for sulfur content in road fuels to decrease SO, emissions [4-6]. In the European Union,
strict policies implemented the limit to sulfur level in diesel from 2000 ppm in 1993 to 10 ppm presently.
On the other hand, the nitrogen containing levels in fuels are not regulated. NO, emissions results
from either the oxidation of nitrogen present compounds in fuels or the oxidation of atmospheric
nitrogen at high temperatures [7]. These emissions have already been restrained: the limit for diesel
powered light duty vehicles decreased from 0.18 g km™! for the Euro V standard to 0.08 g km™" for
Euro VI [8,9].
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The industrial process is able to efficiently remove the heterocyclic sulfur and nitrogen compounds
(such as benzothiophenes, dibenzothiophenes, thiophenes, quinolines, indoles, carbazoles, acridines,
and pyridines, Figure S1 in Electronic Supporting Information) from fuels by hydrotreating processes
which require severe conditions (high temperatures >350 °C and high pressure 20-130 atm Hy) [4,10].
The presence of nitrogen compounds in fuels even in low concentrations (<100 ppm) affects the efficacy
of hydrodesulfurization (HDS) reactions since these compounds are strong inhibitors and promoting
catalytic deactivation, caused by their competition with sulfur compounds for the active sites of
the hydrotreating catalysts [10-13]. Novel technologies capable of complementing or replacing the
industrial HDS and hydrodenitrogenation (HDN) processes are needed in order to obtain ultra-low
sulfur and nitrogen levels in fuels by more attractive cost-effective methods.

In the literature, various examples dedicated to the elimination of sulfur compounds from the
fuels are described. The most promising processes are the oxidative desulfurization, combining with
the liquid-liquid extraction [4—-6]. Most of these processes use hydrogen peroxide as the oxidant,
because of the high active oxygen content and with water being the sole by-product.

Solid catalysts that allow an easy separation from the reaction media and easy recyclability
in consecutive reaction cycles are required. Metal-Organic Frameworks (MOFs) and Coordination
Polymers (CPs) comprising organic bridging ligands and metallic centers emerged as promising
materials because of their considerable structural diversity and unique properties, such as high
porosity, large surface areas and in certain cases high thermal, chemical and hydrolytic stabilities.
The investigation and use of these materials as heterogeneous catalysts for desulfurization processes is,
however, relatively scarce. Composite materials based on MOFs/CPs have been more regularly applied,
employed as host materials to support active homogenous catalysts in their pores or matrices [14-17].
Taking advantage of the possibility of some synthetic modification strategies, the catalytic activity of
these materials can be greatly improved [18]. In the last decade, we have been focusing on the design
of networks based on polyphosphonic acid ligands and rare-earth metal cations which typically induce
the formation of highly robust dense networks [19]. The crystalline hybrid materials designed and
developed by our groups typically have a high concentration of acid protons and solvent (typically
water) molecules [20]. We are looking to take advantage of this particular structural feature to design
better-performing compounds that take advantage of proton mobility and/or exchange. These acid
properties can be an important advantage for oxidative desulfurization.

In the present work, a positively charged lamellar coordination polymer based on
a flexible triphosphonic acid linker, [Gd(Hsnmp)(H,;0);]JCl, H,O (1) [Henmp stands for
nitrilo(trimethylphosphonic) acid], was used as an acid heterogeneous catalyst in oxidative
desulfurization and denitrogenation. Environmentally-friendly conditions (low temperature and
H,0,/S molar ratio, and an ionic liquid as solvent [BMIM]PF4) were employed. The stability and the
recycle capacity of the catalyst was also investigated.

2. Results and Discussion

2.1. Preparation of the Catalyst

Our research group have shown the potential of MOFs and CPs as heterogeneous catalysts in
various reactions with great industrial interest. The materials tested were based on polyphosphonic
acid, self-assembled with various lanthanide cations. The high number of phosphonate groups
proved to be important for the catalytic process: the local large concentrations of acidic protons
and solvent molecules allowed high conversions rates with low reaction times for reactions such as
sulfoxidation of thioanisole [21], conversion of styrene oxide [22] and conversion of benzaldehyde into
(dimethoxymethyl)benzene [23]. We further explore the catalytic activity of a positively charged layered
CP obtained by combination of nitrilo(trimethylphosphonic) acid (Hsnmp) and Gd** ions (Figure 1),
[Gd(Hanmp)(H,0),]C1-2H,0 (1). When prepared using a simple one-pot method, this material showed
a high catalytic activity in four different organic reactions: alcoholysis of styrene oxide, acetalization of
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benzaldehyde and cyclohexanaldehyde and ketalization of cyclohexanone, with conversion above
95% after 1-4 h of reaction [24]. In this work we further explore the catalytic activity of this charged
2D material (charge balanced by chloride ions), in the desulfurization and denitrogenation of a
multicomponent model diesel. Compound 1 was prepared using three different methods: one-pot (as
reported previously), microwave-assisted and hydrothermal syntheses (Figure 1). All materials present
the same crystalline phase with slight differences in crystal morphologies and sizes (Figure S2 in ESI).
As previously reported, the use of hydrochloric acid is crucial for the preparation of 1: the acid allows
the protonation of the organic linker, retarding the coordination process, leading to the formation of a
more crystalline material. Not only that, the acid is the source of chloride anions that are present in the
interlayer spaces, being responsible for the CP charge balancing (we note that the use of GdCl3 as the
metallic source does not originate compound 1). For additional structural details on this compound
we refer the reader to our past publication [24].

AN A
H,0sP” “N” ~PO3H
S - Gd,0, + HCI

PO;H,

Microwave One-pot Hydrothermal
20 min at 90 °C 18 h at 120 °C 18 h at 100 °C
50 W

JGd(H,nmp)(H,0),] Layer

Top view i s ]

[Gd(H,nmp)(H,0),ICI -2H,0

Figure 1. Schematic representation of the synthesis and structural features of
[Gd(Hynmp)(H,0),]C1-2H,O (1), with emphasis in the chloride anions present in the interlayer spaces.
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2.2. Optimization of Desulfurization Process

[Gd(H4nmp)(H20),]C1-2H,0 (1) was used as catalyst in the oxidative desulfurization (ODS) of a
model diesel composed by the most refractory sulfur compounds toward HDS process in liquid fuels,
namely 1-benzothiophene (1-BT), dibenzothiophene (DBT), 4-methyldibenzothiophene (4-MDBT)
and 4,6-dimethyldibenzothiophene (4,6-DMDBT) in n-octane with a total sulfur concentration of
approximately 500 ppm (0.0156 mol dm™3) for each compound (for more detailed information of the
experimental conditions the reader is directed to the ESI).

Initially catalyst 1, prepared by the three different methods, was tested and their ECODS profiles
are presented in Figure 2. The ionic liquid 1-butyl-3- methylimidazolium hexafluorophosphate
([BMIM]PF;) was used as extraction solvent. Similar desulfurization efficiency was obtained following
different preparation procedures. An initial extraction desulfurization of approximately 40% was
achieved after 10 min at 70 °C. After the addition of the oxidant the desulfurization increased more
appreciably after 40 min and complete desulfurization was found near 2 h. Therefore, the method
of catalyst preparation does not seem to have a significant effect in the catalytic efficiency. A small
difference is observed between the 40 and 70 min mark and it can be attributed to the overall average
particle size. While all methods originated in crystals with plate-like morphology, small differences in
size were indeed observed. Contrary to that observed for other materials, the hydrothermal synthesis
allows the formation of regular plates with the average size of ca. 10 m. On the other hand, microwave
synthesis originated plates as agglomerates ranging from 15 to 30 m. Crystals obtained by the one-pot
method presented a more irregular crystal morphology, with sizes varying between 5 and 15 m.
Nonetheless, the overall small difference of particle size does not seem to have a direct influence in the
catalyst activity itself, achieving the same desulfurization efficiency after 2 h of reaction. Their similar
crystallinity may indicate that the active catalytic centers in the various catalytic samples are identical.
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Figure 2. Desulfurization of a multicomponent model diesel (2350 ppm S) catalyzed by
[Gd(Hynmp)(H,0),]C1-2H,0 (1) (20 mg) prepared by different methods (microwave, hydrothermal
and one-pot), using equal volumes of model diesel and [BMIM]PF; as extraction solvent and H,O,
(0.64 mmol, 30% aq.) at 70 °C. The vertical dashed line indicates the instant that oxidative catalytic
reaction was started by addition of oxidant.

Because the catalytic activity was virtually the same for 1 obtained by the various synthetic methods,
the following optimization of the ECODS system was performed using [Gd(Hsnmp)(H,0),]C1-2H,O
prepared by the one-pot approach (1lop). Various parameters were investigated, such as extraction
solvent, temperature, and oxidant amount, in order to improve the catalytic performance,
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the sustainability and cost-efficiency of the process. Three different extraction solvents were investigated:
two different ionic liquids (ILs), [BMIM]PF,s and [BMIM]BF,, and the polar organic acetonitrile
(MeCN). Figure 3 displays the desulfurization profiles using the various extraction solvents (1:1
model diesel/extraction solvent) and also when no solvent is used. The ECODS system model
diesel/[BMIM]PF,; was the most efficient, achieving complete desulfurization after 2 h of reaction. In
the absence of extraction solvent, practically no oxidative desulfurization occurred, what indicates an
inefficiency of this layered catalyst in the model diesel phase. Using acetonitrile, an initial extraction of
48% of desulfurization was achieved after 10 min. This desulfurization was not, however, increased
during the oxidative desulfurization stage, indicating that the catalyst is not active using this solvent
extraction. When the solvent extraction used was the IL [BMIM]BF,, a lower initial extraction was
achieved (22%) and the desulfurization increased after the addition of the oxidant during the first
30 min to 43%, stabilizing this result after this time. Therefore, the combination of the catalyst 1lop with
the [BMIM]PF solvent promoted the highest catalytic efficiency, achieving complete desulfurization
after only 2 h. ECODS process performed with the 1:1 model diesel/[BMIM]PFq system without catalyst
did not resulted any oxidative desulfurization, i.e, after the initial extraction the desulfurization did not
increased after oxidant addition. This result also indicates that the absorptive capacity of the material is
negligible. The outstanding catalytic result achieved with the solvent [BMIM]PF; can be explained by its
immiscibility with the oxidant, creating a three phases system (diesel/H,O,/[BMIM]PF;). This prevents
direct contact between the catalyst and the oxidant, avoiding a possible catalyst deactivation.
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Figure 3.  Desulfurization of a multicomponent model diesel (2350 ppm S) catalyzed

by [Gd(H4nmp)(H,0),]CI-2H,O (lop) (20 mg), using different extraction solvents (MeCN,
[BMIM]PFEs/[BMIM]BF,) or absence of this solvent, H;O, (0.64 mmol, 30% aq.) as oxidant at 70 °C.
The vertical dashed line indicates the instant that oxidative catalytic reaction was started by addition
of oxidant.

Comparing the oxidative desulfurization of each sulfur-based compound, it was possible to notice
that after the initial extraction, 1-BT and DBT are more easily transferred from model diesel to the
extraction solvent. As 1-BT possesses the smallest molecular size, this transfer is easier, while the
presence of methyl substituents at the sterically hindered positions in 4-MDBT and 4,6-DMDBT makes
the extraction more challenging [25-27]. During the oxidative catalytic stage, the 1-BT is the most
difficult to be oxidized because after 1 h its desulfurization was 67% in contrast to the 92%, 88% and 80%
of total desulfurization for DBT, 4-MDBT and 4,6-DMDBT, respectively (Figure 4). The lower electron
density of 1-BT compared with the other studied compounds may explain its lower reactivity [27-29].
The studied dibenzothiophene derivative exhibit similar electron densities on the sulfur atom and
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their distinct desulfurization performance is probably caused the steric hindrance promoted by the

methyl groups.
1-BT DBT

4-MDBT 4,6-DMDBT
H Initial extraction H1h E2h

100 1

80

60 -

Desulfurization (%)

0 B

Figure 4. Desulfurization results obtained for each sulfur compounds in the model diesel (2350 ppm
S) catalyzed by [Gd(Hynmp)(H,0),]Cl-2H,O (1op) (20 mg), using [BMIM]PFg, as extraction solvent,
H,0; (0.64 mmol, 30% aq.) as oxidant at 70 °C.

The effect of temperature (50, 70 and 80 °C) on the oxidative desulfurization process was
analyzed and results are summarized in Figure 5. Higher temperatures were not investigated because
decomposition of HyO, could become significant above 80 °C. The increase in the reaction temperature
from 50 to 70 °C led to an improvement in the desulfurization rate and resulted in a sulfur-free model
diesel product after 2 h of reaction. The desulfurization profile of ECODS at 80 °C demonstrated a
rapid increase of desulfurization after the first 30 min of reaction, and after 1 h of reaction 95% of total
desulfurization was achieved. Complete desulfurization was, however, only found after 2 h. Therefore,
the optimized temperature is 70 °C because complete desulfurization is achieved after 2 h.
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Figure 5. Desulfurization of a multicomponent model diesel (2350 ppm S) catalyzed by
[Gd(Hynmp)(H,0),]CI1-2H, O (1op) (20 mg), using 0.64 mmol of H,O, oxidant, [BMIM]PF as extraction
solvent, at different temperatures (50, 70, 80 °C). The vertical dashed line indicates the instant that
oxidative catalytic reaction was started by addition of oxidant.
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The oxidant amount is another important factor because it controls, together with the catalyst,
the oxidative step through oxygen donation. Three different oxidant amounts were used: 75, 50 and
25 puL, corresponding to 0.64, 0.43 and 0.21 mmol, respectively. Results obtained for the ECODS using
[BMIM]PF; as extraction solvent at 70 °C, are displayed in Figure 6. Using 0.64 and 0.43 mmol of H,O,
a complete desulfurization of the model diesel was obtained after the 2 h. In fact, the desulfurization
profile after 1 h of reaction is similar using 0.64 and 0.43 mmol of oxidant. On the other hand, using
0.21 mmol of HyO; an induction period can be observed until 1 h of oxidation catalytic reaction. This is
probably due to the lower interaction of the catalytic active centers with the oxidant caused by its low
amount. Therefore, the optimized oxidant amount is 0.43 mmol.
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Figure 6. Desulfurization of a multicomponent model diesel (2350 ppm S) catalyzed by
[Gd(Hynmp)(H,0),]C1-2H,0 (1op) (20 mg), using different amounts of H,O, oxidant (0.64, 0.43
and 0.21 mmol) and [BMIM]PFg as extraction solvent, at 70 °C. The vertical dashed line indicates the
instant that oxidative catalytic reaction was started by addition of oxidant.

In the next step, the influence of the ratio model diesel/[BMIM]PFg solvent was studied at 70 °C
using 0.43 mmol of oxidant and 20 mg of catalyst. This optimization was performed in order to improve
efficiency and sustainability of the ECODS process. Two different ratios were performed: 1:1 and 1:0.5
(Figure S3 in ESI in the Supporting Information). The volume of the extraction solvent phase has an
important influence in the initial extraction step because the sulfur compounds are transferred from
diesel to this solvent until an equilibrium point is achieved that depends on the nature and amount of
this solvent. A higher volume of [BMIM]PF; may promote a higher initial extraction of non-oxidized
sulfur compounds from the model diesel to the polar phase. Figure S3 in ESI shows that the initial
extraction using 1:0.5 of model diesel/[BMIM]PF; was much lower (8%) than when higher volume
of extraction solvent was used (1:1 model diesel/[BMIM]PF;, 31%). After the addition of the oxidant
(0.43 mmol HyO5), the desulfurization increased much faster when a lower volume of extraction phase
was employed. Using the ECODS 1:0.5 model diesel/[BMIM]PFg, 99.5% of desulfurization was found
after 1 h, instead of 58% which was achieved using a 1:1 model diesel/[BMIM]PF4 system. The higher
catalytic activity and consequent higher desulfurization efficiency obtained in the presence of a lower
volume of extraction solvent, must be related to the lower dispersion of the solid catalyst in the ECODS
system, which can promote a higher contact with the aqueous oxidant.

2.3. Reusability Versus Recyclability

The stability of the layered coordination polymer [Gd(Hsnmp)(H,0),]Cl-2H,0 was investigated
by its reusability and the recyclability in consecutive ECODS cycles. During all cycles the optimized
ECODS conditions were maintained (1:0.5 model diesel/[BMIM]PFg, 0.43 mmol oxidant, at 70 °C).
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Two different methods were employed to recover the catalyst after each ECODS cycle. In the “reused”
method, the model diesel phase was removed and fresh portions of model diesel and H,O, were added
without performing any other treatments. In the recycled method the solid catalyst was separated
from reaction medium and washed with MeCN and dried. Figure 7 presents the results obtained for
three consecutive “reused” and recycled ECODS cycles. The desulfurization efficiency decreases along
the consecutive reusing cycles. This behavior has been attributed to the saturation of the extraction
phase during the reused process with the oxidized sulfur species, which prevents further transfer of
sulfur compounds from the non-polar phase to the IL phase, decreasing the system efficiency [30].
On the other hand, from the recycling method, complete desulfurization was achieved for the three
consecutive cycles (Figure 7).

H Reusing H Recycling

Desulfurization after 1h (%)

1 2 3
Number of cycles

Figure 7. Desulfurization results obtained for three consecutive “reused” and recycled ECODS cycles
(1 h reaction time), using [Gd(Hynmp)(H,0),]C1-2H,0 (1op) (20 mg), 0.43 mmol of H,O, oxidant and
1:0.5 model diesel/[BMIM]PF, at 70 °C.

2.4. Denitrogenation Process

Nitrogen compounds present in crude oils are predominantly heterocyclic aromatic compounds.
and in smaller amounts as non-heterocyclic nitrogen compounds such as aliphatic amines and nitriles.
While the last are easily removed by hydrotreating, heterocyclic nitrogen compounds more difficult
to remove. These are classified as basic (mainly pyridine derivatives) and neutral (mainly pyrrole
derivatives). Quinoline and indole (Figure S1 in ESI) are representative basic and neutral compounds
that are commonly employed as the components of model fuel oils [10]. Using the optimized ECODS
conditions, the oxidative denitrogenation efficiency of the layered [Gd(Hsnmp)(H,0),]C1-2H,O (1lop)
catalyst was studied using a model diesel containing indole (200 ppm of N) and quinoline (200 ppm of
N). Figure 8 presents the results obtained and it is possible to observe that most of the indole is removed
from the model diesel during the first 10 min of initial extraction, instead of 80% achieved by quinoline
during this first step of denitrogenation process. After the addition of H,O, oxidant, i.e., during the
oxidative denitrogenation stage, the removal of quinoline by its oxidation was rapidly increased and
after 1 h, with both nitrogen compounds being completely extracted from model diesel. The different
behaviors observed for the two nitrogen compounds can be explained by the interaction between the
proton/donor molecule indole and the PFs~ anion, which may promote a selective extraction from the
model diesel [31]. Quinoline, containing a six-membered pyridine ring, the electron lone pair on the N
atom is not part of the aromatic system and extends in the plane of the ring, being responsible for a
negative charge on the N atom, preventing a lower interaction with Lewis acidic IL [10,32-34].
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Figure 8. Denitrogenation profile for the two refractory nitrogen compounds present in diesel
(400 ppm N), catalyzed by [Gd(H4nmp)(H,0),]C1-2H,0 (1op, 20 mg), 0.43 mmol of H,O, oxidant and
1:0.5 model diesel/[BMIM]PF;, at 70 °C. The vertical dashed line indicates the instant that oxidative
catalytic reaction was started by addition of oxidant.

2.5. Simultaneous Desulfurization and Denitrogenation Processes

In this work, simultaneous desulfurization and denitrogenation were also performed with a
multicomponent model diesel containing the previous studied sulfur compounds (1-BT, DBT, 4-MDBT
and 4,6-DMDBT, 2350 ppm of S) and indole (200 ppm of N) and quinoline (200 ppm of N). When
the desulfurization and denitrogenation were performed separately, all compounds (nitrogen and
sulfur) were extracted under the optimized conditions (20 mg of catalyst, 0.43 mmol of H,O, and
1:0.5 model diesel/[BMIM]PFg, at 70 °C). However, when denitrogenation and desulfurization were
performed simultaneously, practically only nitrogen compounds were extracted from the model diesel
to the [BMIM]PF; phase after the addition of the oxidant (Figure S4 in ESI). Complete removal of
N compounds was also achieved after 2 h, instead of 1 h obtained with the single denitrogenation
process (Figure 8). These results may be related to the use of an insufficient amount of H,O,, since a
competitive oxidation between N and S.

One other parameter that can contribute to the absence of oxidative desulfurization is the low
volume of extraction solvent to accommodate both S and N compounds. Therefore, the simultaneous
desulfurization and denitrogenation was performed using 0.64 mmol of H,O, and equal 1:1 of model
diesel/[BMIM]PF; system. An appreciable improvement of the desulfurization profile was found while
denitrogenation profile was not strongly affected, using this excess of oxidant and the equal volume of
extraction solvent as the diesel phase (Figure 9). Complete denitrogenation was achieved after 2 h (99%
after 1 h) and for the same time the desulfurization attained 88% (92% after 3 h). These results indicate
that the removal of sulfur is affected by the presence of nitrogen, because complete desulfurization was
achieved after 2 h under these experimental conditions using a single sulfur model diesel (Figure 3).
This effect is mainly noticed during the oxidative catalytic stage because the initial extraction of each
compound was not significantly affected by the presence of S and N in the same model diesel. Figure 10
depicts the extraction for each S and N compound. It is possible to notice that the sulfur compounds
more difficult to desulfurize during the oxidative catalytic stage are 1-BT and the 4-DMDBT. Many
authors reported that nitrogen compounds are significantly better extracted than sulfur compounds
when ILs are used as extraction solvents [35]. Because no oxidized products were detected in the model
diesel phase, the oxidative catalytic stage occurs in majority in the [BMIM]PF; phase and, therefore,
the efficiency of desulfurization and denitrogenation processes are strongly dependent of the capacity
of S/N extraction.
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Figure 9. Denitrogenation and desulfurization profile of a model diesel containing approximately
400 ppm N and 2200 ppm of S, catalyzed by [Gd(H4nmp)(H,0),]C1-2H,0O (1op) (20 mg), 0.64 mmol of
H,0, oxidant and 1:1 model diesel/[BMIM]PFg, at 70 °C. The vertical dashed line indicates the instant
that oxidative catalytic reaction was started by addition of oxidant.
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Figure 10. Desulfurization results obtained for each Sand N compounds in the model diesel catalyzed by
[Gd(Hynmp)(H,0),]C1-2H,0O (1op) (20 mg), using [BMIM]PF, as extraction solvent, H,O, (0.64 mmol,
30% aq.) as oxidant, at 70 °C.

The catalytic efficiency of [Gd(Hynmp)(H,0),]C1-2H,O/[BMIM]PF, system was studied for
various cycles of simultaneous desulfurization and denitrogenation of multicomponent S/N model
diesel. This method was chosen instead of the recycling process to face sustainability and cost effectivity
that are important topics to consider for industrial application.

2.6. Reusability Studies

Reusability experiments were performed using an excess of 0.64 mmol of oxidant and a ratio
of 1:1 of model diesel/[BMIM]PFg. Figure 11 displays the results obtained for the three consecutive
cycles presenting the data obtained after the initial extraction (before oxidant addition) and after 2 h
of oxidative catalytic stage. The initial extraction is not affected by the three reusing cycles. For the
denitrogenation process the transfer of N compounds to the extraction phase still increased along
the cycles (86, 93, 97% for the 1st, 2nd and 3rd cycles, respectively). The oxidative denitrogenation
efficiency is maintained throughout the various cycles and complete denitrogenation was achieved
after 2 h. The same is not, however, observed for the oxidative desulfurization, where a decrease
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of efficiency was found from the 1st to the 2nd and the 3rd cycles: 88, 62 and 54%, respectively.
The efficiency of the desulfurization process is, therefore, diminished by the presence of N compounds
during the various consecutive cycles. The higher difficulty of desulfurization process in the presence
of N compounds must be even more pronounced during the reusing cycles because the extraction
phase became more saturated with N and S compounds from the 1st to the 2nd and to the 3rd cycles.
Desulfurization is more sensitive to deactivation during reusing because nitrogen compounds are
significantly better extracted than sulfur ones using IL as extraction solvents [35].
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Figure 11. Desulfurization and denitrogenation results obtained for three consecutive reused cycles
(initial extraction and after 2 h of catalytic oxidation), using [Gd(Hsnmp)(H,0),]C1-2H, O (1op) (20 mg),
0.64 mmol of HyO, oxidant and 1:1 model diesel/[BMIM]PFg system, at 70 °C.

2.7. Structural Stability of [Gd(Hanmp)(H,0),]CI-2H,0

The chemical robustness and structural stability of the catalyst was evaluated by performing several
characterizations techniques of the solid after the ODS and ODN processes. As depicted in Figure 12,
[Gd(H4nmp)(H,0),]C1-2H,0 (1) suffers a single-crystal-to-single-crystal transformation under these
catalytic conditions. Remarkably, 1 withstands the presence of H,O,. Nevertheless, high temperatures
led to the complete transformation of 1, even after the first cycle. [Gd(H4nmp)(H,0),]Cl-2H,O (1)
low stability under harsh conditions was previously reported by us. [36] The catalytic structure 1
suffers a single-crystal-to-single-crystal transformation at high temperatures and relative humidity,
resulting in a different 2D layered material. In this case, the combination of high temperature and
the presence of the IL led to another of such structural transformation which resulted in yet another
distinct, unknown phase.
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Figure 12. Powder X-ray diffraction patterns of the layered [Gd(Hynmp)(H,0),]C1-2H, 0O, before and
after the 1st and 3rd ECODS cycles.

Although the structural elucidation of the catalytic material using conventional powder X-ray
analysis was not possible, the remaining solid state characterization allowed us to draw some
conclusions (see Section 3 in ESI document for further details). The transformation is accompanied
with the release of the chloride anion (possibly in the form of hydrochloric acid, very much as recently
observed by us). This release is evident by the elemental distribution analysis performed by energy
dispersive X-ray spectroscopy (EDS) in the transformed material (Figure S5 in ESI), and supported by
previous transformation of this material under different conditions [36]. After the catalytic process,
though the particles appear contaminated with sulfur and fluoride species (which can be attributed to
residual IL), the quantification of the Gd and P elements could still be performed. This led to a P:Gd
ratio of 3:1 after the catalytic use (maintaining the one Gd®* center per each Hynmp linker), which
is the same as determined for the initial layered structure. Therefore, we deduce that the observed
structural transformation was not accompanied with the loss of either of the basic building units of
the compound. In addition, FT-IR analysis (Figure S6 in the Supporting Information) reveals the
presence of virtually the same vibrational bands as for 1, characteristic of phosphonate-based materials,
suggesting that no significant changes in coordination modes were observed.

While the crystalline structure could not unveiled, a Pawley refinement was performed (data
not shown). The calculated new unit cell (cell parameters: a = 7.91 A, b=1033 A, c=11.59 A;
o« =103.95°, 3 = 95.46° and vy = 90.64°) suggests a change to a less symmetric cell (from Ia to possibly
P-1), with a decrease more accentuated in one of the cell axis (from 17.48 to 10.33 A). Because 1 is a 2D
layered material, the release of the chlorine anions (that are present in the interstitial space acting as
charge-balancing anions) might lead to a significant decrease in the interlayer distance, resulting in
registered variations of the unit cell parameters. Once again, this structural behavior agrees well with
the previously reported transformation of 1 [36,37].

While the powder X-ray diffraction data confirm that the crystalline structure of layered
[Gd(Hanmp)(H,0),]C1-2H,0 is modified after one catalytic cycle, we emphasize that the new structure
remained active and without structural change after three consecutive ECODS cycles (Figure 12).
The new compound retains the same plate-like crystal morphology.
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3. Conclusions

The ionic lamellar coordination polymer based on a flexible triphosphonic acid linker,
[Gd(Hynmp)(H,0),]Cl, HyO (Hgnmp stands for fornitrilo(trimethylphosphonic) acid) presented
a high catalytic efficiency to oxidize the most refractory sulfur and nitrogen compounds present in real
diesel (mainly dibenzothiophene derivative, indole, and quinolone). The different methods followed
for its preparation (microwave, one-pot, hydrothermal) originated some morphological differences,
as the size and shape of obtained particles; however, this did not influence its catalytic performance.
Using the model diesel/H,O,/[BMIM]PF; system, complete desulfurization and denitrogenation were
achieved after 2 h of reaction using sulfur or nitrogen model diesel, respectively. The ionic liquid
[BMIM]PF; was the extraction solvent selected since its efficiency was higher than MeCN and other
more hydrophilic ionic liquids. When the single model diesel was replaced by the multicomponent
S/N model diesel, the desulfurization efficiency decreases from 100% to 88% after 2 h, while the
denitrogenation effectivity was maintained. The initial extraction (before oxidant addition) for sulfur
and nitrogen was maintained when single model diesels were replaced by the multicomponent diesel.
However, the extraction of nitrogen compounds is higher (86%) than the sulfur compounds (36%),
what contribute largely for the higher efficiency of denitrogenation process. The recycle capacity of
the lamellar catalyst was studied for consecutive desulfurization processes and the catalytic efficiency
was maintained between cycles. This result indicates that [Gd(H4snmp)(H,0O);]Cl, HyO is a stable
catalyst, although some structural adjustment occurred to form the active heterogeneous catalyst.
An improvement in the reuse capacity of the diesel/H,O,/[BMIM]PF; system need to be performed in
the near future, since the desulfurization process catalyzed by the lamellar material loss efficiency in
consecutive ECODS cycles, probably caused by the saturation of the extraction [BMIM]PF; phase with
sulfur and nitrogen compounds.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/7/731/s1,
Figure S1: The representative sulfur and nitrogen compounds used in this work to prepare model
diesels.  1-benzothiophene (1-BT), dibenzothiophene (DBT), 4-methyldibenzothiophene (4-MDBT) and
4,6-dimethyldibenzothiophene (4,6-DMDBT), Figure S2: Powder X-ray diffraction and SEM images of
[Gd(H4nmp)(H,0),]C1-2H,O (1) obtained using different experimental methods (op—one-pot; mw—Microwave
Assisted; ht—Hydrothermal), Figure S3: Desulfurization of a multicomponent model diesel (2350 ppm S) catalyzed
by layered MOF [Gd(H4nmp)(H,0),]C1-2H,0O (20 mg), using 0.43 mmol of H,O, oxidant and different volume of
[BMIM]PF6 extraction solvent (1:1 and 1:0.5 model diesel/[BMIM]PF), at 70 °C. The vertical dashed line indicates
the instant that oxidative catalytic reaction was started by addition of oxidant, Figure S4: Denitrogenation and
desulfurization profile of a model diesel containing approximately 400 ppm N and 2200 ppm of S, catalyzed by
layered MOF [Gd(H4nmp)(H,0),]C1-2H,0 (20 mg), 0.43 mmol of H,O, oxidant and 1:0.5 model diesel/[BMIM]PF6,
at 70 °C. The vertical dashed line indicates the instant that oxidative catalytic reaction was started by addition of
oxidant, Figure S5: SEM, mapping and EDS spectra of compound [Gd(Hsnmp)(H0),]CI-2H,0 (1) after catalytic
use for one cycle of ECODS, with a P:Gd ratio of 3:1, Figure S6: FT-IR spectra of layered [Gd(Hynmp)(H,0O),]C1-2H,O
before and after catalytic use for one ECODS cycle.
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Abstract: NH,-MIL-125(Ti) is a metal organic framework (MOF) based on Ti-oxo-clusters widely
investigated in water-related applications. Such applications require MOFs with an excellent
stability in the aqueous phase, but, despite this, the extent of MOFs’ degradation in water is
still not yet fully understood. In this study, we report a quantitative study of the water stability
of NH,-MIL-125(Ti), analyzing the ligand release along the contact time in water. This study
demonstrates that NH,-MIL-125(Ti) easily leached out over time while maintaining its structure.
The effect of different thermal treatments applied to NH,-MIL-125(Ti) was investigated to enhance
its water stability. The structural and textural properties of those modified MOFs were studied in
detail and those maintaining the NH,-MIL-125(Ti) properties were exposed to aqueous medium.
The analysis of the released ligand concentration in the filtrate can provide information on the water
stability of this material.

Keywords: metal organic frameworks; NH,-MIL-125(Ti); water stability; purification

1. Introduction

Metal organic frameworks (MOFs) constitute a group of materials consisting of the repetitive
assembling of organic linkers and cluster metal ions. The resulting crystalline structures have a large
specific surface area and a well-defined porosity. Their physicochemical properties can be tailored by
selecting the nature and combination of both components yielding numerous MOFs [1,2]. MOFs have
gained growing importance in many applications, such as gas storage [3,4], sensing [5,6], membrane
processes [7], drug delivery [8,9], and environmental remediation [10-13]. In this last field, MOFs
have been investigated in water purification, especially as: (i) adsorbents for the removal of hazardous
pollutants [14-16], (ii) catalysts for the degradation of contaminants by Advanced Oxidation Processes
(AOPs), such as heterogeneous Fenton and photo-assisted treatments [17-19], and (iii) membrane
materials for the separation of toxic substances from water streams [20]. The growing interest in these
applications is leading researchers to develop MOFs with high stability in aqueous medium.

The literature describes examples of unstable MOFs that lose their structure and pore network
when exposed to water, such as MOEF-5, while others showed stability in water, even after months,
or have not been fully tested in this respect [21,22]. The stability of MOFs can be related to an
assembly—disassembly equilibrium where both the electronic and steric effects between the linker
and the metal cluster play an important role. Several studies have shown that the instability under
wet conditions depends on the metal-linker bond strength [23,24]. Using highly basic ligands or
acid metals results in much stronger bonds and greater stability in water, as in the cases of ZIF-8
or AlI-MIL-53 [25]. In addition, the linker structure, the nature of the metal and the coordination
of the clusters also play an important role. Thus, hydrophobic linkers, inert metal cations and
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high-coordination clusters usually improve water stability. Moreover, high-charge metal ions lead to a
stronger oxo-philic tendency that significantly strengthens the metal-linker bonds and improves the
chemical stability of MOF [21]. Group-IV-metal- (Ti, Zr, Hf) based MOFs are examples of high-charge
metal oxo-clusters, yielding abundant MOF structures with different coordination numbers and
structural diversity [26-29]. Ti-based MOFs have received great attention because of their redox
activity (Ti>*/Ti** transition capacity), photochemical property and biocompatibility [30]. Those based
on Ti-carboxylate complexes have high stability and their functional properties can be improved by
organic functionalization, mainly by amine groups [31,32]. The degradation of MOFs exposed to
water can occur by two different mechanisms, ligand displacement and hydrolysis [25]. The ligand
displacement involves the exchange of a ligand by a water molecule, leading to the hydration of the
metal and ligand lixiviation; while, upon hydrolysis, water dissociation occurs at the metal centers,
the dissociated OH groups coordinate to the metal clusters and the metal-ligand bond is broken [33].

Nevertheless, predicting the water stability of MOFs remains qualitative and the literature is
controversial, mainly due to the methodology used to assess the stability. The simplest process
consists of exposing the MOF to water and comparing its properties prior and after a given contact
time, mainly by weight loss, X-ray diffraction and N, adsorption—desorption at —196 °C [29].
Water adsorption-desorption isotherms are also useful since they provide information about the
hydrophilic-hydrophobic character of MOFs [34]. Additionally, however, if the MOF is being
considered for application in the aqueous phase, it should also be investigated whether the sample is
partially dissolved [29,35]. Recently, Taheri et al. [36] performed a quantitative study of the ligand and
Zn?* released when ZIF-8 was immersed in water. They observed that the lixiviation of both species
occurred during the first hour and after 24 h an equilibrium was achieved. No other studies deal with
the analysis of the filtrate instead of the remaining solid in the literature. Lixiviation from the MOF
must be considered for the sake of application in water remediation since the released metals and/or
ligands can represent some hazards for the environment.

The literature contains examples concerning the post-modifications of MOFs to improve their
water stability. Wen et al. [37] coated NH,-MIL-125(Ti) with a siloxane that increased its dye adsorption
capacity while maintaining its crystal structure and morphology. Composites based on UiO-66-NH;
and a nitrile butadiene rubber sponge are more stable in water than the bare MOF because the sponge
provides a hydrophobic character that prevents hydrolysis. These composites were shown to be
efficient adsorbents for 2,4-dichlorophenoxyacetic acid removal from water and were easily recoverable
thanks to its sponge conformation [38]. An interesting study has recently been reported, describing the
improved water stability of ZIF-8 by growing it along with UiO-66-NHp, giving rise to a core-shell
UiO-66-NH,@ZIF-8 hybrid. This heterostructure showed excellent water stability, high adsorption
capacity and selectivity for the separation of rare earths from water compared to other adsorbents [39].
Non-amine UiO-66 has been also incorporated in a composite membrane based on graphene oxide
(GO) with a high water stability and highly efficient for dyes and antibiotics separation [40]. Although
interesting, many of these modifications are not so easy to implement in technical applications.

Here, we focus the attention on NH,-MIL-125(Ti), a Ti-oxo-cluster MOF, due to its notable interest in
water treatment by photocatalysis, a well-known AOP for the removal of different pollutants [1,41-43].
In a previous study, we demonstrated its high photocatalytic efficiency for the removal of some
emerging pollutants and its stability during the reaction, comparing its structural, textural and
morphologic properties before and after use [44]. However, in a preliminary test, additional organic
matter was detected in the aqueous medium after reaction, thus suggesting that certain partial
dissolution of the solid occurred. Thus, in this work, we initially studied the water stability of
NH,-MIL-125(Ti) through a systematic analysis of the aqueous phase. Then, in order to improve
its stability, NH,-MIL-125(Ti) was subjected to various thermal treatments. In particular, the study
highlights that the stability of NH;-MIL-125(Ti) in water can be successfully improved, providing
useful information for water-related applications.
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2. Results and Discussion

2.1. Stability of the NH,-MIL-125(Ti)

NH,-MIL-125(Ti) is an amine-functionalized isostructure of the MIL-125(Ti) formed by both
octahedral and tetrahedral cages [45,46]. Itis composed by titanium oxo-clusters and amino-terephtalate,
both providing a high density of hydrophilic sites where water molecules can be adsorbed [47].
We had previously synthesized NH,-MIL-125(Ti), doped and successfully used as solar-light driven
photocatalyst [44]. Although its structural stability under the reaction conditions was confirmed by
X-ray diffraction, scanning electron microscopy and N; adsorption-desorption at =196 °C, some ligand
release was detected in the aqueous medium. To the best of our knowledge, there are no reports about
the amount of linker leached when NH,-MIL-125(Ti) is put in contact with water. Thus, to determine
the amount of released linker, NH,-MIL-125(Ti) was suspended in aqueous medium and the filtrates
were analyzed, the leachate percentage being determined by:

Leachate (%) = 100x Clinker ~MNH2_MIL_125(Ti)

)

NH,-MIL-125(Ti) 0 X Miinker

where Cjipier is the linker concentration dissolved in the liquid phase (mg-L™1), CNH,-MIL-125(Ti) 18
the concentration of the MOF suspended in water, Mnp,-mir-125(Ti) @1d Miinker are the molecular
weight values of the MOF (1653.74 g~mol‘1) and the linker (2-amino benzene dicarboxylate, NH,-BDC,
179.12 g-mol~1), respectively. Figure 1a shows the evolution of dissolved linker and the corresponding
leachate percentage upon contact time. NH,-MIL-125(Ti) undergoes relatively high linker leaching
in water, which increases significantly over time to reach 40 mg-L™! after 24 h, about 25% of the
initial linker content of bare NH,-MIL-125(Ti). This leaching process occurs continuously over time,
without reaching equilibrium. Similar behavior has recently been reported for ZIF-8, whose lixiviation
started during the first hour and required one day to achieve equilibrium [36]. This leaching is
detrimental regarding the potential water-related applications of NH,-MIL-125(Ti). For the sake of
improving the stability of NH,-MIL-125(Ti) by reducing ligand leaching as much as possible, this
MOF was subjected to different thermal treatments at different temperatures and holding times and
under different atmospheres. The temperature was selected after studying the thermal behavior of
this MOF by thermogravimetric analysis in air (Figure 1b). NH,-MIL-125(Ti) is thermally robust
and suffers a strong weight loss of 54% within the 300 to 350 °C range, due to the oxidation of the
organic linkers [36,48]. After increasing the temperature up to 500 °C, a small weight loss (9%) occurs,
corresponding to the removal of the hydroxo-groups in the metal oxo-clusters, giving rise to TiO,, in a
similar way to the analogous non-amine MIL-125(Ti) [46,49]. Based on this analysis, the 150-300 °C
range was selected for the thermal treatment addressed to stabilize the NH,-MIL-125(Ti) without
disturbing its structure and composition.
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Figure 1. (a) Time course of linker concentration and leachate percentage in water from NHj-
MIL-125(Ti) upon contact time; (b) thermogravimetric analysis in air of NH,-MIL-125(Ti) and its
corresponding derivative.

2.2. Vacuum Treatment

During the synthesis of MOFs, excess ligand and solvent molecules can remain trapped in the
pores of the framework, which can be detrimental for their future applications. In some cases, vacuum
drying may be sufficient to purify the MOF, although it can lead to lower surface areas than expected
due to the partial collapse of the structure [35]. NH,-MIL-125(Ti) was thus subjected to vacuum
treatment in a temperature range of 100 to 300 °C for 16 h to remove the excess linker and solvent
molecules. Figure 2 shows the X-ray diffraction (XRD) patterns of the modified solids compared
with that of the bare NH,-MIL-125(Ti). In the notation, “V” refers to vacuum treatment, and the
numbers represent the temperature (°C) and time in hours of the vacuum treatment. As can be seen,
this treatment does not modify the crystalline structure of the MOF until reaching 300 °C. At this
temperature, the NH,-MIL-125(Ti) structure collapses, and the resulting material does not describe
any crystalline XRD profile, appearing as an amorphous material. Before that, a reduction in the
peaks’ intensity as the temperature increases is evidenced, indicating a gradual loss of crystallinity.
Thus, the degree of crystallinity and the crystal size, as determined by the methodologies described
in Section 3.2, are collected in Table 1. The greatest reduction on crystallinity was observed when
reaching 250 °C. However, since NH,-MIL-125(Ti) is an amine-functionalized isostructure of the
MIL-125(Ti), both materials would show the same XRD profile, so it would be necessary to corroborate
that the amine group in the ligand is maintained. The NH,-BDC presence was confirmed by UV-vis
spectroscopy (F1 in the supplementary information). Vacuum-treated samples showed two absorption
bands, at 280 and 370 nm, due to the absorption of Ti-oxo-clusters and NH,-BDC linker, respectively.
Both bands characterize the NH,-MIL-125(Ti) and differ from the spectrum of MIL-125(Ti), which
only has one band due to the absorption on Ti-oxo-clusters [49,50]. Scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) images of V-250-16 were taken and compared with
those from the original sample (Figure 3). The MOF particles show a thin and disk-like shape with an
average size close to 500 nm, very similar to those of the NH,-MIL-125(Ti), which confirms that the
vacuum treatment does not significantly modify the morphology of the MOF.
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Figure 2. X-ray diffraction (XRD) patterns of the NH,-MIL-125(Ti) treated under vacuum at different
temperatures for 16 h. The original NH,-MIL-125(Ti) pattern is included as reference.

Table 1. Crystallinity percentages and crystal size values of NH»-MIL-125(Ti) before and after vacuum
treatment at different temperatures for 16 h.

Crystallinity Relative Crystallinity * Crystal Size
Sample ) %) (nm)
Original 80.3 100.0 33.2
V-150-16 75.0 93.4 30.9
V-200-16 75.6 94.1 30.2
V-250-16 63.6 79.2 21.2

1 Relative crystallinity to that of the original MOF.

Original

V-250-16

Figure 3. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images of
the original NH,-MIL-125(Ti) and V-250-16 sample.
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Figure 4 shows the —196 °C N, adsorption—-desorption isotherms of the NH,-MIL-125(Ti) subjected
to the vacuum treatments and Table 2 summarizes the porous textural characteristics derived from those
isotherms. Most of the solids treated under vacuum showed isotherms similar to that of the original
NH,-MIL-125(Ti), indicative of predominantly microporous texture with some relative contribution
of mesoporosity and fairly high surface area values [39,44,48]. Only the V-300-16 shows remarkable
differences, with very low N, adsorption and Sgpt due to the linker oxidation and structure collapse.
It is worth noting that an increase in the temperature, below 300 °C, is associated with some slight
increase in the microporous surface, which can be related to the removal of adsorbed species, most
probably excess linker and/or solvent molecules, not removed during the washing process that block
the pore network [35]. According to these results, 250 °C appears to be the best temperature to carry
out the vacuum-stabilization of the NH,-MIL-125(Ti), maintaining its structure and porosity.
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Figure 4. N, adsorption—desorption isotherms at =196 °C of the original NH,-MIL-125(Ti) and after
treatment under vacuum at different temperatures for 16 h.

Table 2. Porous texture characterization of the NH,-MIL-125(Ti) and after treatment under vacuum at
different temperatures for 16 h.

St * Smp 2 Sext 2 vr Vwmp ®
Sample (m2g1) (m2-g1) (m2-g1) (cm3-g~1) (em®-g~1)
Original 1025 940 85 0.60 0.45
V-150-16 1091 996 95 0.61 0.48
V-200-16 1103 1016 87 0.61 0.49
V-250-16 1154 1050 104 0.68 0.54
V-300-16 24 8 16 0.05 0.002

! Spgr, specific surface area; 2 Syp and ® Sgxr, microporous and non-microporous surface area;  Vy and ® Vyp, total
and micropore volume, respectively.

Figure 5 depicts the evolution of the linker concentration analyzed in the liquid phase and the
corresponding leaching percentage, upon contact time in water. The vacuum thermal treatment
allows for significantly reducing the amount of linker leaching, that effect being more pronounced
at a 200-250 °C treatment temperature. However, despite this reduction, there is still a considerable
amount of linker in the liquid phase, corresponding to a 15% leaching, and it is also noteworthy that
the lixiviation does not reach an equilibrium, even after 24 h. Therefore V-200-16 or V-250-16 samples
cannot still be considered as stable materials regarding potential applications in the aqueous phase.
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Figure 5. Linker leaching in water from NH,-MIL-125(Ti) before and after vacuum heat treated upon
contact time.

2.3. Thermal Treatment in Air Atmosphere

Figure 6 depicts the XRD diffractograms of the NH,-MIL-125(Ti) subjected to calcination during
16 h at different temperatures in air-circulating muffle furnace. As previously observed in the vacuum
treatment, the NHy-MIL-125(Ti) structure was maintained up to 250 °C, while it collapses at 300 °C,
disappearing all the characteristic peaks of NH,-MIL-125(Ti). The degree of crystallinity and the crystal
size of each sample are collected in Table 3. Increasing the temperature decreases the crystallinity of
the samples, accompanied by a reduction in crystal size. These modifications can be related to the loss
of solvent and excess linker molecules that are usually trapped in the MOF cages [35]. To learn more
about the effect caused by air heating, additional treatments were conducted at 250 °C, but extending
the treatment time. Figure 7 compares the diffraction patterns of the samples heated for 16, 48 and
72 h, where it can be seen that the characteristic peaks of the original structure are still remaining,
but showing decreasing intensities as the calcination time increased, thus indicating a considerable
gradual loss of crystallinity, reaching about 60% after 72 h, which means a certain amorphization of
the material.

Table 3. Crystallinity percentages and crystal size values of NH,-MIL-125(Ti) before and after heat
treatment in air under different conditions. The values for M-250-48 after 24 h in contact with water
are included.

Crystallinity Relative Crystallinity Crystal Size
Sample %) A (nm)
Original 80.3 100.0 33.2
M-150-16 79.2 98.5 33.5
M-200-16 75.3 93.7 329
M-250-16 63.7 79.2 31.1
M-250-48 50.0 62.2 31.4
M-250-72 341 424 329
M-250-48-Exposed 49.7 61.8 31.1

1 Relative crystallinity to that of the original MOF.
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Figure 6. XRD diffraction patterns of NH,-MIL-125(Ti) heated in air at different temperatures for 16 h.
The original NH,-MIL-125(Ti) pattern is included as reference.
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Figure 7. XRD diffraction patterns of NH,-MIL-125(Ti) heated in air at 250 °C for 16, 48 and 72 h.
The original NH,-MIL-125(Ti) pattern is included as reference.

Once again, the presence of NH,-BDC in all heat-treated samples was confirmed by UV-vis
spectroscopy (Figure S2 in the supplementary information). The UV-vis spectra showed the two
absorption bands characteristic of the NH,-MIL-125(Ti), unlike the single band that characterizes the
MIL-125(Ti) [49,51,52]. Figure 8 collects SEM and TEM images of some calcined samples that can be
compared with those of the original NH,-MIL-125(Ti) shown in Figure 3. As can be clearly observed,
the morphology of M-300-16 is very different. The well-defined disk particles of the NH,-MIL-125(Ti)
disappeared and became an amorphous morphology, corroborating the structural collapse described
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above. However, the morphology and disk-shape of the original MOF remained after thermal treatment
at 250 °C for 48 h, as well as the particle size (= 500 nm).

0.2pm

Figure 8. SEM image of M-300-16. SEM and TEM images of M-250-48.

Figure 9a depicts the —196 °C N, adsorption—-desorption isotherms of NH,-MIL-125(Ti) subjected
to thermal treatments in air and the derived porous textural characteristics are summarized in
Table 4. As in the case of heat treatment under vacuum, these samples showed an isotherm typical of
microporous solids [39,44,48]. Again, the calcination in air at 300 °C caused the loss of structure and
the collapse of the pore network, resulting in a N, adsorption-desorption isotherm of a non-porous
material. Again, in the range below 300 °C, increasing the calcination temperature produces some
slight increase in the microporous surface. However, in the sample treated at 250 °C, the observed
increase in surface area corresponds to the non-microporous one. This effect can be related with the
decrease in crystallinity and increased disorder observed by XRD. When comparing the vacuum and
the air thermal treatments, no obvious differences were detected, so it seems evident that temperature
is the main factor governing the purification process. Regarding the effect of the treatment time, the N,
adsorption—desorption isotherms of their corresponding samples remain typical of microporous solids
(Figure 9b). Increasing the treatment time led to some moderate reduction in the BET surface area,
affecting to the microporous range, while the non-microporous area was increased, probably due to
the loss of crystallinity seen by XRD. Therefore, thermal treatment at moderate temperature (=250 °C)
allows purifying and improving the stability of the tested MOF, while maintaining its porous structure
and surface area close to 1000 m?-g~!, analogous to other untreated NH,-MIL-125(Ti) [41-44].
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Figure 9. N, adsorption—desorption isotherms at —196 °C of the original NH,-MIL-125(Ti) and after
heat treatment in air at different temperatures for 16 h (a) and at 250 °C for different times (b).
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Table 4. Porous texture characterization of NH,-MIL-125(Ti) after heat treatment in air under
different conditions.

Sper Smp 2 Sext ® Vpt Ve °
Sample (m?g1) (m?g) (m?g) (cm®g) (em®g)

Original 1025 940 85 0.60 0.45
M-150-16 1085 989 96 0.63 0.53
M-200-16 1173 1075 98 0.67 0.54
M-250-16 1207 1058 149 0.70 0.53
M-300-16 28 12 16 0.07 0.006
M-250-48 1046 865 181 0.56 0.35
M-250-72 962 684 278 0.56 0.33
M-250-48-Exposed 970 850 120 0.53 0.34

1 Spgr, specific surface area; 2 Syp and ® Sgxr, microporous and non-microporous surface area;  Vy and ® Vyp, total
and micropore volume, respectively.

Figure 10 shows the results of the stability in water of the samples subjected to calcination in air at
different temperatures and times. Thermal treatment in air for 16 h stabilizes the NH,-MIL-125(Ti) and
the leachate percentage diminishes at increasing temperature. At 250 °C, this improvement of stability
in water is significantly higher than the observed with the thermal vacuum treatment (see Figure 5)
and now a quasi-equilibrium state is achieved. Extending the air thermal treatment up to 48 h reduces
the leaching percentage to less than 7% and maintains the quasi-equilibrium state, although no further
improvement was observed at higher treatment times. Characterization of the M-250-48 sample after
water exposition for 24 h was carried out to check possible structural and textural changes (Figure 11).
There were no significant differences in X-ray diffractograms or N, adsorption—desorption isotherms
before and after contact with water during the above-mentioned time. The Sggr slightly decreased
somewhat, from 1046 to 970 m2-g~!, but the crystallinity remained unchanged (see values in Table 3;
Table 4). The NH,-BDC also remained in the structure, including the presence of the amine group,
as confirmed by its UV-vis spectrum (Figure S3 in the supplementary information) that presents the
characteristic absorption bands of this linker. These results demonstrate that it is possible to purify
and stabilize the NH,-MIL-125(Ti) MOF by a fairly simple thermal treatment in air at 250 °C for 48 h,
without affecting its structure and porous texture.
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Figure 10. Linker leaching in water from the original NH,-MIL-125(Ti) and after heat treatment in air

for 16 h at different temperatures and at 250 °C during different times.
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Figure 11. (a) XRD patterns and (b) N; adsorption—-desorption isotherms at —196 °C of M-250-48 before
and after contact with water for 24 h.

3. Materials and Methods

3.1. NH»-MIL-125(Ti) Synthesis

NH,-MIL-125(Ti) was prepared following the methodology reported in our previous work
(chemical information included in Figure S4 in the supplementary information) [44]. Typically, 2-amino
benzene dicarboxylic acid (6 mmol, NH,-BDC, Sigma Aldrich, Madrid, Spain, 99%) was dissolved in
dimethylformamide (25 mL, DME, Sigma Aldrich, Madrid, Spain, > 99.8%) under stirring. Titanium
isopropoxide (3 mmol, Sigma Aldrich, Madrid, Spain, > 98%) was dropped onto the mixture and
stirred until homogenized, after which methanol (25 mL, CH3O0H, Sigma Aldrich, Madrid, Spain,
anhydrous 99.8%) was added. The whole mixture was kept in agitation for 30 min, drawn off to a
65 mL Teflon autoclave and placed in an oven at 150 °C for 16 h. The resulting solid was recovered by
centrifugation (5 min, 5000 rpm) and washed three times with DMF (100 mL, 30 min) and three times
with methanol (100 mL, 30 min), recovering the solid in all cases by centrifugation. The final drying of
the solid was performed overnight at 60 °C.

NH,-MIL-125(Ti) was subjected to different thermal treatments. The first series was obtained by
heating the NH,-MIL-125(Ti) at 150, 200, 250 and 300 °C for 16 h under vacuum using a degassing
station (Micromeritics VacPrep 061, Norcross, GA, USA) attached to the TriStar 123 equipment. For the
second series, the NH,-MIL-125(Ti) was heated in a muffle furnace (Fuji Electric, MOD 12 PR/400,
Barcelona, Spain) in air at 150, 200, 250 and 300 °C for 16 h, and also at 250 °C for 48 and 72 h.
The resulting samples were denoted as X-T-t, where X indicated the type of treatment, V for vacuum
and M for muffle furnace, T was the treatment temperature and t the treatment time.

3.2. Characterization

Thermogravimetric analysis was carried out using a Q600 TA instruments (New Castle, DE, USA)
in an alumina crucible. All measurements were carried out within the temperature range 25-1200 °C
at a heating rate of 10 °C-min~! under a continuous air flow of 20 mL-min~!. X-ray diffractograms
(XRD) were registered in the 2-45° 20 range with a rate of 1.5 °min~! and using a Cu Ko radiation.
A Bruker D8 diffractometer (Bremen, Germany) was used, equipped with a Sol-X energy dispersive
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detector. Crystallinity percentage was calculated after diffractogram deconvolution with OriginPro by
the following expression [53,54]:

Area of crystalline peaks

Crystallinity (%) = 100x Area of all XRD pattern

@

The average crystal size was determined by using the Scherrer’s equation from the reflection
peak (121) of NH,-MIL-125(Ti), not overlapped with any other peak. UV-vis diffuse reflectance
spectroscopy was carried out on Shimadzu UV2600i (Kyoto, Japan) equipment, recording the spectra
in the 250-700 nm range. Scanning electron microscopy images (SEM) were taken with a Hitachi 54800
microscope (Krefeld, Germany) and transmission electron microscopy images (TEM) with a TECNAIL
G2 20 Twin equipment (Hillsborough, NC, USA). N, adsorption-desorption isotherms at —196 °C
were carried out with a TriStar 123 equipment (Micromeritics II 3020, Norcross, GA, USA). Solids were
outgassed before testing under vacuum at 120 °C for 18 h. Specific surface area (Sggr) was calculated
by the Brunauer-Emmet-Teller method [55], while micropore surface area (Syp) was obtained using
the t-plot method [56] and the external or non-microporous surface area (Sgxt) by difference between
Sger and Syp. The total pore volume (V) corresponded to the amount of nitrogen adsorbed at a
relative pressure of 0.99, while the micropore volume (Vyp) was obtained from the t-plot method.

3.3. Stability Testing in Water

The water stability of the NH,-MIL-125(Ti) derived solids was tested through the leaching of the
NH,-BDC in deionized water (Type II). The solid was suspended in water (250 mg~L‘1) and stirred
for 24 h at 25 °C and 170 rpm in a water bath orbital shaker (JULABO SW22, Seelbach, Germany).
At different interval times, aliquots of 2 mL were collected and filtered with Polytetrafluoroethylene
(PTFE) syringe filters (Whatman 0.45 um). The filtrates were analyzed to determine the concentration
of the ligand by high performance liquid chromatography (HPLC) (Shimadzu Prominence-I LC-2030C,
Kyoto, Japan), equipped with a diode array detector (SPDM30 A) and a C18 column (Eclipse Plus,
5 um). A gradient elution method was used for the analyses, changing the mobile phase (aqueous
acetic acid solution 0.1%, Sigma Aldrich, Madrid, Spain, >99%) by elution with acetonitrile (HPLC
grade, Scharlab, Barcelona, Spain) and using a constant flow of 0.7 mL-min~!. The wavelength of the
detector was fixed at 358 nm for the detection of the NH,-BDC that appeared at a 6.3 min retention
time. Solid samples were recovered from the aqueous medium by centrifugation after stability test and
stored for later characterization.

4. Conclusions

Water stability of NH,-MIL-125(Ti) was studied by analyzing quantitatively the amount of ligand
released to the liquid phase along the exposition time in water. In many studies, the water stability of
MOFs has been mainly investigated using the X-ray diffraction, N, adsorption—-desorption and electron
microscopy of filtered powders, comparing the properties before and after exposition. This study
shows that these characterization techniques are not enough to assess that stability. We demonstrated,
for the first time, the quantitative lixiviation of this MOF, which achieved values up to 25% after 24 h
of contact, with water still being far from equilibrium after that time. The present study also shows
that the post-modification of NH,-MIL-125(Ti) by thermal treatments stabilizes its structure, making it
less susceptible to partial dissolution. Temperature and time showed to be the determining variables,
while the atmosphere (air or vacuum) showed no significant effect. Thermal treatment under these
two atmospheres within 150-250 °C did not alter the structure and porous texture of the MOF, except
for some slight increase in the specific surface area accompanied by a small reduction in crystallinity.
Increasing the treatment temperature up to 300 °C caused the collapse of the crystalline MOF structure
accompanied by the loss of the pore network. Certain reduction on the surface area were observed by
extending the thermal treatment but maintaining its structure.
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The results obtained provide a new understanding of the effects of thermal treatments on the
water stability of NH,-MIL-125(Ti), which was improved as the temperature of the treatment increased
up to 250 °C. Some significant differences were found on the effects of the atmosphere used in the
thermal treatment. Under air, greater stabilization of the MOF was achieved due to the removal of
excess linker molecules, with lower leaching percentages and the attainment of a quasi-equilibrium
state in a relatively low contact time in water. The best results were obtained upon thermal treatment
in air at 250 °C for 48 h. After that treatment, less than 7% ligand leaching occurred upon 24 h of
contact with water. These findings have significant implications regarding the potential use of MOFs
in water-related applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/6/603/s1,
Figure S1: UV-vis diffuse absorbance spectra of NH,-MIL-125(Ti) treated under vacuum at different temperatures
for 16 h. Original NH,-MIL-125(Ti) and MIL-125(Ti) spectra are included as reference, Figure S2: UV-vis diffuse
absorbance spectra of NH,-MIL-125(Ti) heated in air at different temperatures for 16 h (a) and at 250 °C for 48
and 72 h (b). Original NH,-MIL-125(Ti) and MIL-125(Ti) spectra are included as reference, Figure S3: UV-vis
diffuse absorbance spectra of M-250-48 before and after contact with water for 24 h. Original NH,-MIL-125(Ti)
and MIL-125(Ti) spectra are included as reference, Figure S4: (a) Chemical structure of Ti-oxo clusters linked
to NH,-BDC ligands, from the Cambridge Structural Database (CSD). Chemical structure of NH,-MIL-125(Ti)
viewed from a-axis (b) and c-axis (c), from cif data of Crystallography Open Database.
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Abstract: The aerobic oxidation of cyclohexene was done using the heterometallic metal
organic frameworks (MOFs) {[La;Cus(u-HyO)(ODA)s(H20)3]-3H,0}, (LaCuODA)) (1) and
{[LapCo3(ODA)e(H20)6]-12H,0}, (LaCoODA) (2) as catalysts, in solvent free conditions (ODA,
oxydiacetic acid). After 24 h of reaction, the catalytic system showed that LaCoODA had a better
catalytic performance than that of LaCuODA (conversion 85% and 67%). The structures of both
catalysts were very similar, showing channels running along the c axis. The physicochemical properties
of both MOFs were determined to understand the catalytic performance. The Langmuir surface area
of LaCoODA was shown to be greater than that of LaCuODA, while the acid strength and acid sites
were greater for LaCuODA. On the other hand, the redox potential of the active sites was related
to Co'l/Co™! in LaCoODA and Cu¥/Cu! in LaCuODA. Therefore, it is concluded that the Langmuir
surface area and the redox potentials were more important than the acid strength and acid sites of the
studied MOFs, in terms of the referred catalytic performance. Finally, the reaction conditions were
also shown to play an important role in the catalytic performance of the studied systems. Especially,
the type of oxidant and the way to supply it to the reaction medium influenced the catalytic results.

Keywords: metal organic framework; heterogeneous catalyst; aerobic oxidation; cyclohexene

1. Introduction

The oxidation of cyclic olefins is a reaction that has become of interest for many industries,
such as the agrochemical, pharmaceutical, and perfumery industries, as well as the manufacture of
adhesives [1-4], because the products of this reaction such as epoxides, alcohol, ketones, and aldehydes
are used in commodities. However, it has become necessary to find alternative routes of production
for these compounds, in order to decrease the carbon footprint and the generation of environmentally
harmful sub-products [5].
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Catalysis is an important tool in many industrial processes when it comes to reducing the
energy cost, as well as the reaction time and the sub-product generation, enhancing the selectivity. In this
sense, homogeneous and supported catalysts are classically used in the oxidation of cycloalkenes [6,7].
However, they present well known problems such as the inability to separate and recover the
homogeneous catalyst, and on the other hand, the leaching of the catalyst from the support, preventing
its reusability. Heterogeneous catalysts, particularly inorganic polymers, present a good alternative, as
these are insoluble and stable under the usual cycloalkene oxidation conditions. The corresponding
catalytic activity of inorganic polymers can be found in the literature in several reviews [8-14].
These inorganic polymers are based on metallic cores coordinated with organic linkers, with the
metal centres being the catalytically active species. Transition metal ions are a good choice when
designing these systems as their cost is low and their abundance is high. In this context, cobalt (II)
containing molecular sieves show activity in the epoxidation with molecular oxygen of styrene at
100 °C, presenting a conversion of 45% with a selectivity of 62% to the desired epoxide [15]. The same
research group reported a family of cobalt (II) exchanged zeolite X catalysts, which permitted, for the
studied catalytic systems, an almost complete conversion of styrene [16].

Copper (I) species have been used as a catalyst in the aerobic oxidation of different amines
to imines, with a conversion ranging in most cases from 85% to 95% using CuCl [17]. A different
biomimetic Cu (I) species, [Cu(CH3CN)4]PF, was reported for the aerobic oxidation of secondary
alcohols, yielding over a 90% conversion in most experiments [18]. A Cu(Il) compound, used as a
catalyst for an aerobic oxidation was Cuy(OH)PO,, and this catalyst produced a 30% conversion for
styrene and 47% for cyclohexene [19]. Two catalysts, based on Cu(Il) using N-benzylethanolamine
or triisopropanolamine as ligands, were also used in the oxidation of cycloalkanes assisted by HyO»;
a conversion of 23% was achieved for cycloheptane [20].

However, owing to the lower catalytic activity of some of these systems, as compared
with that of the homogeneous ones, it is sometimes necessary to add co-oxidants such as
TEMPO [21], isobutyraldehyde [22], TBHP [23,24], or HyO, [25]. For example, Cuz(BTC), (BTC,
1,3,5-benzenetricarboxylate) is a Cu(Il) complex assisted by TEMPO, used as a catalyst for the oxidation
of benzylic alcohols, yielding 89% of conversion [5]. However, these co-catalysts sometimes produce
harmful by-products, such as tert-butanol, in the case of TBHP. Therefore, aerobic oxidation using only
molecular oxygen as the oxidizing agent becomes an ideal goal to achieve.

Metal organic frameworks (MOFs) can be modified by changing either the metal ions or the organic
linkers, thus modifying the catalytic properties or the capability of adsorbing gases. Monometallic
MOFs based on copper (II) [26,27], cobalt (II) [28,29], vanadium (IV) [30,31], or iron (III) ions [32-34]
have been used in heterogeneous catalytic systems. The use of MOFs as catalysts in the aerobic
oxidation of olefins has been reported by Fu et al. [35]. These researchers used catalysts based on
copper (II) and cobalt (II) with 2,5-dihydroxyterephthalic acid (DOBDC), [M,(DOBDC) (H,0),]-8H,O
(M= Cu' or Co™" ), and molecular oxygen to oxidize cyclohexene at 80 °C. Under these conditions and
after 15 h, the reaction only produced 14.6% conversion for the copper catalyst and 10.5% for the cobalt
catalyst. Tuci et al. found better results using a different cobalt (II) catalyst, [Co(L-RR)(H,0)]-H,O
(L-RR = (R,R)-thiazolidine-2,4-dicarboxylate), at 70 °C. However, molecular oxygen pressure was
increased from 1 to 5 bar. A conversion of 37% with a selectivity of 49% to 2-cyclohexen-1-one was
achieved [36].

Heterometallic MOFs also present activity for the oxidation of different substrates. For example,
copper (II)-based MOFs with adsorbed palladium or gold nanoparticles have been used in the
oxidation of benzylic alcohols [37,38], and a bimetallic catalyst of Pd—Au nanoparticles supported on
an aluminium (III) MOF was used in the aerobic oxidative reaction of carbonylation of amines [39].
However, as mentioned, these systems use supported catalysts, which may not be optimal.

Our group has worked with heterogeneous Cu''- 4f MOF catalysts, tuning the organic linkers [40],
the 4f lanthanide ion [41], and using different substrates for the aerobic oxidation reaction [42]. We now
report the study of the effect of changing the 3d transition metal ion of two MOFs used as catalysts in a
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solvent-free system, with molecular oxygen as an oxidant in the oxidation of cyclohexene, without the
use of a co-catalyst. Cobalt (II) and copper (II) were chosen as the 3d redox transition metal ions, while
the 4f ion was lanthanum (ITI). The studied catalysts were {[LayCuz(u-H,O)(ODA)s(H,0)3]-3H,0},
(LaCuODA) (1) and {[La;Co3(ODA)s(H,0)6]-12H,0}, (LaCoODA) (2) (H,ODA = oxydiacetic acid).

2. Results
2.1. Characterization

2.1.1. Structural Description

Crystal structures were obtained as described in [43,44], and will be briefly described in order
to understand the catalytic results. X-ray structural analyses of LaCuODA (1) and LaCoODA (2)
reveal that both belong to the hexagonal crystal system, with space group P-62c for 1 and P6/mcc
for 2. The skeleton of the structures is similar in both porous MOFs. The La is coordinated by
three tridentate ODA ligands, thus nine oxygen atoms define the coordination sphere of this metal
centre. Each [La(ODA)3]%~ unit is connected to six MT (M = Cull, Co') ions via single syn-anti
pi-carboxylato-O-O’ bridges. The M!! ions are surrounded by four oxygen atoms from [La(ODA);3]3~
units in (1) and (2). The difference in the coordination pattern of (1) and (2) is that Col ion in (2) is
bound to two water molecules in the axial positions, forming a slightly distorted octahedron. On the
other hand, Cul in (1) is bound to just one molecule of water, being penta-coordinated. In spite of this
difference, the main structural feature of these MOFs is the formation of hexagonal channels along
the crystallographic ¢ axis (Figure 1). The maximum size of the channel can be estimated in 11.39 A
for (1) and 11.09 A for (2). Crystallization water molecules are hosted in the channels. In the special
case of (1), one of the crystallization water molecules per unit formula is in a fixed position forming a
t2-HyO bridge between La™ ions.

Figure 1. Left: partial view of complex (2) along the crystallographic c axis, showing the generated
hexagonal channels. H atoms and crystallization water molecules are omitted for clarity. Right:
cross-section of the channel showing the inner exposed surface. Color code: La, orange; Co, pink;
O, red; C, light grey.

The determination of the acid strength for LaCoODA showed an initial potential of 24.5 mV after
4 h of stabilization with the first addition of N-butylamine, while LaCuODA presented a higher value
of 93.7 mV. The ranges of initial potential defined for the strength of acid sites are as follows: potential >
100 mV, very strong acid site; 100 mV > potential > 0 mV, strong acid site; 0 mV > potential > —100 mV
weak acid site; =100 mV > potential, very weak acid site. Thus, LaCuODA presents acid sites that can
be defined as nearly strong, while LaCoODA presents weak acid sites. As for the number of acid sites,
LaCoODA has 0.295 miliequivalent of acid sites per gram and LaCuODA has 0.783 miliequivalent of
acid sites per gram (Table 1).
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Table 1. Determination of acid strength and number of acid sites for LaM(ODA).

Catalyst Initial Potential (mV) Number of Acid Sites (meq/g)
LaCuODA (1) 93.7 0.783
LaCoODA (2) 24.5 0.295

The Thermogravimetric (TGA) profile of both complexes was reported and analyzed
previously [43,44]. Compound (1) presents two mass losses. The first one between 56 and 94 °C
corresponds to all water molecules per formula unit. The second one appears around 240 °C and
can be associated with the beginning of the decomposition of the structure. Thermal analyses of (2)
show that the loss of water involved a well-defined two-step process. The first step corresponds to
twelve molecules of crystallization water (below 50 °C). The second step (between 110 and 135 °C)
includes the six water molecules coordinated to Co!'. The decomposition of the structure is evident
above 260 °C.

Table 2 shows the pore diameter and estimated surface area of the catalysts obtained by the BET
and Langmuir models from the CO, adsorption isotherm at 273 K. The LaCoODA has a BET surface
area of 762 mz/g, which is greater than that of LaCuODA (514 mz/g); a similar trend was obtained
from the Langmuir area values. On the other hand, the pore size is the same for both catalysts, and
it is consistent with the pore size described by the crystallographic data (11.39 (1) and 11.09 (2) A).
These results permit to classify the catalysts in the range of microporous materials.

Table 2. Textural properties from CO, adsorption measures.

Catalyst BET Area (m?%/g) Langmuir Area (m?%/g) Pore Size (nm)
LaCuODA (1) 514 555 1.031
LaCoODA (2) 762 783 1.031

2.1.2. Catalytic Results

LaCuODA and LaCoODA were used as catalysts for the aerobic oxidation of cyclohexene, in the
absence of additional organic solvent or co-oxidant. The obtained results are summarized in Table 3,
while the obtained products are shown in Scheme 1.

Table 3. Catalytic results after 24 h of the aerobic oxidation of cyclohexene at 75 °C using LaMODA
(M=Co'!, Culh).

Selectivity (%)

ion (
Catalyst Conversion (%) Cyclohexene Oxide 2-Cyclohexen-1-ol ~ 2-Cyclohexen-1-one

LaCuODA (1) 67 5 40 55

LaCoODA (2) 85 0 25 75

Reactions conditions: cyclohexene (50 mmol) and (0.01 mmol) of LaM(ODA) (M = Co'l, Cu”), 1 bar of continuous
oxygen flow. The mixture is stirred (960 rpm) at 75 °C for 24 h.

einelete

(@ (b) (c)

Scheme 1. Products derived from the catalytic oxidation of cyclohexene (a). Cyclohexene oxide (b);
2-cyclohexen-1-ol (c); 2-cyclohexen-1-one (d).

The conversion after 24 h of reaction shows that the MOF based on cobalt (II) has a better catalytic
performance than that of the catalyst based on copper (II) (Table 2). The main product for both catalysts
was 2-cyclohexen-1-one, with the selectivity for this product being 75% for LaCoODA and 55% for
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LaCuODA. Thus, the influence on both the conversion and selectivity of the reaction of the nature of
the 3d transition metal ion becomes evident.

3. Discussion

To understand these results, it is important to remark that the catalysts present a few differences,
mentioned in the structural description of the environment and geometry of the 3d metal ion, being 1
square pyramidal and 2 octahedral. The difference between them is the number of water molecules
in the axial positions (one and two, respectively). Taking into account the data obtained in the TGA
measurements, it was assumed that, under the reaction conditions, all water molecules were removed,
and thus both compounds could be considered isostructural. The crystal structure shows channels
along the ¢ axis for both catalysts, with water molecules inside. The TGA analyses permit to infer that,
for the used reaction conditions, these water molecules could leave the channels, making the channels
partially free for the entry of the substrate and the oxidant. Besides, the CO, absorption measurements
complement the crystallographic results, showing that the BET and Langmuir surface areas are bigger
for LaCoODA as compared with LaCuODA. Thus, it is possible to suppose that the catalyst based
on Co' has a greater amount of active sites, favoring in this way the interaction between the catalyst
and the substrate/oxidant. Moreover, even though both catalysts permit to obtain the same major
product (2-cyclohexen-1-one), the distribution of the products is completely different. Table 3 shows
that the cobalt (II) MOF with better catalyst performance also permits to obtain a higher selectivity
for 2-cyclohexen-1-one.

However, the catalysts present additional differences that could permit to explain the obtained
results. Both transition metal ions have different chemical properties, such as the redox potential or
the Lewis acidity. These properties can modulate the reaction mechanism and the activation of the
oxidant [45]. The implied redox properties during the oxidation reaction are different because, for
LaCoODA, the Co'/Co™ couple must be active, while for LaCuODA, the redox couple is Cu'l/Cu!. For
LaCoODA, the activation will occur with the oxidation of the cobalt(II) centres through a single electron
transfer to molecular oxygen and the formation of the superoxide anion [35]. In the case of LaCuODA,
we recently reported the generation of a Cu—~0O, adduct at the beginning of the catalytic cycle of the
oxidation reaction [41]. In the formation of this adduct, the Lewis acidity plays an important role, with
the interaction between the catalyst and the oxidant being an acid-base interaction. [45] When we
compare the acid sites and the amount of these sites in the catalyst, it is possible to conclude that the
LaCuODA has stronger acid sites than LaCoODA. Apparently, the greater surface area of LaCoODA
and the redox properties of the cobalt (II) ion predominate over the acid properties of the copper
(I) ion, thus LaCoODA has a better catalytic performance for the oxidation reaction of cyclohexene.
It is possible to conclude that the combination of the structural and physicochemical properties of the
studied catalytic systems is determinant for the catalytic behavior.

As LaCoODA showed the best performance, this catalyst was used for the optimization of some
catalytic parameters. The first parameter to be studied was the thermal dependence of the conversion.
Figure 2 (Table S1) shows a linear dependence between the conversion and the reaction temperature.
As mentioned above, the increase of the conversion with temperature can be explained by assuming
that the channels present in the catalyst start to release the encapsulated water molecules, and the
presence of free space in the channels facilities the interaction between the metal centres and the
oxidant/substrate.
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Figure 2. Thermal dependence of conversion, using LaCoODA as catalyst.

To test this assumption, we compared the catalytic performance of non-activated LaCoODA and
thermally activated LaCoODA. Figure 3 (Table S2) summarizes the results, which shows that both
the as prepared catalyst and the activated catalyst display a similar time dependence in their activity.
As expected at short times of reaction, the oxidation process increases significantly as the reaction
evolves, but it is possible to observe that, after 12 h, the activity starts to approach an asymptotic value,
increasing only slightly for a sample of 24 h of reaction. The overlap of the curves indicates that the
catalytic activity is similar within the experimental error for both the activated and non-activated
catalyst. Apparently, the rehydration process of the catalyst is so fast that, practically, it is not possible
to enhance the catalytic performance by thermal activation.

100+
. 804
S
s
8 60+
[
>
S 40 /
o /
i/
2] *
0 T T T T T
0 5 10 15 20 25

Time (h)

Figure 3. Time dependence of conversion using LaCoODA as catalyst. Non-activated (m); activated (e).

If we compare the results obtained with other previously reported works with similar catalysts, it is
possible to find interesting aspects to discuss. For example, our group reported in 2017 [46] the catalytic
performance of LaCuODA in the oxidation reaction of cyclohexene, using tert-butylhydroperoxide
(TBHP) as an oxidant in DCE/water as a reaction medium. The achieved catalytic performance under
the studied conditions in this work, that is, solvent free and O, as oxidant, was better in conversion
and selectivity than using TBHP and the biphasic medium (Table 4). We propose that, considering
that, in the DCE/water medium, the channels are fully occupied with water molecules, there must be

many water molecules obstructing the interaction of the active metal centres of the catalyst and the
substrate/oxidant.
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Table 4. Catalytic results using LaCuODA after 24 h of oxidation of cyclohexene at 75 °C.

. Selectivity (%)
. o
Oxidant Conversion (%) Cyclohexene Oxide 2-Cyclohexen-1-012-Cyclohexen-1-one Reference
(o)1 67 5 40 55 This work
TBHP * 48 5 31 56 [46]

* When using tert-butylhydroperoxide (TBHP) as oxidant, 1,2-cyclohexenediol was also detected as a minor reaction
product (8%).

Table 5 shows the comparison between different catalytic results for Co''-based MOF catalysts.
All four catalysts have a distorted octahedral geometry around the cobalt(II) ion. However, one position
of the octahedron is occupied by a water molecule for (III) and by two water molecules for 2, I,
and II. [35,36,43,44,47] Besides, all the compounds have channels with water molecules inside them,
but the crystallographic diameter of the pores varies among them. Compounds 2, I and II have a
diameter ca. 11 A, while compound III has only 5.7 A. Despite the structural similarities of the pores of
2,1, and II, the catalytic results reveal significant differences. Moreover, from the comparison using
two sets of data (one set corresponds to 24 h of reaction, that is, catalysts 2 and III, and the second one
to 10 and 12 hours of reaction corresponds to data for 2, I, and II, shown in Table 5), it becomes evident
that 2 has by far the best catalytic performance.

Table 5. Catalytic results of different Co-based metal organic frameworks (MOFs) using solvent
free conditions.

Reaction Conditions

Catalyst Conversion (%)  Temperature Time O, Pressure Reference
(o) (h) (bar)
{[LapCo3(ODA)e(H0)4]-12H, 0}y (2) 73 75 12 1 (flow) This work
{[LayCo3(ODA)6(Hy0)6]-12H,0}n (2) 84 75 24 1 (flow) This work
[Co>(DOBDC)(H,0),]-8H,0 (I) 8.1 80 10 1 (balloon) [35]
[Co(DOBDC)(H,0),]-8H,0 (II) 50 80 10 1 (balloon) [47]
[Co(L-RR)(H,0)-H,0] (I1T) 28 70 2 1 (charged) [36]

Flow: continuous flow of oxygen at 1 bar of pressure. Balloon: oxygen atmosphere, using a balloon fully filled with
oxygen. Charged: the reactor is pressurized with oxygen at 1 bar of pressure.

However, the catalytic systems present some differences that could permit to explain the
obtained results. As the structures do not clarify these differences, maybe the reaction conditions can
give some light on the obtained data. As the temperature is quite similar for all the reported systems,
the oxygen pressure is an interesting parameter to analyze. Even though the oxygen pressure used is
the same for all the catalytic systems, the way of supplying the oxidant to the reacting substrate is not
the same. Thus, the amount of oxygen in the reactor varies depending on the source used. That is,
the pressurized oxygen in the reaction vessel has an initial finite concentration [36], while a continuous
oxygen flow maintains the concentration of the oxidant in the reaction vessel. On the other hand,
the oxygen concentration provided by a balloon is variable [35,47].

Therefore, it is possible to conclude that oxygen concentration is determinant in the reaction
mechanism. Depending on the amount of oxygen in the reaction medium, the chance to obtain the
interaction between the active site and oxidant/substrate will be modified [42], and thus the onset of
the chain reactions that will form the products.

4. Materials and Methods

4.1. Synthesis

Compounds (1) {[La;Cus(u-HyO)(ODA)s(H20)3]-3H,0}, (LaCuODA) and (2) {[LayCo3(ODA)g
(H,0)6]-12H,0};, (LaCoODA)) have been previously reported [43,44] and were prepared accordingly,
with slight modifications of the synthetic route. Complex (1) was synthesized by direct reaction
of stoichiometric amounts of LaCl3-7H,O (0.37 g, 1.0 mmol), CuCl,-2H,0 (0.20 g, 1.5 mmol),
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and oxydiacetic acid 0.40 g, 3.0 mmol). Reagents were dissolved in water (ca. 35 mL); pH was
adjusted with diluted ammonia to 5-6. Light blue crystals of the complex appeared after 2-3 weeks.
These were separated by filtration and washed twice with water. Complex (2) was prepared starting
from La;O3 (98 mg, 0.3 mmol), Co(COOCH3),-4H,0 (224 mg, 0.9 mmol), and oxydiacetic acid (322 mg,
2.4 mmol). Then, 30 mL water was added, and the mixture was placed in a Teflon-lined 45 mL stainless
steel acid digestion vessel and heated at 120 °C for 45 h. The resulting solution was filtered, and the
filtrate was allowed to stand at room temperature. After five days, a pale red polycrystalline solid
appeared. It was filtered and washed twice with water.

The purity of the solids was checked by elemental analysis (C, H) and IR spectroscopy.

Calculated for Lay,CuzCy4H3g3037 (1), C, 20.8; H, 2.8. Found, C, 21.2; H, 2.9%.

Calculated for LayCo3CpsHgpOyg (2): C, 18.3; H, 4.0. Found: C, 18.5; H, 4.2%.

IR spectra were almost identical for both complexes, and can be used as a quick control of the
purity of the compounds. The shift of vcoo (1724, 1419 cm™) of the free ligand to ca. 1600 and
1430 cm™! is noticeable. Besides, upon complexation, vcoc (1149 cm™) for the free ligand shifts to ca.
1120 cm™! (see Supplementary Information Figure Sla,b).

4.2. Surface Area Determination

The specific surface area (Sggr) was measured by CO, sorption measurement at 273 K, using
Micrometrics 3 Flex equipment. Prior to the measurements, the samples were outgassed at 250 °C for
2 h. The BET surface area was estimated from the adsorption branch of the isotherms in the range
0.05 < P/P < 0.15. Additionally, the surface area was also estimated using the Langmuir equation.
The average pore diameter was calculated using the DFT method, applied to the CO, adsorption
isotherm (Figures S2 and S3).

4.3. Catalytic Reactions

In a 50 mL round bottom flask provided with a refrigerant, 50 mmol of cyclohexene and 0.01 mmol
of LaMODA (M = Co™! or Cu'") were added, and the substrate to be oxidized was heated to the desired
temperature. The system was connected to a 1 bar continuous oxygen flow, and the mixture was stirred
at a constant speed (960 rpm). Studies of the thermal and reaction time dependence of the conversion
were done with LaCo(ODA), measuring results at 30, 50, and 75 °C for 24 h and measuring results at
3,6,8,12,and 24 h at 75 °C. Experiments were also done using the previously activated LaCoODA
catalyst. The activation of the catalyst was performed by placing the solid in a vacuum oven at 80 °C
for 2 h before its use in the catalytic reactions.

All the products were analyzed by gas chromatography, using a 5890 model SERIES II Hewlett
Packard gas chromatograph equipped with a capillary non-polar Equity-1 column and an FID detector.

4.4. Determination of Acid Strength and Number of Acid Sites

The acid strength and the number of acid sites in the catalysts were determined with a
potentiometric titration, as reported by Cid and Pecchi [48]. A suspension of 50.8 mg of LaCoODA
(49.8 mg of LaCuODA) in 100 ml of acetonitrile was titrated with a 0.01 N solution of N-butylamine in
acetonitrile, using an Ag/AgCl electrode immersed in the suspension. The first addition of 50 uL of
titrant to the suspension was left stirring for 4 h, in order to stabilize the system. The first potentiometric
measurement indicates the strength of the acid sites. After this first measurement was recorded,
50 pL/min of titrant was added until the potential of the system remained constant. The spent volume
indicates the miliequivalents of acid sites per gram of solid. For the number of acid sites, a constant
potential was achieved by the LaCoODA suspension after 0.015 miliequivalents of N-butylamine
was added. In the case of the LaCuODA suspension, 0.039 miliequivalents of N-butylamine was added
before a constant potential was achieved.
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5. Conclusions

For the studied catalysts, the physicochemical properties controlled the catalytic performance of
the reaction, with the surface area and redox properties being determinant to explain the better results
of LaCoODA over LaCuODA. Therefore, it is concluded that the Langmuir surface area and the redox
potentials were more important than the acid strength and acid sites of the studied MOFs, in terms of
the referred catalytic performance.

The channels play an important role in the catalytic processes; the removal of the water
molecules from the channels is fundamental to favor the interaction between the active sites and the
oxidant/catalyst.

The type of oxidant and the way to supply it are relevant to understand the difference in the
results that exists among similar compounds. The amount of oxidant available within the reaction is
key to obtain better results.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/5/589/s1,
Figure S1: IR spectra of LaCuODA (a) and LaCoODA (b). Table S1: Thermal dependence of aerobic cyclohexene
oxidation catalyzed by LaCoODA. Table S2: Conversions for the non-activated and thermally activated catalytic
system. Selectivities for the activated catalyst are also presented.

Author Contributions: Conceptualization, P.C. and E.S.; methodology, P.C., E.S., CK., N.E. and ].T.; formal
analysis, L.S.; investigation, L.S., N.E., ].T., CK. and E.S.; resources, E.S., N.E. and ].T. and C.K.; writing—original
draft preparation, L.S., CK., P.C. and E.S.; writing—review and editing, N.E., C.K., P.C. and E.S.; supervision, P.C.
and E.S.; project administration, N.E., C.K. and E.S.; funding acquisition, N.E., C.K. and E.S. All authors have read
and agreed to the published version of the manuscript.

Funding: L.S. and E.S. thank Proyecto Basal AFB180001 (CEDENNA). C.K. and J.T. thank CSIC (Uruguay) for
financial support through Programa de Apoyo a Grupos de Investigacion. N.E. thanks FONDEQUIP EQM 160070
and the Chilean Ministry of Economy, Development, and Tourism within the framework of the Millennium
Science Initiative program for the grant “Nuclei on Catalytic Processes towards Sustainable Chemistry (CSC)”.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sheldon, A.R.; Kochi, ].K. Metal Complex Catalyzed Oxidation of Organic Compounds; Academic Press: New York,
NY, USA, 1981.

2. Cainelli, G.; Cardillo, G. Chromium Oxidation in Organic Chemistry; Springer: Berlin, Germany; New York, NY,
USA, 1984.

3. Satterfield, C.N. Encyclopedia of Chemical Technology. J. Am. Chem. Soc. 1958, 80, 3487. [CrossRef]

4. Chadwick, S.S. Ullmann’s Encyclopedia of Industrial Chemistry. Ref. Serv. Rev. 1988, 16, 31-34. [CrossRef]

5. Dhakshinamoorthy, A.; Alvaro, M.; Garcia, H. Aerobic oxidation of benzylic alcohols catalyzed by
metal-organic frameworks assisted by TEMPO. ACS Catal. 2011, 1, 48-53. [CrossRef]

6. Liniger, M.; Liu, Y.; Stoltz, B.M. Sequential ruthenium catalysis for olefin isomerization and oxidation:
Application to the synthesis of unusual amino acids. J. Am. Chem. Soc. 2017, 139, 13944-13949. [CrossRef]

7. Arai, H.; Uehara, K.; Kinoshita, S.I.; Kunugi, T. Olefin Oxidation-Mercuric Salt-Active Charcoal Catalysis.
Ind. Eng. Chem. Prod. Res. Dev. 1972, 11, 308-312. [CrossRef]

8. Santiago-Portillo, A.; Navalon, S.; Cirujano, EG.; Xamena, EX.L.I; Alvaro, M.; Garcia, H. MIL-101 as reusable
solid catalyst for autoxidation of benzylic hydrocarbons in the absence of additional oxidizing reagents.
ACS Catal. 2015, 5, 3216-3224. [CrossRef]

9. Dang, D.; Wu, P; He, C; Xie, Z.; Duan, C. Homochiral Metal-Organic Frameworks for Heterogeneous
Asymmetric Catalysis. ]. Am. Chem. Soc. 2010, 132, 14321-14323. [CrossRef]

10. Goswami, S.; Jena, H.S.; Konar, S. Study of heterogeneous catalysis by iron-squarate based 3d metal organic
framework for the transformation of tetrazines to oxadiazole derivatives. Inorg. Chem. 2014, 53, 7071-7073.
[CrossRef]

11. Long, J.; Liu, H.; Wu, S,; Liao, S.; Li, Y. Selective oxidation of saturated hydrocarbons using Au-Pd alloy
nanoparticles supported on metal-organic frameworks. ACS Catal. 2013, 3, 647-654. [CrossRef]

12.  Gascon, J.; Aktay, U.; Hernandez-Alonso, M.D.; Van Klink, G.P.M.; Kapteijn, F. Amino-based metal-organic
frameworks as stable, highly active basic catalysts. J. Catal. 2009, 261, 75-87. [CrossRef]

115



Catalysts 2020, 10, 589

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Jiang, H.L.; Akita, T.; Ishida, T.; Haruta, M.; Xu, Q. Synergistic catalysis of Au@Ag core-shell nanoparticles
stabilized on metal-organic framework. J. Am. Chem. Soc. 2011, 133, 1304-1306. [CrossRef] [PubMed]
Dhakshinamoorthy, A.; Asiri, AM. Garcia, H. Metal-Organic Frameworks as Catalysts for
Oxidation Reactions. Chemistry 2016, 22, 8012-8024. [CrossRef]

Tang, Q.; Zhang, Q.; Wu, H.; Wang, Y. Epoxidation of styrene with molecular oxygen catalyzed by
cobalt(II)-containing molecular sieves. . Catal. 2005, 230, 384-397. [CrossRef]

Sebastian, J.; Jinka, K.M.; Jasra, R.V. Effect of alkali and alkaline earth metal ions on the catalytic epoxidation
of styrene with molecular oxygen using cobalt(II)-exchanged zeolite X. J. Catal. 2006, 244, 208-218. [CrossRef]
Patil, R.D.; Adimurthy, S. Copper-catalyzed aerobic oxidation of amines to imines under neat conditions
with low catalyst loading. Adv. Synth. Catal. 2011, 353, 1695-1700. [CrossRef]

Xu, B.; Lumb, ].P; Arndtsen, B.A. A TEMPO-free copper-catalyzed aerobic oxidation of alcohols. Angew.
Chem. 2015, 54, 4208-4211. [CrossRef] [PubMed]

Meng, X,; Lin, K,; Yang, X.; Sun, Z; Jiang, D.; Xiao, ES. Catalytic oxidation of olefins and alcohols by
molecular oxygen under air pressure over Cu2(OH)PO4 and Cu4O(PO 4)2 catalysts. ]. Catal. 2003, 218,
460-464. [CrossRef]

Fernandes, T.A.; André, V. Kirillov, AM.,; Kirillova, M.V. Mild homogeneous oxidation and
hydrocarboxylation of cycloalkanes catalyzed by novel dicopper(II) aminoalcohol-driven cores. ]. Mol.
Catal. A 2017, 426, 357-367. [CrossRef]

Chen, S.C; Lu, S.N,; Tian, F; Li, N.; Qian, H.Y.; Cui, A.J.; He, M.Y.; Chen, Q. Highly selective aerobic
oxidation of alcohols to aldehydes over a new Cu(ll)-based metal-organic framework with mixed linkers.
Catal. Commun. 2017, 95, 6-11. [CrossRef]

Zhang, A.; Li, L.; Li, J.; Zhang, Y.; Gao, S. Epoxidation of olefins with O2 and isobutyraldehyde catalyzed
by cobalt (II)-containing zeolitic imidazolate framework material. Catal. Commun. 2011, 12, 1183-1187.
[CrossRef]

Skobelev, 1.Y.; Sorokin, A.B.; Kovalenko, K.A.; Fedin, V.P; Kholdeeva, O.A. Solvent-free allylic oxidation of
alkenes with O2 mediated by Fe- and Cr-MIL-101. J. Catal. 2013, 298, 61-69. [CrossRef]

Ha, Y.; Mu, M,; Liu, Q; Ji, N.; Song, C.; Ma, D. Mn-MIL-100 heterogeneous catalyst for the selective oxidative
cleavage of alkenes to aldehydes. Catal. Commun. 2018, 103, 51-55. [CrossRef]

Jones, C.W. Application of Hydrogen Peroxide for the Synthesis of Fine Chemicals; RSC Clean Technology
Monographs: York, UK, 2007. [CrossRef]

Luz, L; Llabrés i Xamena, EX.; Corma, A. Bridging homogeneous and heterogeneous catalysis with MOFs:
“Click” reactions with Cu-MOF catalysts. J. Catal. 2010, 276, 134-140. [CrossRef]

Hoang, T.T;; To, T.A.; Cao, V.I.T.; Nguyen, A.T.; Nguyen, T.T.; Phan, N.T.S. Direct oxidative C-H amination
of quinoxalinones under copper-organic framework catalysis. Catal. Commun. 2017, 101, 20-25. [CrossRef]
Wang, Z.; Laddha, G.; Kanitkar, S.; Spivey, ]J.J. Metal organic framework-mediated synthesis of
potassium-promoted cobalt-based catalysts for higher oxygenates synthesis. Catal. Today 2017, 298,
209-215. [CrossRef]

Zhang, G.; Shi, Y.; Wei, Y.; Zhang, Q.; Cai, K. Two kinds of cobalt-based coordination polymers with excellent
catalytic ability for the selective oxidation of cis-cyclooctene. Inorg. Chem. Commun. 2017, 86, 112-117.
[CrossRef]

Leus, K.; Vandichel, M.; Liu, Y.Y.; Muylaert, I.; Musschoot, J.; Pyl, S.; Vrielinck, H.; Callens, E; Marin, G.B.;
Detavernier, C.; et al. The coordinatively saturated vanadium MIL-47 as a low leaching heterogeneous
catalyst in the oxidation of cyclohexene. J. Catal. 2012, 285, 196-207. [CrossRef]

Brown, J.W.; Nguyen, Q.T.; Otto, T.; Jarenwattananon, N.N.; Gloggler, S.; Bouchard, L.S. Epoxidation of
alkenes with molecular oxygen catalyzed by a manganese porphyrin-based metal-organic framework.
Catal. Commun. 2015, 59, 50-54. [CrossRef]

Raupp, Y.S.; Yildiz, C.; Kleist, W.; Meier, M.A.R. Aerobic oxidation of a-pinene catalyzed by homogeneous
and MOF-based Mn catalysts. Appl. Catal. A 2017, 546, 1-6. [CrossRef]

Ruano, D.; Diaz-Garcia, M.; Alfayate, A.; Sanchez-Sanchez, M. Nanocrystalline M-MOF-74 as heterogeneous
catalysts in the oxidation of cyclohexene: Correlation of the activity and redox potential. ChemCatChem 2015,
7,674-681. [CrossRef]

Dhakshinamoorthy, A.; Alvaro, M.; Garcia, H. Aerobic oxidation of styrenes catalyzed by an iron metal
organic framework. ACS Catal. 2011, 1, 836-840. [CrossRef]

116



Catalysts 2020, 10, 589

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Fu, Y;; Sun, D.; Qin, M.; Huang, R.; Li, Z. Cu(ii)-and Co(ii)-containing metal-organic frameworks (MOFs)
as catalysts for cyclohexene oxidation with oxygen under solvent-free conditions. RSC Adv. 2012, 2, 3309.
[CrossRef]

Tuci, G.; Giambastiani, G.; Kwon, S.; Stair, P.C.P.C.; Snurr, R.Q.R.Q.; Rossin, A. Chiral Co(II) metal-organic
framework in the heterogeneous catalytic oxidation of alkenes under aerobic and anaerobic conditions.
ACS Catal. 2014, 4, 1032-1039. [CrossRef]

Wang, J.S.; Jin, EZ.; Ma, H.C.; Li, X.B.; Liu, M.Y,; Kan, J.L.; Chen, G.J.; Dong, Y.B. Au@Cu(II)-MOF: Highly
Efficient Bifunctional Heterogeneous Catalyst for Successive Oxidation-Condensation Reactions. Inorg. Chem.
2016, 55, 6685-6691. [CrossRef]

Chen, G.J.; Wang, J.S.; Jin, EZ.; Liu, M.Y.; Zhao, C.W.; Li, Y.A.; Dong, Y.B. Pd@Cu(II)-MOF-Catalyzed Aerobic
Oxidation of Benzylic Alcohols in Air with High Conversion and Selectivity. Inorg. Chem. 2016, 55, 3058-3064.
[CrossRef]

Duan, H.; Zeng, Y.; Yao, X.; Xing, P; Liu, J.; Zhao, Y. Tuning Synergistic Effect of Au-Pd Bimetallic Nanocatalyst
for Aerobic Oxidative Carbonylation of Amines. Chem. Mater. 2017, 29, 3671-3677. [CrossRef]

Cancino, P.; Vega, A.; Santiago-Portillo, A.; Navalon, S.; Alvaro, M.; Aguirre, P.; Spodine, E.; Garcia, H.
A novel copper(Il)-lanthanum(Ili) metal organic framework as a selective catalyst for the aerobic oxidation
of benzylic hydrocarbons and cycloalkenes. Catal. Sci. Technol. 2016, 6, 3727-3736. [CrossRef]

Cancino, P; Santibanez, L.; Fuentealba, P.; Olea, C.; Vega, A.; Spodine, E. Heterometallic Cull/LnlII polymers
active in the catalytic aerobic oxidation of cycloalkenes under solvent-free conditions. Dalt. Trans. 2018, 47,
13360-13367. [CrossRef]

Cancino, P; Santibafiez, L.; Stevens, C.; Fuentealba, P.; Audebrand, N.; Aravena, D.; Torres, J.; Martinez, S.;
Kremer, C.; Spodine, E. Influence of the channel size of isostructural 3d-4f MOFs on the catalytic aerobic
oxidation of cycloalkenes. New J. Chem. 2019, 43, 11057-11064. [CrossRef]

Liu, Q.; De Li,].R;; Gao, S.; Ma, B.Q.; Liao, EH.; Zhou, Q.Z.; Yu, K.B. Highly stable open frameworks of Ln-Cu
(Ln = La, Ce) 3D coordination polymers containing spacious hexagon channels and unusual 2-H,O bridges.
Inorg. Chem. Commun. 2001, 4, 301-304. [CrossRef]

Dominguez, S.; Torres, J.; Peluffo, F.; Mederos, A.; Gonzalez-Platas, J.; Castiglioni, J.; Kremer, C. Mixed
3d/4f polynuclear complexes with 2,2"-oxydiacetate as bridging ligand: Synthesis, structure and chemical
speciation of La-M compounds (M = bivalent cation). J. Mol. Struct. 2007, 829, 57-64. [CrossRef]

Corma, A.; Garcia, H. Lewis acids as catalysts in oxidation reactions: From homogeneous to
heterogeneous systems. Chem. Rev. 2002, 102, 3837-3892. [CrossRef] [PubMed]

Cancino, P,; Paredes-Garcia, V.; Aliaga, C.; Aguirre, P.; Aravena, D.; Spodine, E. Influence of the lanthanide(III)
ion in {[Cu3Ln2(oda)6(H20)6]enH2O}n (Lnlll: La, Gd, Yb) catalysts on the heterogeneous oxidation of olefins.
Catal. Sci. Technol. 2017, 7, 231-242. [CrossRef]

Sun, D.; Sun, E; Deng, X, Li, Z. Mixed-Metal Strategy on Metal-Organic Frameworks (MOFs) for
Functionalities Expansion: Co Substitution Induces Aerobic Oxidation of Cyclohexene over Inactive
Ni-MOF-74. Inorg. Chem. 2015, 54, 8639-8643. [CrossRef] [PubMed]

Cid, R.; Pecchi, G. Potentiometric method for determing the number and relative strength of acid sites in
colored catalysts. Appl. Catal. 1985, 14, 15-21. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).






catalysts MBPY

Article

Fast Immobilization of Human Carbonic Anhydrase
IT on Ni-Based Metal-Organic Framework Nanorods
with High Catalytic Performance

Mengzhao Jiao ', Jie He !, Shanshan Sun !, Frank Vriesekoop 2, Qipeng Yuan ', Yanhui Liu 13*
and Hao Liang "*

1 State Key Laboratory of Chemical Resource Engineering, Beijing University of Chemical Technology,

Beijing 100029, China; mzjiao@163.com (M.].); jackhe0616@163.com (J.H.); shanssun@126.com (S.S.);
yuangp@mail.buct.edu.cn (Q.Y.)
Department of Food Technology and Innovation, Harper Adams University, Newport TF10 8NB, UK;
FVriesekoop@harper-adams.ac.uk
Beijing Key Laboratory of Bioprocess, Beijing University of Chemical Technology, Beijing 100029, China
*  Correspondence: liuyh@mail.buct.edu.cn (Y.L.); lianghao@mail buct.edu.cn (H.L.);

Tel.: +8610-6443-7610 (H.L.)

Received: 2 March 2020; Accepted: 15 March 2020; Published: 6 April 2020

Abstract: Carbonic anhydrase (CA) has received considerable attention for its ability to capture
carbon dioxide efficiently. This study reports a simple strategy for immobilizing recombinant carbonic
anhydrase II from human (hCA II) on Ni-based MOFs (Ni-BTC) nanorods, which was readily
achieved in a one-pot immobilization of His-tagged hCA II (His-hCA II). Consequently, His-hCA
II from cell lysate could obtain an activity recovery of 99% under optimal conditions. After storing
for 10 days, the immobilized His-hCA II maintained 40% activity while the free enzyme lost 91%
activity. Furthermore, during the hydrolysis of p-nitrophenyl acetic acid, immobilized His-hCA II
exhibited excellent reusability and still retained more than 65% of the original activity after eight
cycles. In addition, we also found that Ni-BTC had no fixation effect on proteins without histidine-tag.
These results show that the Ni-BTC MOFs have a great potential with high efficiency for and specific
binding of immobilized enzymes.

Keywords: one-pot hydrothermal; immobilizing recombinant; His-hCA II; Ni-BTC nanorods

1. Introduction

Carbonic anhydrase (CA, E.C. 4.2.1.1), a zinc metalloenzyme, can efficiently catalyze the reversible
hydration of CO, to bicarbonate ion [1,2]. In nature, chemical fixation of CO, usually requires
high temperatures, high pressure and long reaction times, while carbonic anhydrase can fix carbon
dioxide and have a high reaction rate under low pressure conditions [3]. With the intensifying
greenhouse effect, the use of carbonic anhydrase is considered as a green and efficient strategy for
bio-mineralization of CO, [4-7]. However, the poor stability and reusability of carbonic anhydrase
limits its application in practice [6,8]. Enzyme immobilization on solid supports has been developed to
overcome these shortcomings [9-13]. Previous immobilization studies mainly focused on commercial
carbonic anhydrase on a wide range of solid supports such as: polyurethane foam [14], SBA-15 [15],
mesoporous silica [16], MIL-160 [9] and ZIF-8 [17]. However, high cost and protracted immobilization
processes greatly limit the application of immobilized CA [4,10,12].

Fusion protein expression is a common strategy to obtain enzyme proteins. Due to the convenience
of purification using Ni-chelating affinity chromatography, histidine tags are widely used for enzyme
protein expression [18,19]. Nickel ions modified materials for enzyme purification and immobilization
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were developed which are based on the affinity of nickel ions and histidine labels [20-22]. However,
until now, there are few piece of research on the one-pot immobilization of CA via Ni** modified
materials. The introduction of histidine-tag in CA is more conducive to reducing costs and shortening
immobilization time.

Metal-organic frameworks (MOFs) are a new kind of organic-inorganic hybrid porous material [23,24].
Since MOF materials are considered to be potent supporting matrices for enzyme immobilization, many
kinds of commodity enzymes were immobilized successfully [25-28]. However, other researchers have
spent their energy on the design of Zn?>*, Cu* or Fe**-based MOFs for enzyme immobilization [29-31].
Inspired by the specific affinity between Ni?* and histidine-tags [32], we focus on utilizing Ni-based
MOFs to achieve one-pot immobilization of histidine-tagged enzymes. To date, a number of Ni-based
MOFs have been reported, however, studies on immobilized enzymes by Ni-based MOFs are rare [33].
Therefore, it is worthwhile to focus on the adsorption characteristics of Ni-based complexes itself.

Herein, the recombinant carbonic anhydrase II from human (hCA II) with His-tag and without
His-tag were successfully designed and overexpressed in Escherichia coli (E. coli) (DE3). Meanwhile,
Ni-based MOF (Ni-BTC) nanorods were synthesized by employing a one-pot hydrothermal process
and were used as immobilization support for CA. Compared to our previous work [34] in this work we
were able to carry out the protein immobilization process at room temperature, while achieving very
high binding efficiencies. Our approach to realizing His-hCA II one-pot immobilization by Ni-BTC is
shown in Figure 1. As a result, the His-tagged hCA II could be efficiently immobilized on Ni-BTC
under optimal conditions by a simple mixing step. However, when hCA II (without His-tag) was
mixed with Ni-BTC under the same conditions, the hCA II (without His-tag) could not be efficiently
immobilized on Ni-BTC. This means that Ni-BTC has specific binding abilities with regards to His-hCA
II. Furthermore, a specific protein purification step could be omitted in our application, which could
save on production costs in practical applications. In addition, the stability of the free and immobilized
His-hCA II under different conditions was also investigated.

2. Results and Discussion

2.1. Synthesis and Characterization of Ni-BTC

Because of the affinity of NiZ* and histidine tags, the nickel-modified materials could easily realize
the His-tagged enzyme’s separation and immobilization in one step. However, most of the previously
reported Ni?* modified materials required complex and lengthy reaction conditions [20,21]. In this
work, the light green Ni-based MOF materials were easily obtained and used as support for His-tagged
enzyme immobilization.

TEM and SEM were used to characterize the morphology of Ni-BTC. As shown in Figure 1A,B
respectively, the as-prepared Ni-BTC were nanorods with an average length of 3 pm and an average
width was 0.5 um. Furthermore, the Ni-BTC had a uniformly smooth long, stick-like structure and it
was highly aggregated. Next, the distribution of elements in nanorods was studied by energy dispersive
X-ray spectral element mapping. The elemental distribution of elements in Figure 1C was known,
and we found that carbon, nitrogen, oxygen and nickel element were distributed homogeneously
throughout the Ni-BTC structure. Our results with regard to the structure of synthesized Ni-BTC MOF
materials (Figure 1D) appear to be in agreement with those reported elsewhere [35]. These results were
also in agreement with our X-ray spectroscopy (XPS) spectrum (Figure S1). Signal peaks of Ni 2p, O 1s,
N 1s, and C 1s were detected, indicating that Ni-BTC was successfully synthesized with nickel acetate
and H3BTC.

The chemical structure of Ni-BTC nanorods had been characterized previously which provided
us with knowledge about the linker’s integration and the oriented growth of the Ni-BTC nanorods
and its cubic geometry [35]. As shown in Figure 52, Ni-BTC nanorods kept stable at temperatures
below 100 °C and showed weight loss (26.1 wt %) between 100 °C and 300 °C, the reason might be the
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vaporization of water and solvent. Significant weight loss (43.1 wt %) occurred between 300 °C and
600 °C, which could be assigned to the decomposition of H3BTC [34].

Figure 1. TEM images (A) and SEM images (B) of Ni-BTC and (C) corresponding carbon; nitrogen;
oxygen and nickel elemental mapping of Ni-BTC; (D) The synthesis process and structure of the
2D Ni-MOF.

2.2. Optimal Conditions for His-hCA II Immobilization

We first prepared the His-hCA II with a histidine-tag in E. coli BL21 (DE3). The plasmid map of
pETDuet-1-His-hCA Il is shown in Figure S3. Following overexpression in E. coli BL21 (DE3), His-hCA
IT was extracted in a phosphate buffer (50 mM, pH 7.4). The purified His-hCA II appeared as a single
band on the silver-stained gels (Figure S4). In order to get the best fixed conditions, 100 pL of His-hCA
II crude cell lysate was incubated with Ni-BTC under different conditions. The influence of mass ratios
on Ni-BTC to crude protein on protein loading and activity recovery of His-hCA II @Ni-BTC were
investigated. As shown in Figure 2A, activity recovery of His-hCA II @Ni-BTC increased somewhat
from a ratio of 2.5:1 to 5:1 and declined as the ratio increased further. The decline in activity recovery
can possibly be attributed to the greater inclusion of heteroproteins from within the crude extract at
the higher concentrations adsorbed on the Ni-BTC. Protein loading of His-hCA II @Ni-BTC as the ratio
increased from 2.5:1 to 12.5:1 (Figure 2A) increased linearly. The elevated protein loading at a ratio of
12.5:1 also implies the increased adsorption of Ni-BTC on hybrid protein. On the basis of the maximum
activity recovery of His-hCA II @Ni-BTC at the ratio of 5:1, we selected this protein loading ratio for
further experiments. In addition, we also calculated the amount of immobilized His-hCA II (Table S1),
the quality of bounding protein was calculated by the difference between the amount of protein added
to the reaction mixture and that in the leachate and washing solutions after immobilization. As a result,
the catalytic activity of an immobilized enzyme was 3.1 times that of a free enzyme and the protein
yield of crude cell lysate was 31.8%.

The effects of immobilization temperature (Figure 2B) and time (Figure 2C) of Ni-BTC on the
loading and activity recovery of His-hCA I @Ni-BTC and crude protein were also investigated. Similar
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to previous reports, [4,10] although the amount of protein binding increased, the activity recovery
reached its maximum value at 30 °C and then decreased with an increase of the temperature from 30 °C
to 50 °C. Human carbonic anhydrase has an optimum temperature close to human body temperature
to retain its activity. An increase in the immobilized time showed a near linear increase in the activity
recovery of immobilized His-hCA II, increasing from 61.5% to 88.2% from 15 to 60 min, and a further
increase in activity recovery from 60 to 120 min to 95% (Figure 2C). Consequently, an immobilization
time of 120 min was employed for further experiments. Above all, 3 mg Ni-BTC and 100 pL cell lysate
were mixed with 900 uL of phosphates buffer (50 mM, pH 8.0) for half an hour at 30 °C, then collected
by centrifuge for 10 minutes at 12,000 rpm.

We also investigated whether the different monomers in His-hCA IT @Ni-BTC could accelerate
the relative catalytic activity at equal protein concentrations of His-hCA II @Ni-BTC and His-hCA
II. We found that His-hCA II @Ni-BTC and His-hCA II had similar catalytic activity (p > 0.5) with
an activity recovery of 74.5% (Figure 2D). Whereas Ni-BTC and Ni?* had very low activity recovery
(<10%) and H3BTC had almost no catalytic activity of its own. The reason for the low recovery activity
observed for Ni-BTC and Ni’>* might be that the constituent Ni>* absorbed some of the substrate and
presented a minor false positive result. Hence, we conclude that the activity recovery of His-hCA
II @Ni-BTC was mainly derived from the His-hCA II enzyme. In addition, we studied the specific
binding ability of His-hCA II to Ni-BTC compared to hCA II (not His-tagged). In this experiment,
equal quantities of hCA II and His-hCA II were incubated with different amounts of Ni-BTC at 25 °C
for 30 min. The results indicate that the Ni-BTC has a much greater specific binding ability to His-hCA
II compared to the non-His-tagged hCA II (Figure 2E).

The activity recovery of immobilized His-hCA II was 98.99% in optimal conditions, which proved
that Ni-BTC could achieve high activity recovery of His-hCA II by a simple one-pot mixing procedure.
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Figure 2. Optimizing immobilization conditions: (A) ratio of the carrier to enzyme; (B) immobilization
temperature; (C) immobilization time; (D) the relative catalytic activity of His-hCA II @Ni-BTC, purified
His-hCA 1I, Ni-BTC, Ni?*, H3BTC; (E) the protein binding rate of Ni-BTC to His-hCA II and hCA II.

2.3. Enzyme (His-hCA II) Stability

The pH and thermal stability of the environmental conditions are important for practical application.
The stability of free His-hCA II and His-hCA II @Ni-BTC was tested at different pH conditions
(phosphate buffer, 50mM, at 30 °C, from pH 6 to 10). After 4 h of incubation at pH 6, the reaction
was performed for 5 min at room temperature. Free His-hCA II maintained 30.8% of the original
activity (pH 10 and 30 °C), whereas the His-hCA II @Ni-BTC retained 73.7% of its original activity
(pH 10 and 30 °C) (Figure 3A). Furthermore, the free and His-hCA II @Ni-BTC maintained 59.5% and
80.7% of its original activity after incubation at pH 7 for 4 h. These results indicated that His-hCA II
@Ni-BTC exhibits better stability than free hCA II under acidic condition, which is in agreement with
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results shown elsewhere [36]. We also tested the effects of different pH on the shedding of His-hCA II
proteins from the Ni-BTC support. The results (Figure S5A) indicate that His-hCA II @Ni-BTC had
different degrees of dissociation at different pH solutions. However, the degree of dissociation (protein
shedding) was relatively low and had no effect on the overall catalytic activity, further demonstrating
the overall pH stability of His-hCA II @Ni-BTC.
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Figure 3. Stability of the immobilized and free His-hCA II (A) at different pHs and (B) temperatures.

The thermal stability of His-hCA II @Ni-BTC compared to with free His-hCA II was investigated,
too. The various temperature exposures were carried out at the temperatures indicated, while the
actual enzyme assays were performed at 25 °C in a phosphate buffer (50 mM, pH 8.0). The results
showed that the relative activities of free enzyme and immobilized enzyme decreased significantly
at temperatures over 30 °C (Figure 3B), with the immobilized enzymes performing worse than the
free enzymes. Previous studies also reported a marked loss of immobilized CA activity at these
temperature [4,10]. Additional experiments were conducted to detect the protein content in His-hCA
II @Ni-BTC supernatant following exposure to elevated temperatures (40 and 50 °C), which showed a
23.7% and 44.8% loss of proteins, respectively (Figure S5B). According to the protein shedding rate of
His-hCA II @Ni-BTC at different temperatures, Figure 3B shows that the relative activity of His-hCA
II @Ni-BTC could reach 82.3% at 50 °C while the protein concentration of His-hCA II @Ni-BTC was
consistent with free enzyme. It was proved that Ni-BTC has certain supporting and protective effects
on enzymes. Allowing for these protein losses as lost immobilized His-hCA II @Ni-BTC, the adjusted
residual His-hCA II activity outperformed the free His-hCA II. While this might not explain the exact
underpinning reasons as to why the His-hAC II proteins dissociate from the Ni-BTC support, it does
explain the lower activity of His-hCA II @Ni-BTC at elevated temperatures might be because the high
temperature promoted His-hCA II shedding from His-hCA II @Ni-BTC. However, at the same protein
concentration, as shown in Figure S6, the catalytic activity of His-hCA II @Ni-BTC was 2.4 times that of
free enzymes after being maintained at 50 °C for 4 h. Thus, the protective and supporting effect of
Ni-BTC on the protein under thermal conditions significantly improved the stability of the enzyme.

The storage stability of free and immobilized His-hCA II was also investigated (Figure 4A). At the
end of two days of storage in a phosphate buffer (50 mM, pH 8.0) at 25 °C, the free enzyme kept
41.8% of its original activity (i.e., a 58.2% loss), whereas the immobilized enzyme retained 66.4%
(i.e., 2 33.6% loss) of its original activity. These losses extended further and by the end of 10 days of
storage the free enzyme kept 6.4% of its original activity (i.e., a 93.6% loss), whereas the immobilized
enzyme retained 41.8% (i.e., a 58.2% loss) of its original activity after 10 days of storage. During
prolonged storage, denaturation and degradation of His-hCA II proteins could significantly reduce
enzyme activity. However, the immobilization of His-hCA II on Ni-BTC provided physicochemical
stability and mechanical protection, which enabled the His-hCA II to maintain greater stability for
long-term reactions compared to free His-hCA II. Finally, the immobilized His-hCA II was tested for
recycling. The immobilized His-hCA II was separated by centrifugation after running an experimental
standard reaction, after which it was washed three times in water and redispersed in the buffer by
vortex mixing before repeating another experimental standard reaction. There was a gradual decrease
in the remaining relative enzyme activity at each recycling, however, more than 65% of original
activity remained after eight cycles (Figure 4B). This might be due to the gradual shedding of some
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enzymes from Ni-BTC, and some denaturation during the recovery process. The notion of a gradual
release of the enzyme from the Ni-BTC support was confirmed in a subsequent experiment (Figure S7).
By determining the protein content in the supernatant from each cycle, we found that each cycle’s
process was accompanied with protein shedding.
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Figure 4. (A) Stability of the immobilized and free His-hCA II of storage stability at 25 °C; (B) reusability
of His-hCA 11 @Ni-BTC.

2.4. Kinetic Parameters

To further evaluate the catalytic capacity of immobilized enzymes, we further compared the
kinetics of free enzymes and His-hCA Il @Ni-BTC. As presented in Table S2, the K, and Vax values for
free and His-hCA II @Ni-BTC were determined to be 1.82 mmol/L, 1.96 mmol/L and 0.037 mmol/min,
0.035 mmol/min for p-NPA, respectively. The substrates and possible conformational changes of the
mass transfer limiting structure play an important role in increasing the Ky, value of the His-hCA II
@Ni-BTC after immobilization.

3. Materials and Methods

3.1. Materials

Nickel (II) acetate tetrahydrate was purchased from Yuanye Biotechnology Company. (Shanghai,
China). Benzene-1, 3, 5-tricarboxylic acid (H3BTC) was purchased from J&K China Chemical Ltd.
p-nitrophenyl acetate (p-NPA) and N, N-dimethylformamide (DMF) were purchased from Aladdin
(Shanghai, China). Ampicillin and isopropyl (3-D-1-thiogalactopyranoside (IPTG) were obtained from
Beijing QXTD-Biotechnology Co., Ltd. (Beijing, China). Milli-Q water was used to prepare all the
buffers and solutions. Bovine serum albumin (BSA) and methionine were purchased from Beijing
Chemical Works (Beijing, China). All other reagents and solvents were of analytical grade.

3.2. Expression and Purification of His-hCA II

The human carbonic anhydrase (hCA II) gene was cloned to the pETDuet-1 vector with restriction
sites BamH I and Kpn I. The recombinant plasmids were transformed into E. coli BL21 (DE3)
for protein synthesis. The culture medium was incubated at 37 °C for 4 h, then isopropyl-p-D-
thiogalactopyranoside (IPTG) was added for induction [37], and the culture continued at 18 °C for 20
h. The cells were then harvested by high-speed centrifugation (10,000 rpm, 30 min, 4 °C) and lysed
by acoustic degradation. Subsequent cell lysate centrifugation (10,000 rpm, 30 min, 4 °C) removed
the crude precipitate to obtain the crude protein solution and the protein concentration of the lysate
was measured by the Bradford assay using BSA as a standard [38]. The protein fraction was purified
with affinity chromatography using a Ni-NTA column (Qiagen) pre-equilibrated with the lysis buffer
and eluted with the lysis buffer supplemented with 300 mM of imidazole. The purified protein was
analyzed by sodium salt -Polyacrylamide gel electrophoresis (SDS-PAGE).
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3.3. Preparation of Ni-BTC

H3BTC (0.5 g, 2.38 mmol) was dissolved in a DMF/ethanol (V/V = 1:1, 40 mL) mixture and moved
to a metal reactor. Then 20 mL of nickel acetate solution (1.0725 g, 4.31 mmol) was added to the reaction
mixture and stirred constantly. Then the reaction was finished after continuous stirring at 70 °C for 8 h.
Finally, the product was separated by centrifugation and washed three times with Milli-Q water and
ethanol solution (95%), successively.

3.4. Assay of His-hCA 11 Immobilization

3.4.1. The Immobilization of His-hCA II and Determination of Activity

The activity of free and His-hCA II @Ni-BTC activity were based on p-NPA with some modifications,
as described previously [10]. The 1.5 mL total reaction volume contained 600 uL of phosphate buffer
(50 mM, pH 8.0), 300 uL Milli-Q water, 500 pL freshly prepared p-NPA solution (3 mM) and 100 L
crude cell lysate or immobilized enzyme which contained the same protein content of His-hCA II.
The mixture was shaken at room temperature for 5 min and then centrifuged for 10 min at 12,000 rpm.
The increase of absorbance was measured by employing a spectrophotometer (Metash, UV-5100,
Shanghai, China) at 348 nm. The same procedure was performed without His-hCA II solution as
a control.

To optimize the immobilization conditions, His-hCA II was incubated with Ni-BTC under various
conditions. In detail, 100 uL cell lysate of His-hCA II (which contained 0.4 mg protein) and 900 mL
Milli-Q water were incubated with Ni-BTC. For optimizing the bonding ratio between enzyme and
carrier, 100 uL His-hCA 1II crude cell lysate (0.4 mg total protein) was incubated with different amounts
of Ni-BTC in a 1 mL system. For optimization in regard to immobilization temperature, 3 mg Ni-BTC
was oscillated with 100 uL His-hCA II crude cell lysate at different temperatures ranging from 20-50 °C
for 30 min. For optimization in regard to the immobilization time, 3 mg Ni-BTC was incubated with
100 uL His-hCA 1II crude cell lysate at 25 °C over different lengths of time (15-120 min) with shaking.
After separated by centrifugation, the standard curve of protein was determined using Bradford assay
with BSA, then analyzed the supernatant and the original protein concentration. The activity of enzyme
was detected by the above method. In all experiments, all of the experimental results were measured
by three independent experimental groups.

3.4.2. Enzyme Stability Detection

For the pH stability, the activity of free His-hCA II and His-hCA II @Ni-BTC was carried out
in different phosphate buffer solutions (50 mM, pH 6-10) at 25 °C and the enzymatic activities were
determined by the above method. Thermostability was also studied, free enzyme and His-hCA 1II
@Ni-BTC were added to the phosphate buffer (50 mM, pH 8.0) over a range of temperatures, 20-50 °C,
and incubated for 30 min. For the storage stability, the free enzyme and His-hCA II @Ni-BTC were
kept in a phosphate buffer (50 mM, pH 8.0) at 25 °C. For the reusability of His-hCA II @Ni-BTC after
the reaction, for 5 min, the immobilized enzyme was collected by centrifugation in the next cycle.
Then the same substrate and buffer solution were added to the reaction system for the next cycle and
the enzyme activity of each cycle was measured by the above method.

3.4.3. Assay of Kinetics of the His-hCA 11

For the kinetic analysis, the reaction system was detected by the same method as enzyme activity
the concentrations of p-NPA were varied from 1.0 to 5.0 mM. The K, and Vnax were acquired by using
a Lineweaver-Burk plot.

1_(Km 1), 1
o \Vmax [S]]  Vmax
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3.5. Characterization

Transmission electron microscopy (TEM) analysis was performed on a JEM 1200EX transmission
electron microscope (Hitachi, Tokyo, Japan). Scanning electron microscopy (SEM) analysis was
performed on a Tecnai G2 F20 scanning electron microscope (FEI, USA). The X-ray diffraction
(D8 Advance X-ray diffractometer, Bruker, Karlsruhe, Germany) with a Cu K« anode (A = 0.15406 nm)
at 40 kV and 40 mA was used to measure the crystal structures of the samples. FTIR spectra were
obtained by a FTIR spectrometer (8700/Continuum XL Imaging Microscope, Nicolet, Waltham, MA,
USA). The spectra were collected between 400 and 4000 cm™!. X-ray photoelectron spectroscopy
(XPS) spectra were recorded on a Thermo Scientific K-Alpha X-ray photoelectron spectrometer.
Thermogravimetric analysis (TGA) was performed using a thermogravimetric analyzer (DTG-60A,
Shimadzu, Japan) in the range of 30-600 °C under a nitrogen flow (heating rate of 10 °C min™!).

4. Conclusions

In conclusion, a simple and effective single pot immobilization strategy was developed to isolate
histidine marker enzymes expressed in E. coli BL21 (DE3). Ni-BTC could be easily compounded by a
hydrothermal process and showed the ability to efficiently immobilize the His-hCA II from cell lysate
at high load and high activity recovery under optimal conditions. The His-hCA II @Ni-BTC exhibited
excellent biocatalytic activity and reusability in the hydrolysis of p-nitrophenyl acetate. All of these
results revealed the good potential of His-hCA II @Ni-BTC for biomineralization of CO5.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/4/401/s1,
Figure S1: XPS spectra of Ni-BTC nanorods: (a) full scan, (b) Ni 2p, (c) N 1s, Figure S2: TG curves of Ni-BTC,
Figure S3: The plasmid map of pETDuet-1-His-hCA II, Figure S4: SDS-PAGE of purified the recombinant hCA II
from the culture supernatant. (Lane 1: His6-tagged hCA II purified using Ni-NTA column, Lane 2: supernatant of
hCA I cell lysate, Lane 3: molecular weight marker), Figure S5: The protein shedding rate of immobilized enzyme
at different pH and (B) the protein shedding rate of immobilized enzyme at different temperatures, Figure S6:
The catalytic activity of His-hCA II@Ni-BTC and free enzyme at the same protein concentration was studied at
40 °C and 50 °C, Figure S7: The protein shedding rate of cycle process. Table S1: The amount of immobilized
His-hCA 1I, Table S2: Michaelis-Menten kinetics parameters of immobilized and free enzymes.
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Abstract: In this study, Mn-MOF-74 was successfully synthesized and further modified via two
paths for enhanced water resistance. The structure and morphology of the modified samples were
investigated by a series of characterization methods. The results of selective catalytic reduction (SCR)
performance tests showed that polyethylene oxide-polypropylene-polyethylene oxide (P123)-modified
Mn-MOF-74 exhibited outstanding NO conversion of up to 92.1% in the presence of 5 vol.% water
at 250 °C, compared to 52% for Mn-MOF-74 under the same conditions. It was concluded that the
water resistance of Mn-MOEF-74 was significantly promoted after the introduction of P123 and that
the unmodified P123-Mn-MOF-74 was proven to be a potential low-temperature SCR catalyst.

Keywords: Mn-MOF-74; modification; water resistance; NH3-SCR performance

1. Introduction

As one of the major air pollutants, nitrogen oxides (NOy) are considered to cause a series of
environmental problems, such as acid rain, smog, and greenhouse effects [1]. The selective catalytic
reduction (SCR) of NOx with NHj3 (NH;3-SCR) is one of the most effective techniques for reducing NOy
from stationary resources caused by fossil fuel combustion (e.g., coal-burning power plants) [2]. In the
past few years, considerable research work has been performed on the development of high efficiency
catalysts for NH3-SCR [3]. V,05-WO;3-TiO; catalysts have been widely employed as commercial
catalysts; nevertheless, the disadvantages of these catalysts are their high operating temperatures
(300-400 °C) and the toxicity of vanadium [4]. Hence, it is of great importance to find a new type
of catalyst which is able to effectively remove NOy at low temperature since the catalyst is located
behind the desulfurizer and electrostatic precipitator system to reduce the cost of NH3-SCR. A series of
transition metal oxides such as MnOy, FeOyx, CoOy, and CeOx supported on different carriers have
been studied to raise low temperature activity [2,5,6]. Notably, manganese-oxide-based catalysts have
shown promising catalytic activity among the studied catalysts. However, the relatively lower specific
surface area of traditional carriers might hinder the further application of manganese-oxide-based
catalysts. Thus, it is especially important to find a carrier substitute with a large specific surface area.

Among the potential candidates, metal-organic frameworks (MOFs) have attracted significant
attention due to their large specific surface area, low density, high chemical tenability, and controlled
structure. It has been reported that a Ni-MOF activated at 220 °C achieved a NO conversion efficiency
of over 92% for a large operating-temperature range of 275 to 440 °C [7]. MOF-74 is a potential support
for the low-temperature NH3-SCR process owing to its coordinatively unsaturated metal sites (CUSs),
highly dispersed and absolute exposed metal sites, large specific surface areas, and high porosity.

Catalysts 2019, 9, 1004; d0i:10.3390/catal9121004 129 www.mdpi.com/journal/catalysts
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According to our previous work [8], the Mn-MOEF-74 catalyst has good catalytic performance for the
low-temperature reaction of NH3-SCR, and we found the NO conversion to be nearly 99% at 220 °C.
However, the NO conversion of Mn-MOF-74 was observed to drop by 44% after the adding of 5%
water, which hinders the further application of these materials. It has been reported that the presence
of water could reduce the capacity of gas adsorption significantly and destroy the crystal structure of
MOF-74 [9]. It is therefore necessary to improve the water stability of the prepared MOF materials
under the premise of maintaining good denitrification performance.

At present, two major strategies are being employed to raise the water-resistance of MOFs to
expand their applications. The most effective strategy for preparing MOFs with water stability is
to introduce strong coordination bonds [10]; another method is to install a hydrophobic moiety
around the coordination sites or on the working surface of the crystal to prevent corrosion from
water molecules [11-13]. It has been proven that the latter is an efficient way to enhance the water
resistance of MOF materials. Wu and his co-authors enhanced the water resistance of IRMOF1 by
adding water-repellent functional groups [12].

In this work, as-synthesized Mn-MOF-74 catalysts were modified via two methods to promote
water resistance. One strategy used was to cover water-in-oil surfactants polyethylene oxide-
polypropylene-polyethylene oxide (P123) or polyvinylpyrrolidone (PVP) on the surface of Mn-MOEF-
74 to increase the external surface hydrophobicity of MOFs, producing P123-Mn-MOF-74 and PVP-Mn-
MOEF-74. The other was to introduce hydrophobic groups (-CHj) to the ligand of Mn-MOEF-74 to
synthesize Mn-MOF-74-CHj3 through a post-synthesis modification (PSM) method. In addition, the
effects of these groups on crystal structure, morphology, and thermal stability were investigated
by powder X-ray diffraction (PXRD), FT-IR, SEM, TEM, and thermogravimetry mass spectrometry
(TG-MS), et al. In addition, NH3-SCR performances with low temperature and water resistance for the
prepared catalysts were studied.

2. Results and Discussion

2.1. Characterization of MOFs

Figure 1 shows the PXRD patterns of Mn-MOE-74, P123-Mn-MOEF-74, PVP-Mn-MOF-74, and
Mn-MOF-74-CHj3. As can be seen from this figure, the two strongest peaks at 20 = 6.5-7° and 11.5-12°
of all the samples correspond to the crystal faces (2-10) and (300), respectively, which are characteristic
diffraction peaks of MOF-74. The relative strength of the two diffraction peaks of P123-Mn-MOEF-74
and PVP-Mn-MOF-74 accord with the standard pattern while the peak intensity of Mn-MOF-74-CH3 at
20 = 11.5-12° is higher than that at 20 = 6.5-7°. The patterns of -CHj-functionalized Mn-MOF-74 are
inconsistent with the standard pattern, which was probably caused by the synthesis method. In other
words, the harsher preparation conditions of Mn-MOF-74-CHj did have an influence on the structure
of MOF-74, but the main crystal structure was maintained. In summary, the introduction of surfactants
P123 and PVP and methyl had little effect on the crystal structure of MOF-74.

To further investigate the influence of modification on catalyst structure, FI-IR tests were carried
out on Mn-MOF-74, P123/PVP-Mn-MOF-74, and Mn-MOF-74-CHj (the spectra are displayed in
Figure S1). The peak at 1625 cm™! can be assigned to v(-COO) of DHTP (2,5-dihydroxyterephthalic
acid) [13]. The bands at 1558 cm™! and 1400 cm™! can be assigned to v(C=C), which belongs to the
skeleton vibration of the benzene ring [14,15] of DHTP. The peak at 1245 cm~! can be assigned to v(C-N)
of DMF (N, N-Dimethyl formamide) [16,17], demonstrating that the solvent DMF exists on the catalysts’
surface or in the channel of the catalysts. The bands at 888 cm™' and 811 cm™! can be attributed to a
v(C-H) oscillatory vibration in and out of the plane of the benzene ring [18]. The peaks at 579 cm™!
and 473 cm™! belong to the vibration absorption v(Mn-O) [19,20], which confirms the existence of a
metal-ligand bond. Notably, as shown in Figure S1b, Mn-MOEFE-74-CHj3 has a weak absorption peak at
2960 cm™~!, which belongs to the stretching vibration absorption of v(C-H) in alkanes [19], proving that
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-CHj3 had been introduced into the structure of Mn-MOF-74. According to the results of FT-IR and
XRD, it can be concluded that the three catalysts were synthesized successfully.

J | Mn-MOL-74
P123-Mn-MOF-74

L
PVE-Mn-MOF-74

I

Mn-MOF-74-CH,_

(2. 1,0)
(30,00
| Standard pattern
20

40 50

Tntensity (a.u.)

30
260

Figure 1. The powder X-ray diffraction (PXRD) patterns of Mn-MOF-74, polyethylene oxide-
polypropylene-polyethylene oxide (P123)/polyvinylpyrrolidone (PVP)-Mn-MOF-74, and Mn-MOF-
74-CHj.

As can be seen from Figure S2, the four samples showed spherical particles. The morphology of
Mn-MOF-74-CHj3 displayed almost no change except for there being a few tiny block crystals on the
surface; the surfaces of P123-Mn-MOEF-74 and PVP-Mn-MOF-74 were almost wrapped with a mass of
tiny particles compared to Mn-MOEF-74. The results suggest that the original spherical morphology of
Mn-MOF-74 remained unchanged whether the water-in-oil surfactants P123 and PVP were introduced
or ligand methyl functionalization was performed.

The edge of each sample was observed using TEM characterization techniques and the results
are shown in Figure 2. It may be noted that there is no coating on the edges of Mn-MOF-74 and
Mn-MOF-74-CHj3, while the edges of P123-Mn-MOF-74 and PVP-Mn-MOF-74 are obvious, which
should be due to the coating of water-in-oil surfactants P123 and PVP, respectively. Compared with
PVP-Mn-MOF-74, the P123-modified Mn-MOEF-74 showed better surfactant dispersion and the particle
size of the latter was more uniform. In summary, it can be speculated that the surfactants P123 and
PVP were coated on the surface of the Mn-MOEF-74 successfully.

Figure 2. TEM images of (a) Mn-MOF-74, (b) P123-Mn-MOEF-74, (c) PVP-Mn-MOEF-74, and (d) Mn-MOEF-
74-CHj. Illustration: edge of the related samples.

The prepared catalysts were analyzed by thermogravimetric analysis in air and under a nitrogen
atmosphere and the results are shown in Figure S3a,b. Taking Mn-MOEF-74-CHj3 as an example, the ion
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fragments of decomposition products in the air atmosphere and N, atmosphere were detected by mass
spectrometry, as shown in Figure S3c,d.

From Figure S3a, it can be observed that the weight loss of the three catalysts showed two
significant stages under air conditions. In the first stage, the mass loss ratio of P123-Mn-MOF-74 can
be seen to be about 20% near 235 °C, which can be attributed to the removal of CHCl3, while that of
PVP-Mn-MOF-74 and Mn-MOEF-74-CH3 are about 20% at 275 °C, which could be ascribed to methanol
and CHClj3 (as can be seen in Figure S3c), respectively. The second weight loss of all the samples is
about 35% at about 320 °C, which is due to the total collapse of the skeleton structure. To sum up, it
can be seen from the results that the three catalysts can maintain the integrity of the crystal structure
when stored in air.

As shown in Figure S3b, there are three clear mass losses for the three catalysts in the Nj
atmosphere. The first stage is about 10% near 105 °C for the Mn-MOF-74-CH3 sample, which can
be attributed to the removal of CHCl3 only (no water, methanol, or DMF ion fragmentations can
be detected from the MS results shown in Figure S3d), suggesting that solvent molecules in the
tunnel were almost discharged in the pre-preparation evacuation process. For P123-Mn-MOEF-74 and
PVP-Mn-MOEF-74, it is known from the preparation method that the mass loss can be ascribed to the
removal of CHCl3 and methanol. The second stage is in the vicinity of 317 °C and is caused by the
partial collapse of the skeleton structure from the MS results of Figure S3d. The third stage appears
above 535 °C, suggesting the complete collapse of the MOF-74 skeleton structure. Combined with TG
and MS results, the activation conditions of the samples should be set as N, atmosphere, 200 °C for 3 h,
and a heating rate of 2 °C/min.

2.2. The Low-Temperature SCR Performance

Low-temperature SCR catalytic performance was tested to investigate the effects of the surfactants
P123 and PVP and ligand methyl functionalization on the catalytic performance of Mn-MOF-74 at
low temperature. As shown in Figure 3, Mn-MOEF-74 performed well with regard to low-temperature
NH3-SCR activity, but the water resistance still needs further study. As the temperature increased, the
NO conversion of all the samples exhibited a rising trend; when the temperature rose to 280 °C, the NO
conversion of Mn-MOF-74-CHj; reached a maximum of 93.2%. The NO conversion of P123-Mn-MOF-74
and PVP-Mn-MOF-74 reached maxima of 92.1% and 71.8% at 265 °C and 250 °C, respectively, and then
decreased with the continuous increase in temperature, which was caused by the collapse of the skeletal
structure. Compared with the low-temperature SCR catalytic performance curve of Mn-MOEF-74, the
performance order was Mn-MOF-74 > Mn-MOF-74-CH3 > P123-Mn-MOF-74 > PVP-Mn-MOF-74. The
surfactants P123 and PVP and the methyl ligands existing in the pores may even have been partially
covered in the metal active center, hindering the approaches of reactant molecules and thus depressing
the SCR catalytic performance.
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Figure 3. Low-temperature selective catalytic reduction (SCR) activities of P123-Mn-MOF-74, PVP-Mn-
MOF-74, and Mn-MOEF-74-CHj3 (gas flow rate: 100 mL/min; gas composition: NO 500 ppm, NHj;
500 ppm, O, 5%, and Ar as balance gas).
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2.3. Stability and Water Resistance Study

In this work, stability tests were carried out at temperatures corresponding to the maximum
NO conversion of catalysts (MOF-74 240 °C, P123-Mn-MOF-74 250 °C, PVP-Mn-MOE-74 265 °C, and
Mn-MOF-74-CHj3 280 °C) for 12 h; the results are displayed in Figure 4. It was concluded that all the
samples showed good stability at their own optimal temperature during the 12 h tests.
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Figure 4. Stability test results of Mn-MOF-74, P123-Mn-MOF-74, PVP-Mn-MOF-74, and Mn-MOF-74-
CHj under an SCR atmosphere at their own optimal conditions (gas flow rate: 100 mL/min; gas
composition: NO 500 ppm, NH3 500 ppm, O, 5%, H,O (g) 5%, and Ar as balance gas).

To study the water resistance of the prepared samples, 5 vol.% H,O was added into the feed
gas and low-temperature catalytic activities were investigated (as shown in Figure 5). For a clearer
explanation, the maximum NO conversion and the corresponding temperature, stability, and water
resistance of Mn-MOF-74, P123-Mn-MOF-74, PVP-Mn-MOF-74, and Mn-MOF-74-CH3; have been

summarized in Table 1.
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Figure 5. Stability test results of Mn-MOF-74, P123-Mn-MOF-74, PVP-Mn-MOF-74, and Mn-MOF-74-
CHj3 under an SCR-H,O atmosphere at their own optimal conditions (gas flow rate: 100 mL/min; gas
composition: NO 500 ppm, NH3 500 ppm, O, 5%, H,O (g) 5%, and Ar as balance gas).

According to the results given in Figure 5 and Table 1, the NO conversion of Mn-MOEF-74 decreased
by 44% after adding H,O. Combined with the SCR activity results, Mn-MOF-74 did show better
catalytic activity, while the water resistance of it was very poor. The reason for this might have
been that OH species of the dissolved H,O were bonded to the exposed CUSs, thereby reducing
the number of active sites and reducing the activity [21]. After modification, the NO conversion
of 71.8% for PVP-Mn-MOEF-74 and 81.2% for Mn-MOEF-74-CHj can be observed to be higher than
that of 55% for Mn-MOF-74 in the SCR-H,O atmosphere, and then be recovered to the original level

133



Catalysts 2019, 9, 1004

when removing H,O, suggesting that the water resistance of PVP-Mn-MOF-74 and Mn-MOF-74-CHj3
increased greatly. Notably, the NO conversion of P123-modified Mn-MOEF-74 remained at 92.1% after
the addition of 5 vol.% H,O, which indicates that the introduction of P123 did enhance the water
resistance of Mn-MOF-74.

Table 1. The effects of adding H,O on the low-temperature SCR catalytic activities of Mn-MOF-74,
P123-Mn-MOEF-74, PVP-Mn-MOF-74, and Mn-MOF-74-CH3,

Sample Temperature NO Conversion (%)  Change in NO Conversion (%)
0 (SCR) (SCR and H,0)
Mn-MOF-74 240 99.6 —44
P123-Mn-MOF-74 250 92.1 0
PVP- Mn-MOF-74 265 71.8 +4
Mn-MOF-74-CHj3 280 93.2 -12

3. Materials and Methods

3.1. Materials

Manganese chloride (MnCl,-4H,0O, purity > 99%, Guangfu Fine Chemical Research Institute,
Tianjin, China), 2,5-dihydroxyterephthalic acid (CgOgHg, 98%, DHTP, Heowns Biochem LLC, Tianjin,
China), (N, N-Dimethyl formamide (HCON(CHj3),, 99.5%, DMF, Jiangtian Chemical Technology
Co., Ltd., Tianjin, China), ethanol (CH3CH;OH, > 99.7%, Jiangtian Chemical Technology Co,
Ltd., Tianjin, China), methanol (CH30H, > 99.7%, Jiangtian Chemical Technology Co., Ltd.,
Tianjin, China), chloroform (CHCl3, > 99%, Jiangtian Chemical Technology Co., Ltd., Tianjin,
China), polyvinylpyrrolidone ((C¢H9NO),, Sigma-Alorich, Shanghai, China), and polyethylene
oxide-polypropylene-polyethylene oxide (PEO-PPO-PEP, Sigma-Aldrich, Shanghai, China) were used.
The gas mixtures used in this work, including NO/Ar, NHs/Ar, SO,/Ar, and O,/Ar, were supported
by Beijing AP BAIF Gases Industry Co., Ltd. All the materials and gas mixtures were used without
further processing unless noted.

3.2. Catalyst Preparation

According to the procedure described by Zhou et al. [22], Mn-MOF-74 was synthesized using a
hydrothermal method. Briefly, 53 mL of DMF, 3.5 mL of ethanol, and 3.5 mL of H,O were added to a
100 mL beaker and then the ligands DHTP was added into the above mixture. MnCl,-4H,O (0.4396 g,
2.22 mmol) was added into the solution, dispersed by ultrasound for 0.5 h, and then transferred to a
Teflon-lined hydrothermal reactor. The hydrothermal reactor was placed in an oven at 135 °C for 24 h.
The red-brown precipitates produced were cooled to room temperature, centrifuged, and washed
three times with 60 mL of methanol. Finally, the product was dried and preserved for use.

The Mn-MOF-74 samples were pretreated for 3 h at a heating rate of 2 °C/min in a nitrogen
atmosphere at 200 °C to remove the residual solvent. P123-Mn-MOEF-74 and PVP-Mn-MOF-74 were
synthesized by an impregnation method reported in the literature [23]. One gram of P123 or PVP
was dissolved in solvent and then 0.2 g of pre-treated Mn-MOF-74 was added into the solution. The
mixture was allowed to rest under static conditions at room temperature for 24 h, and then was washed
with CHCl3. The initial product was filtered and dried naturally.

Mn-MOF-74-CHj3 was synthesized by a post-synthesis modification method referred to in the
synthesis method of CH3-MOEF-5 [24] but with some modification. Generally, a mixture of 15 mL
CHCl3 and 0.2 g pre-treated Mn-MOF-74 was placed in a Teflon-lined hydrothermal reactor and then
placed in an oven at 65 °C for 12 h. The initial product was washed with CHCl; three times to remove
unreacted species. The solids were dried at room temperature and stored in a desiccator for use.
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3.3. Characterization

PXRD analysis was carried out to study the crystal phases. The instrument used in the PXRD tests
was a D/MAX 2500 X-ray diffraction analyzer manufactured by RIGAKU. Analysis conditions were Cu
target, scintillation counter tube (SC) detector, tube voltage 40 kV, tube current 200 mA, continuous
scanning measurement, time constant 2, scan range 5~90°, and scan speed 5°/min. TG-MS was carried
out under air conditions and a nitrogen atmosphere with a flow rate of 50 mL/min, and the temperature
ranged from 30 °C to 700 °C with a heating rate of 10 °C/min.

In this study, the morphology of the catalysts was observed and analyzed using a Nanosem
430 scanning electron microscope manufactured by FEI. The instrument parameters were resolution
1 nm, acceleration voltage 0.1~30 kV, magnification 20~800,000, low vacuum, and low voltage
deceleration mode. TEM was carried out on a Tecnai G2 F20 instrument made in America. The
instrument parameters were accelerating voltage 200 kV, point resolution 0.248 nm, line resolution
0.102 nm, and magnification 1.05 x 10° times. FTIR was utilized to study the surface group of the
catalysts on a Nicolet 6700 FTIR infrared spectrometer. The scans were taken 32 times and the scanning
wave number was 400~4000 cm ™! with a resolution of 4 cm™!.

3.4. Catalytic Activity

Low-temperature SCR catalytic performance of the as-prepared samples was tested in a fixed-bed
reactor at atmosphere pressure. In a typical reaction test, 0.2 g of the samples and 0.4 g of quartz sand
were loaded into the reactor tube. Before the activity test, the samples had to be pretreated under an N,
atmosphere to remove the solvent and get activated. The pretreated conditions were as follows: 200 °C,
3 h, and heating rate 2 °C/min. After the pretreatment, the samples were tested for a temperature range
of 80280 °C under ambient conditions. The total flow rate of the feed gas was 100 mL/min, while
the gas hourly space velocity (GHSV) was about 50,000 h~!. The composition of the gas flow was as
follows: 500 ppm NO, 500 ppm NH3, 5% O,, 5 vol.% H,O (when used), and Ar as a balance gas.

The concentration of outlet NO and NO, were determined using KM9106 Quintox Kane
International Limited, a flue gas analyzer. The concentrations of the products N, and N,O were
monitored by gas chromatography (Agilent GC-6820) at 30 °C when effluent gases passed through
it. A5 A molecular sieve column and Porapak Q column were used, respectively. The calculation
methods used were

X — [NOXL‘n B [NOX}out % 100%
[Nox]in
N

S (N2l % 100%

B [Nz]mtt + [Nzo]out

In the formulas, X represents the conversion of NOy, S represents the N, selectivity, [«] represents
the concentration of each gas, in represents the inlet gas, and out represents the outlet gas. In our work,
the Nj selectivity of our catalysts was 100%.

4. Conclusions

In this study, Mn-MOF-74 catalysts were modified by introducing surfactants P123 and PVP and
by ligand methyl functionalization to enhance their water resistance. The structure and morphology
of the samples were investigated by PXRD, FT-IR, SEM, TEM and TG-MA while low-temperature
SCR performance was tested in a fix-bed reactor. It was concluded that the modified samples were
successfully synthesized and that the water resistance of the samples was significantly enhanced after
modification. Moreover, all the catalysts were able to remain stable for at least 12 h at their own optimal
temperature in an SCR atmosphere. After the addition of 5% H,O in the feed gas, the NO conversion
of P123-Mn-MOF-74 remained at 92.1% at 250 °C while that of unmodified Mn-MOEF-74 dropped by
44%. In summary, P123-Mn-MOF-74 has superior low temperature SCR activity, SCR stability, and
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water resistance, and its NO conversion rate can be maintained above 90%, which proves it to be a
potential low-temperature NH3-SCR catalyst.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/12/1004/s1,
Figure S1: FT-IR spectra of P123/PVP-Mn-MOF-74 and Mn-MOF-74-CHj at (a) 4000~400 cm ™! and (b) 4000-2500 cm™1;
Figure S2: SEM images of (a) Mn-MOEF-74, (b) P123-Mn-MOEF-74, (c) PVP-Mn-MOF-74, and (d) Mn-MOF-74-CH3;
Figure S3: TG curves of Mn-MOF-74, P123-Mn-MOF-74, PVP-Mn-MOEF-74, and Mn-MOF-74-CHj under atmospheres
of (a) air and (b) Ny. MS results of Mn-MOF-74-CHj3 under atmospheres of (c) air and (d) Ny.
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Abstract: The catalyst zinc glutarate (ZnGA) is widely used in the industry for the alternating
copolymerization of CO, with epoxides. However, the activity of this heterogeneous catalyst is
restricted to the outer surface of its particles. Consequently, in the current study, to increase the number
of active surface metal centers, ZnGA was treated with diverse metal salts to form heterogeneous,
surface-modified ZnGA-Metal chloride (ZnGA-M) composite catalysts. These catalysts were found
to be highly active for the copolymerization of CO, and propylene oxide. Among the different
metal salts, the catalysts treated with ZnCl, (ZnGA-Zn) and FeCl3 (ZnGA-Fe) exhibited ~38% and
~25% increased productivities, respectively, compared to untreated ZnGA catalysts. In addition,
these surface-modified catalysts are capable of producing high-molecular-weight polymers; thus,
this simple and industrially viable surface modification method is beneficial from an environmental
and industrial perspective.

Keywords: heterogeneous catalysis; metal organic framework; surface modification; Zinc glutarate;
CO, fixation; polycarbonate

1. Introduction

In recent decades, anthropogenic activities have dramatically increased the concentration of
atmospheric COj; this concentration was found to be higher than 400 ppm in 2017 [1]. The rapid
increase in the CO, content in the atmosphere makes CO, a major greenhouse gas. Consequently,
the development of efficient and safe methods for capturing and sequestering CO, is garnering
increased attention. Furthermore, the development of methods and processes for converting CO,
into value-added chemicals is of paramount interest because CO, is a cheap, non-toxic, and abundant
carbon feedstock [2,3]. Recently, a great deal of research has been devoted to capturing and utilizing
CO; to synthesize a variety of value-added products [4-17].

One of the most sustainable strategies for utilizing CO, is the copolymerization of CO, with
epoxides to produce poly(alkylene carbonates). These materials are commercially viable owing to
their vast number of applications, such as in adhesives, packing and coating materials, and ceramic
binders [18-22]. Furthermore, these polycarbonates are biodegradable and are useful in biomedical
applications [19]. The alternating copolymerization of CO, with epoxides was first reported by Inoue et
al., who used a diethylzinc-water system as a catalyst [23,24]. Subsequently, numerous homogeneous
and heterogeneous catalytic systems have been developed. For example, homogeneous catalysts,
such as metalloporphyrins, 3-diiminate Zn complexes, and metal salen complexes have been found to
be highly active for the copolymerization of CO, and epoxides [25-27]. Nevertheless, the industrial
utilization of these homogeneous catalysts is limited because of their complicated syntheses, the use
of toxic metals like chromium, and the difficulties in separating the catalyst/product mixtures.
However, heterogeneous catalysts are preferred for industrial scale applications owing to their low cost,
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easy synthesis, facile separation from products, and reusability [28-31]. Among the heterogeneous
catalysts, zinc dicarboxylates, Zn-Co double metal cyanide complexes, and ternary rare-earth complexes
are found to be particularly active for the copolymerization of CO, and epoxides. Among them, the zinc
glutarate (ZnGA) is widely applied in industry as a catalyst for the copolymerization of propylene
oxide (PO) and CO; because it is economic, non-toxic, easy to synthesize, and, most beneficially,
it yields copolymers with high molecular weights [18,32]. Based on a recent life cycle assessment study,
for each one kg of CO, incorporated into polycarbonate polyols, up to three kg of CO,-equivalent
greenhouse gas emissions could be reduced [33]. Therefore, improving the productivity of ZnGA
becomes necessary in order to meet the increasing economic and environmental requirements.

Despite a growing need and the continued efforts by researchers, the catalytic activity of ZnGA
has improved only marginally over the past few decades. Rieger et al. reported on the considerable
improvement of the catalytic activity of ZnGA via the introduction of zinc-ethylsulfinate initiator
groups to its surface [34]. However, this post-modification has limited industrial viability because
of its procedural complexity and use of expensive precursors. Ree et al., demonstrated the effects of
different zinc and glutarate sources in the synthesis of ZnGA and consequently the effects of different
morphologies of ZnGA on its catalytic activity for CO,/PO copolymerization [35]. Through continuous
research effort, the catalytic activity of ZnGA has been found to be dependent on its surface area and
crystallinity [18,36-38]. Recently, the precise structure of ZnGA was obtained by single-crystal X-ray
diffraction studies, thus revealing that its catalytic activity mainly originates on the outer surfaces of
the Zn-dicarboxylate particles [39]. It should nevertheless be noted that the crystal structure of ZnGA
features a 3D-network structure of glutarate ligands and Zn atom of the molecule in which, each Zn
atoms tetrahedrally bind to the oxygen atoms of four different glutarate units.

According to the recent definition of metal organic framework (MOF) by Seth and Matzger,
ZnGA can be considered a MOF [40]. It is noteworthy that most other Zn-based MOF systems have
been reported to yield cyclic carbonate as the predominant product in the reaction of CO, and an
epoxide, whereas the ZnGA system produces the poly(alkylene carbonate) as the major product [41-47].
In recent years, most studies on ZnGA have focused on increasing its surface area and crystallinity
using different supporters, amphiphilic templates, and ultrasonic treatment [48-51]. Furthermore,
a recent mechanistic study on CO,/PO copolymerization using ZnGA indicated a bimetallic mechanism
involving sequential insertions of CO, and epoxide into Zn-alkoxide and Zn-carboxylate initiator
groups on the surface of the catalyst [52]. The optimal separation between two adjacent Zn atoms was
suggested to be in the range 4.3-5.0 A, which results in the optimal activation energy required for
copolymerization. Recently, we explored the catalytic ability of ZnGA for the copolymerization of CO,
with a relatively reluctant epoxide, epichlorohydrin, and the application of ZnGA as a catalyst for the
terpolymerization of CO,, PO, and p-butyrolactone [53,54].

As a part of our continued research effort to develop heterogeneous catalysts for CO, conversions,
this study reports a facile method for preparing a surface modified ZnGA and its enhanced catalytic
activity in the CO,/PO polymerization. In order to improve the catalytic activity of ZnGA, the number
of active sites on the surfaces of the catalyst particles must be increased. It has been reported that
ZnGA has protruding glutarate and hydroxyl groups on its surface that act as initiators for CO,/PO
copolymerization [55,56]. These glutarate and hydroxyl groups can ligate additional incoming metal
ions and create oxygen-bound metal centers on the surface of the ZnGA. Therefore, we hypothesized
that surface modification of ZnGA by treatment with Lewis metal ions to form metal-treated ZnGA
catalysts (ZnGA-M) would increase the number of active metal centers on the surface of the ZnGA,
as depicted in Figure 1. This would provide catalysts with improved cooperative bimetallic properties
for CO,/PO copolymerization (Scheme 1). Indeed, the pore structure of some MOFs were modified
by the installation of additional ligand motif to coordinate additional metal centers in a step called
“post synthetic modification” (PSM) [57-61]. However, in the case of ZnGA frameworks, the protruding
glutarate groups may be considered for this purpose. To test this hypothesis, different metal chlorides,
i.e., FeCls, AlCl3, ZnCly, and CoCl,, were selected for the preparation of ZnGA-M catalysts based on

140



Catalysts 2019, 9, 892

their activities in homogeneous complexes species. The resulting catalysts were subsequently assessed
for their activities in CO,/PO copolymerization.
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Figure 1. Schematic representation of the formation of ZnGA-M.
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Scheme 1. Copolymerization of CO; and PO using ZnGA-M.

2. Results and Discussion

2.1. Synthesis and Characterization of Catalysts

Initially, standard ZnGA (std-ZnGA) was prepared according to a published procedure with
slight modifications [62]. Figure S1 compares the powder X-ray diffraction (PXRD) pattern of the
resultant white precipitate with the pattern calculated from the crystal structure and confirms the
formation of std-ZnGA in its pure form with relatively high crystallinity (Figure S1). Fourier-transform
infrared (FT-IR) spectroscopic analysis shows typical peaks for ZnGA. The CH, scissoring and CH
stretching bands were observed at 1445 cm™! and 2955 cm™! The bands at ~1585 cm™! and ~1405 cm™"
correspond to COO™ antisymmetric stretching frequencies. The COO™ symmetric stretching band was
observed at 1538 cm™! (Figure S2a). Figure S3a shows a scanning electron microscopy (SEM) image in
which the std-ZnGA has taken the form of typical platelet-shaped particles. These analyses collectively
confirm the formation of std-ZnGA according to the previous reports in the literature.

The ZnGA-M catalysts were then prepared in anhydrous THF through treatment with different
metal chloride solutions at different ratios, as shown in Table 1. The copolymerization of CO, and PO
requires sequential insertion of CO; and PO into the Zn-alkoxide and Zn-carboxylate initiator groups
on the surface of the catalyst. Therefore, the metal treatment should be kept as mild as possible to
effect synchronized cooperative catalysis because a thick coating of metal chloride would block the
monomers from approaching the catalytic sites. Thus, the ratio of metal to Zn was maintained in the
range of 1073-107* equivalents in the metal treatment step.

The metal-treated ZnGAs were analyzed via PXRD, FT-IR spectroscopy, and SEM and TEM
analyses. The FI-IR spectra of the ZnGA-M catalysts are shown in Figure S2a. The FT-IR analysis
shows that the metal treatment does not affect the original glutarate binding, since the amount of
each metal salt used is too small. As shown in Figure S2b, the amounts of metal ions used are too
low to cause any phase changes in the crystal lattice or structural deformations. Thus, the PXRD
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patterns of all the catalysts are similar. Figure S3 shows the SEM images of the ZnGA-M samples and
reveals that the metal treatments do not significantly change the morphology. The metal ions cannot
be detected via SEM energy-dispersive X-ray spectroscopy (SEM-EDS) analysis when fewer than 1072
equivalents of the metal ions are used. However, the scanning transmission electron microscopy
(STEM) and energy-dispersive X-ray spectroscopy (EDS)-assisted elemental mapping of Al and Zn
in ZnGA-Al-1073 reveal the homogeneous distribution of Zn and Al metals in the ZnGA-Al-1073
(Figure 2). In addition, the actual coated amount of Al in ZnGA-Al-10~3 was obtained via inductively
coupled plasma optical emission spectroscopy (ICPOES), in which the ratio of Zn to Al was found to
be 1:1.1 x 1073, Similarly, the ratio between Zn and Fe in 7ZnGA-Fe-10~2 was found to be 1:1.0 x 1073.
These analyses confirmed the attachment of the different metal ions after metal treatment.

Table 1. Copolymerization of CO, with PO using ZnGA-M catalysts ?.

Productivity Sel(e]:ctlfv ity M. 8 h

Entry Catalyst Zn:MCl,®? TON¢ Increment? Fco,® 7( *) (k ; 1) P;) ! j;g
(%) ppc pc  ke/mo O

1 Std-ZnGA 1:0 724 - 949 960 4.0 1564 35 42
2 ZnGA-Fe-10%  1:1073 82.5 13.9 948 980 20 1376 28 38
3 ZnGA-Fe-107*  1:107* 90.9 25.6 941 940 60 2624 20 40
4 ZnGA-Al-107°  1:1073 88.7 225 935 960 40 1963 18 36
5  ZnGA-Al-107%  1:107* 77.5 15 951 980 20 2318 22 35
6  ZnGA-Zn-102  1:1072 72.0 -0.5 93.7 980 20 99.8 39 42
7 ZnGA-Zn-107%  1:1073 100.1 38.3 949 970 3.0 2080 18 38
8  ZnGA-Zn-107*  1:107* 80.7 11.5 917 960 40 1478 22 37
9  ZnGA-Co-107%  1:1073 72.0 -0.5 922 950 50 1444 19 34
10  ZnGA-Co-107*  1:107* 73.6 1.7 935 950 5.0 70.7 2.4 35
11 ZnGA-Al-1 1:1 8.1 - 362 910 9.0 - - -

@ Conditions: 0.20 g catalyst; 20.0 mL PO; 2.0 MPa CO,; 60 °C and 40 h. b Treated mol ratio of ZnGA and metal salt.
¢ TON = weight of polymer formed per gram of catalyst. ¢ Values represent the increment in productivity of the
metal-treated catalysts in comparison to std-ZnGA. € Fco, of the polymers was determined from 'H NMR spectra of
the polymers. f Obtained from "H NMR spectra of the polymers; PC = propylene carbonate. 8 My, My, and PDI
values of the polymers were determined using GPC with polystyrene standards in THE. h Determined from DSC.

300 nm 300 nm

300 nm 300 nm
— ) Onu WV 2008V —

Figure 2. STEM image and EDS mapping. (a) STEM image of ZnGA-Al-10~3; STEM-EDS mapping of
(b) C (purple), (c) O (blue), (d) Zn (green), (e) Al (red), and (f) Cl (cyan) elements in ZnGA-Al-1073;
(Scale bar: =300 nm).
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2.2. Catalytic Activity Studies

To see the effect of metal treatment in the copolymerization of CO, and PO, the catalytic activities of
the metal-treated ZnGAs were assessed and compared with those of std-ZnGA. All the copolymerization
reactions were performed using 0.20 g of catalyst and 20.0 mL PO under 2.0 MPa CO, at 60 °C for 40 h.
The results are summarized in Table 1. The productivity or the turnover number (TON) is given as
grams of PPC formed per gram of catalyst (g PPC/g catalyst). The carbonate content (Fco,) values of
the poly(propylene carbonate)-co-polyethers produced were determined using 'H NMR spectroscopy
according to the following equation:

Fecop=[(Aso + Ag2)/(Asp + Agn + Azg-35)] X 100 1)

where A represents the integral area of the corresponding protons in the 'H NMR spectrum.

In an initial trial, the std-ZnGA produced poly(propylene carbonate) (PPC) with 93.9% Fco, and a
turnover number (TON) of 72.4 g of PPC/g of catalyst. The resultant polymer has a molecular weight
of 156.4 kg/mol and a polydispersity index (PDI) of 3.5 (entry 1, Table 1). Then the ZnGA-M catalysts
were used as catalysts for the copolymerization of CO, and PPO. The results are summarized in Table 1.
From Table 1, it is evident that the metal-treated catalysts show a significant increment in TON for
CO,/PO copolymerization, and the activity increments are in the range of 1.6-38.3%. Among the
metal-treated ZnGA catalysts, ZnGA-Al, ZnGA-Fe, and ZnGA-Zn show dramatic improvements in
productivity compared to that of std-ZnGA, with TONs ranging from 80.7 to 100.1 (entry 2-5, 7, and 8,
Table 1). It is noteworthy that treatment with 1073 equivalents of ZnCl, results in a TON of 100.1,
which is ~38% higher than that of std-ZnGA (entry 7, Table 1).

For AICl; and ZnCly, the catalytic activities increase following a rise in the amount of metal from
10~* equivalents to 1073 equivalents (entry 4, 5,7, and 8, Table 1). Conversely, FeCl; shows a slight
decline in the TON after an increase in the metal treatment amount from 10~ equivalents to 107
equivalents (entry 2 and 3, Table 1). In addition, when increasing the ZnCl, amount to 1072 equivalents,
the observed productivity is lower than that of std-ZnGA (entry 6, Table 1). These results suggest
that there is a threshold limit for the amount of metal ions employed, beyond which the metal ions
cover the whole surface of the ZnGA and block the monomers from approaching the active Zn-metal
bimetallic sites. This masking effect is repeated when using CoCl, as the metal salt, because Co?* ions
are inactive when used in homogeneous salen complexes and they need to be oxidized to Co3* for
higher catalytic performance [63]. Importantly, increasing the amount of CoCl, has a negative effect on
copolymerization, and the productivity of ZnGA-Co-1073 is decreased by ~0.5% (TON = 72.0).

As an extreme example, std-ZnGA was treated with 1.0 equivalent of AICI3 for 24 h and the
resultant white particles were probed using SEM analysis. The SEM image shows that the surface of
the ZnGA is completely covered with a thick layer of AlCl3z, with the AlCl3 also having round-shaped
edges (Figure 3). TEM-EDS mapping had shown the homogeneous distribution of Zn and Al atoms
throughout the sample (Figure S54). The ratio of Zn to Al as shown by TEM-EDS is 1 to 7.4, suggesting
a thick layer of Al-motif covered the surface. Additionally, the FT-IR spectrum of ZnGA-Al-1 shows
a broad hydroxyl stretching in the range of 3000-3500 cm™!. This is different from other ZnGA-M
samples (Figure S5). Therefore, as shown in Figure S6, when increasing the amount of metal salt
beyond a specific limit, the excess metal salt form a thick layer resembling the bulk metal chloride,
thus rendering the catalyst less active (entry 11, Table 1). This fact accounts for the reduced activity
of ZnGA-Zn-1072 (entry 6, Table 1). These results clearly show that the presence of other metal ions
influences the reactivity of the Zn atoms on the surface of the ZnGA catalyst. Additionally, the added
metal on the surface may create a Zn-O-M bimetallic site with optimal distance between the surface
metal centers. As reported for a number of homogeneous di-nuclear or bimetallic catalysts, the reaction
pathway may follow a bimetallic-cooperative mechanism, wherein one metal may selectively bind with
epoxide and ease the ring opening, while the other metal activates the CO, and attacks the activated
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epoxide to form the metal carbonate bond [52]. Alternate additions of epoxide and CO; results in a
polymer chain growth.

Figure 3. SEM image of ZnGA-Al-1 showing thick layers of AlCl3 on the ZnGA.
2.3. Properties of Polymers

The polymers formed using the different ZnGA-M samples were then characterized with 'H NMR
spectroscopy, differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), and Gel
Permeation Chromatography (GPC). The 'H NMR spectrum of the polymer exhibits the methyl,
methylene, and methine peaks of the polycarbonate at 1.3 ppm, 4.2 ppm, and 5.1-4.9 ppm, respectively
(Figure S7).

It is worth mentioning that all these catalysts produce copolymers with significantly high TONs
at a relatively low CO,; pressure of 2.0 MPa, while the Fco, values are in the range 90-95% with a
very small amount of polyether linkages. The microstructure of the polymers was analyzed by 'C
NMR analysis. This revealed that the polymers are formed with a predominantly head-to-tail (HT)
connectivity (Figure S8). The molecular weight distributions of the prepared polycarbonates were
then analyzed using GPC with polystyrene standards in THF and the GPC elugrams. Some of the
selected polymers are shown in Figure S9. The results demonstrate that the cooperative bimetallic
catalysts actually help to produce polymers with very high molecular weights. As seen in the Table 1,
all the catalysts except ZnGA-Co-10"* and ZnGA-Zn-10~2 produce polymers with high My, values
and PDI values close to 2.0. Interestingly, ZnGA-Fe-10~* affords a polymer with the very high M,, of
262.4 kg/mol. The PDIs of the polymers varied from 1.8 to 3.5.

The TGA results of the polycarbonates show that the 5% weight loss temperatures (Tso,) of the
polymers are around 230 °C and complete decomposition occurs in the range 330-350 °C. However,
the glass transition temperatures (Tg) of the resulting polymers are slightly lower than that of the
polycarbonate produced using std-ZnGA and vary from 33-38 °C (Figure S10). These values are in the
accepted range typically reported for PPC prepared from ZnGA under different conditions.

3. Experimental Section

3.1. Materials and Methods

Glutaric acid (>99.0%) was obtained from Tokyo Chemical Industry Co., Ltd. and used without
further purification. Anhydrous ZnCl,, ZnO, FeCl;, CoCl,, AlCl3, and anhydrous tetrahydrofuran
(299.9%) were purchased from Sigma-Aldrich (Seoul, South Korea) and used as received. Propylene
oxide (299.9%, PO) was received from Sigma-Aldrich and was distilled over CaH, before use.
CO; gas (99.999) was received from Shinyang gas Industries, Korea. Powder X-ray diffraction
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(PXRD) measurements were performed using a Bruker D8 Focus X-ray powder diffractometer
(Billerica, MA, USA) using CuK« radiation at room temperature. A Hitachi (Tokyo, Japan.) FE-SEM
5-4800 and TEM-Talos; F 200X system were used to study the morphologies of the catalysts.
The Fourier-transform-infrared (FI-IR) spectra were measured on Nicolet iS 50 (Thermo Fisher Scientific,
Waltham, MA, USA) spectrometer. Metal contents in the catalysts were analyzed using inductively
coupled plasma optical emission spectroscopy (ICP-OES) (iCAP-Q, Thermo Fisher Scientific, Waltham,
MA, USA) and a microwave-assisted acid digestion system (MARS6, CEM/U.S.A). Bruker Ascend
400 MHz spectrometer was used for measuring the 'H and 3C NMR spectra of the products.
Gel Permeation Chromatography (GPC) analysis was performed using a Waters 717 plus instrument
equipped with a Waters 515 HPLC Pump (Milford, MA, USA). The columns were eluted with THF
at a flow rate of 1.00 mL/min at 35 °C. GPC curves were calibrated using polystyrene standard
with molecular weight ranges from 580 to 660,500. A 2960 Simultaneous DSC-TGA instrument
(TA instruments, New Castle, DE, USA) was used for the Thermogravimetric Analysis (TGA) with a
heating rate of 10 °C/min from 25 °C to 500 °C under Nitrogen atmosphere. A PerkinElmer DSC 4000
instrument (Waltham, MA, USA) was used to perform the Differential Scanning Calorimetric (DSC)
tests with a heating rate of 10 °C/min from 20 °C to 120 °C under Nitrogen atmosphere.

3.2. Synthesis of std-ZnGA

std-ZnGA was synthesized by following a published report with slight modification [62].
ZnO (100.0 mmol) was suspended in toluene (150 mL) in a 250-mL round-bottom flask equipped
with a Dean-Stark trap and a reflux condenser. Glutaric acid (98.0 mmol) was added to this mixture
and refluxed at 60 °C with vigorous stirring for 4 h. After 4 h, heating was stopped and the reaction
mixture cooled to room temperature. The white precipitate was filtered and washed with excess
of acetone. The resulting product was dried under vacuum at 130 °C, delivering 19.00 g of ZnGA
(99.2%). The elemental analysis result, calculated (observed) for CsHgO4Zn (%) was C, 30.72(29.89);
H, 3.09(3.05); O, 32.74(33.10).

3.3. General Procedure for Preparing Metal Treated Catalysts

3.3.1. Preparation of Metal Chloride Stock Solutions

The metal chloride stock solutions were prepared by dissolving about 40 to 50 umol of the
corresponding metal chloride in anhydrous THF under argon atmosphere.

3.3.2. Metal Treatment of std-ZnGA

To a dispersion of std-ZnGA (0.5 g, 2.55 mmol) in 20.0 mL of anhydrous THF was added a desired
amount of the selected metal chloride as a solution in THF under Ar atm. The white suspension was
stirred at ambient temperature for 30 min. After that, the white solid was separated by filtration
followed by washing with THF (30.0 mL x 2) and acetone (30.0 mL x 2). The resulting solid was dried
under vacuum at 60 °C for 10 h.

3.4. General Procedure for the Copolymerization of CO, and PO

All copolymerization reactions were carried out in a pre-dried 100 mL stainless steel autoclave
reactor equipped with a magnetic stirrer and a programmable temperature controller. In a typical
reaction, 20.0 mL of PO was added to 200.0 mg of the desired catalyst under Ar atmosphere and then
pressurized with CO; to 2.0 MPa at room temperature. The mixture was stirred at 60 °C for 40 h.
After cooling the reactor to room temperature, CO, was slowly released. A small fraction was taken
for "H NMR analysis and the remaining mass was dissolved in dichloromethane (DCM) and treated
with 1.25 M methanolic HCI solution (1.0 mL X 3). The addition of excess methanol to the solution
afforded the polymer as a white precipitate and was dried under vacuum at 60 °C.
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4. Conclusions

In this study, surface-modified ZnGA samples were prepared by treatment with different metal
chloride salts and used as new, highly active catalysts in the copolymerization of CO, and PO
under a relatively low CO; pressure of 2.0 MPa. Among the various metal-treated ZnGA catalysts,
ZnGA-Zn-1073 was found to be highly active with a TON of 100.1 g PPC/g catalyst, which is 38.3%
higher than that of std-ZnGA (TON = 72.4). The FeCl;_ treated catalyst ZnGA-Fe-107* produced the
polymer with the highest molecular weight (262 kg/mol) with a TON of 90.9. These results indicate
that this simple and industrially viable procedure effectively increases the catalytic activity of ZnGA.
This economically beneficial method promotes the use of the ZnGA-M catalytic system for the industrial
applications in the production of biodegradable thermoplastics from PO and COs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/11/892/s1,
Figure S1: PXRD pattern of std-ZnGA and PXRD pattern calculated from the crystal structure of ZnGA via
Mercury 3.7, Figure S2: (a) FI-IR spectra of std-ZnGA and ZnGA-M catalysts, (b) PXRD patterns of std-ZnGA
and ZnGA-M catalysts, Figure S3: SEM images of std-ZnGA and ZnGA-MCl,, Figure S4: STEM image and EDS
mapping. (a) STEM image of ZnGA-Al-1; STEM-EDS mapping of (b) Zn (red)and (c) Al (green) elements in
ZnGA-Al-1; (Scale bar: = 200 nm), Figure S5: FI-IR spectra of std-ZnGA and ZnGA-Al-1, Figure S6: Expected
coordination modes of MCl, on the std-ZnGA surface, Figure S7: 1H NMR spectrum of PPC from entry 3 in
Table 1, Figure S8: '3C NMR spectrum of PPC from entry 3 in Table 1, Figure S9: GPC elugrams for some selected
polymers from Table 1, Figure S10: DSC curves of selected polymers from Table 1.
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Abstract: The metal-organic framework MIL-101(Cr) is known as a solid—acid catalyst for the
solution conversion of biomass-derived glucose to 5-hydroxymethyl furfural (5-HMF). We study the
substitution of Cr** by Fe** and Sc®* in the MIL-101 structure in order to prepare more environmentally
benign catalysts. MIL-101(Fe) can be prepared, and the inclusion of Sc is possible at low levels
(10% of Fe replaced). On extended synthesis times the polymorphic MIL-88B structure instead
forms.Increasing the amount of Sc also only yields MIL-88B, even at short crystallisation times.
The MIL-88B structure is unstable under hydrothermal conditions, but in dimethylsulfoxide solvent,
it provides 5-HMF from glucose as the major product. The optimum material is a bimetallic (Fe,Sc)
form of MIL-88B, which provides ~70% conversion of glucose with 35% selectivity towards 5-HMF
after 3 hours at 140 °C: this offers high conversion compared to other heterogeneous catalysts reported
in the same solvent.

Keywords: Metal-organic framework; Lewis acid; fructose; 5-hydroxymethyl furfural; biomass

1. Introduction

Biomass-derived glucose has received considerable attention as a potential feedstock for the
production of useful organic molecules. One attractive target of glucose conversion is the molecule
5-hydroxymethyl furfural (5-HMF): this is regarded as a platform molecule that can be used as a
precursor for an extensive range of plastics, polymers, and fuels [1-4]. Acid catalysts are needed to
bring about the transformation of glucose, via fructose, into 5-HMF, and both Lewis and Brensted
acids have been implicated in the transformation mechanism [5-8]. Figure 1 shows the most common
reaction pathways that have been proposed in the literature [9,10]. It is well established that the
isomerisation of glucose to fructose requires a Lewis acid catalyst, and mannose can be produced as
an alternative product, while the dehydration of fructose to 5-HMF is catalysed by Brensted acids
that may also result in the further transformation (hydrolysis) to levulinic acid and formic acid [10].
Humins are insoluble carbon-rich materials that are commonly formed as a side-product, and other
small molecules may be possible as intermediates and byproducts, depending on the choice of catalyst
and solvent [2].
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Figure 1. Pathway for the conversion of glucose to 5-HMEF, showing possible byproducts, as described
in the literature [9,10]. Glucose and mannose are shown in their x-pyranose forms and fructose in its
a-furanose form.

Heterogeneous catalysts are desirable for the conversion of glucose, and Davis and co-workers
pioneered the use of zeolite-based catalysts that contain both Lewis and Brensted acid sites; in particular,
tin-substituted zeolite beta (Sn-beta) has been shown as an effective catalyst for the isomerisation of
glucose into fructose and mannose in water [9], or the direct formation of 5-HMF from glucose when
a biphasic water/tetrahydrofuran reactor system was used [11]. The stability of the heterogeneous
catalyst in the reaction medium is a major challenge in the conversion of glucose [12]. Although Sn-beta
is hydrothermally stable at low pH and the solid can be recycled, a significant disadvantage in its use,
particularly on an industrial scale, is that the synthesis of the catalyst is a lengthy process requiring a
40 day hydrothermal reaction, and furthermore requires hydrofluoric acid, an extremely toxic and
corrosive substance [9]. A challenge is to identify new solution-stable solid—acid catalysts that provide
glucose conversion with selectivity towards fructose and 5-HMF; the catalysts must also be easy to
prepare, using environmentally benign reagents and processes. In recent years, porous metal-organic
frameworks (MOFs) have been studied for wide-ranging applications [13], such as adsorbents [14], gas
storage and separation [15], and heterogeneous catalysts [16-20]. MOF materials have many attractive
features for catalysis, such as large surface areas and pore sizes, as well as controllable properties, since
the wide choice of ligands and metals provides a large variety of structures, porosities, and chemical
functionalities. The scope for adding extra functionality, for example, by post-synthesis modification
of the organic ligands, offers the possibility of multifunctional heterogeneous catalysts that contain
more than one active site for tandem or multi-step conversions [21].

Bronsted acid functionality in MOFs has been introduced in a number of ways [22], but particularly
useful is the addition of sulfonic acid (-SO3zH) functionalities to the organic ligands, such as by their
addition to aromatic polycarboxylate linkers that make up many common MOF structures [23,24].
Lewis acidity may be present in MOF structures in the form of coordinatively unsaturated metal sites,
such as metals associated with loosely bound solvent, in addition to the coordinating atoms of the
ligands making up the framework [25]. The dehydration of glucose to 5-HMF using MIL-101(Cr)
functionalised with sulfonic acid groups was reported by Herbst and Janiak in 2016 [10]. The highest
5-HMF yield (29%) was obtained at 403 K with a 5 hour reaction time in a THF:water (39:1 v:v)
solvent. Su et al. studied the same catalyst and found the highest conversions were possible in mixed
organic:aqueous solvents, and demonstrated the effectiveness of the solid in a fixed-bed continuous
reactor [26]. MIL-101(Cr), UiO-66, and MIL-53(Al) functionalised with sulfonic acid groups have
also been studied as catalysts for glucose conversion, and MIL-101(Cr)-SOsH showed high efficiency,
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with more than 90% yield of 5-HMF from fructose when dimethyl sulfoxide (DMSO) was used as
solvent [27]. Previously, MIL-101(Cr) had been used as a host for phosphotungstic acid, thereby
adding Brensted acidity for carbohydrate dehydration [28], while most recently, Guo et al. found that a
composite of MIL-101(Cr) and chromium hydroxide gave superior isomerisation of glucose to fructose
in ethanol solvent via ethyl fructoside that required hydrolysis in a second step [29]. Other MOFs
that have been used for glucose conversion include the zirconium-based NU-1000, with phosphate
modification to induce Lewis acidity [30], and the zirconium material UiO-66 with sulfo-modified
ligands and inherent Lewis acidity from defects notably allowing conversion of glucose to fructose,
along with a significant amount of 5-HMF in water alone [31], and selective conversion of glucose to
fructose with iso-propanol solvent [32]. Sulfonated UiO-66 has been further tuned to optimise activity
towards glucose conversion [33], compared with other zirconium MOFs [34], and has also been used
to effect the esterification of levulinic acid with ethanol [35].

Based on the efficiency of MIL-101(Cr) as a catalyst for glucose conversion, we have now
investigated the modification of this material by substitution of the metals making up the structure.
MIL-101 is constructed from the cheap and benign ligand benzene-1,4-dicarboxylate (BDC), but can
be prepared with various other trivalent cations [36]. The metal Cr is known to be toxic to humans
and harmful to the environment, and although these detrimental properties are largely associated
with the +6 oxidation state, which is established to be carcinogenic, Cr?* is considered an irritant,
with evidence also for it being an allergen [37]; therefore its release into the environment is clearly
undesirable, where it might encounter oxidising conditions. Herein, we report a study of variants of
MIL-101 using Fe and Sc as replacements for Cr and their potential as catalysts for glucose conversion.
Homogeneous scandium triflate is a powerful Lewis acid catalyst [38], and the synthesis of a range
of porous scandium carboxylate MOFs with structures analogous to MIL-88B, MIL-100, and MIL-53
was described previously [39], with MIL-100 (Sc) proven to be an effective Lewis-acid catalyst [40].
Mixed-metal MIL-100 (Sc,Fe) materials have been used as dual acid-redox catalysts [41]. Figure 2
shows the structures of two of the MOFs that are relevant to the current work: MIL-101 and MIL-88B.
Both are constructed from the same trimeric building unit, consisting of three octahedrally coordinated
metal centres with a common shared oxide, and linked by benzene-1,4-dicarboxylate (BDC), but the
connectivity gives different structures [42]. Each octahedral metal centre contains a bound solvent
molecule, as indicated by the terminal atom on Figure 2a, which may provide a Lewis acid site.
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Figure 2. The structures of the MOFs investigated in this work: (a) the trimeric building unit showing
three {FeOg} octahedral units linked by a common oxygen atom, (b) the cubic unit cell of MIL-101, and
(c) four unit cells of hexagonal MIL-88B. Carbon atoms of the benzene-1,4-dicarboxylate (BDC) linker
are shown as grey spheres.
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2. Results

MIL-101(Fe) was obtained by a solvothermal method from benzene-1,4-dicarboxylic acid and iron
(III) chloride, according to the method of Zhu et al. [43] The powder X-ray diffraction (PXRD) pattern
of the material prepared at 3 hours reaction time confirms the identity of the material by comparison
with the simulated pattern from the literature (Figure 3). The differences in relative intensity between
the low angle peaks (at less than 6 °20 ) and those at higher angle (greater than 8 °20 ) in the measured
pattern compared to the simulated pattern is accounted for by the presence of solvent in the as-prepared
sample; in contrast, the simulated pattern is for an idealised guest-free framework. These X-ray powder
patterns are typical of MIL-101 samples reported in the literature [44-46]. There is also evidence in the
PXRD for the presence of an impurity phase in the sample, which we identify below as being MIL-88B
(Figure 1) [47]. Itis already known that MIL-88B and MIL-101 are “framework isomers” and may form
in competition to each other [4,48,49].

,AA MIL-88B simulated
A A ]
ST MIL-101(Fe, ¢Sc, 1)-25% MSBDC

OV N Y MIL-101(Fe)-25 % MSBDC
MIL-101(Fe, ¢Scy 1)
WL A An]
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Y e
M MIL-101 simulated|
N

2 4 6 8 1|0 1'2 1|4 1|6 18 20
Diffraction Angle (°26, Cu Ka)

Intensity (offset)

Figure 3. Powder X-ray diffraction patterns of samples of MIL-101 prepared by solvothermal synthesis
at 3 hour reaction times. The simulated pattern of MIL-101 was produced from the published structure
of Férey et al. [36] and that of MIL-88B from the refined diffraction profile in this work for MIL-88B(Fe).

Figure 3 also shows PXRD patterns of materials prepared where small amounts of
Sc3* are used to replace some of the Fe?*, or some of the BDC linker is replaced by
mono-2-sulfobenzene-1,4-dicarboxylate (MSBDC). In both cases, the crystallinity of the resultant
product is considerably less than for the Fe material, and the MIL-88B impurity remains in the samples.
SEM was used to detect the presence of the sulfo-modified ligand in the material, but no signal
from sulfur was observed. Since we used this method successfully to image sulfur in sulfo-modified
UiO-66 [31], we conclude that for MIL-101(Fe) prepared by this method, the incorporation of the
sulfo-modified ligand is negligible. Fourier transform infrared (FT-IR) spectra also provided no
evidence for any characteristic sulfo bands. Owing to the lack of any sulfo-functionalisation, we
excluded these samples from any further study.

The highest scandium amount that can be introduced to MIL-101(Fe) is only 10%. If 50% of the Fe is
replaced by Sc (note that this is the nominal metals ratio used in the synthesis) then the material formed
is solely MIL-88B under the synthesis conditions that we have used, labelled MIL-88B(Fe( 5S¢ 5), and
indeed if longer synthesis times are used then, even for the iron material, only MIL-88B is found (see
Figure 4). The powder X-ray pattern of MIL-88B matches that reported by Ma et al. who prepared the
iron form by microwave synthesis in the same solvent [50]. Figure 4 also demonstrates the stability of
MIL-88B in DMSO upon prolonged heating: although the powder pattern shows some broadening
of the peaks, the material clearly has the same structure. The materials are, however, unstable in
water: upon heating to 140 °C for 3 hours, the MOF structure collapses and the only crystalline
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product recovered is the acid of the BDC linker, along with an orange powder, presumably amorphous
iron oxide.
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Figure 4. Powder X-ray diffraction patterns of MOFs transformation from MIL-101(Fe), 3 hour
crystallisation) to MIL-88B(Fe), 40 hour crystallisation, along with mixed (Fe,Sc) (nominal metals ratio
1:1), 3 hour crystallisation. The second from top pattern illustrates the stability of the mixed-metal
phase on heating in DMSO.

Confirmation of the identity of the more stable MOF structure in the synthetic conditions used
was provided by a more detailed analysis of higher resolution powder X-ray diffraction patterns, and
Figure 5 shows the profile fits to the MIL-88B(Fe), MIL-88B(Scg 5Fe5) and MIL-88B(Sc) materials.
The refined lattice parameters (Figure 5) fitted using the hexagonal space-group P62c are consistent
with those reported in the literature for MIL-88B materials: for example, Ma et al. found a ~ 12.7 A,
c~184 A and V ~ 2570.2 A3 for MIL-88B(Fe) isolated from N,N-dimethylformamide (DMF) [50],
and Mowat et al. found a = 11.2190 A, ¢ = 19.373 A, V = 2112.27 A? for MIL-88B(Sc) containing a
mixture of water and DMF [39]. MIL-88B, however, is an example of a breathing MOF and the lattice
parameters can vary dramatically with the amount, or type, of solvent present [51], so it is difficult to
draw conclusions in the trends in the values of the fitted lattice parameters for the three materials that
we have studied. Larger unit cell volumes are observed for both the Sc-containing samples we have
prepared compared to the iron form, which is consistent with the larger ionic radius of octahedral Sc**
compared to Fe3* [52]. However, the presence of different amounts of solvents (or mixtures of water
and DMF) cannot be ruled out, which may also adjust the unit cell volume.
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Figure 5. Profile fits to powder X-ray diffraction patterns of (a) MIL-88B(Sc), (b) MIL-88B(Fe( 5S¢ 5),
and (c) MIL-88B(Fe) (Cu Ka; radiation) fitted using space-group P62c. The points are the measured

data, the red line is the final fit, the blue line is the difference curve and the pink ticks are the positions
of the allowed reflections. Refined lattice parameters and unit cell volumes are provided on each panel.

In addition to the different unit cell of the mixed-metal material, more substantive evidence for
the formation of a mixed-metal sample of the MOF, rather than a phase-separated mixture of materials,
comes from EDX mapping on the SEM, Figure 6. This shows how the two metals are both present
in micro-sized crystallites of MIL-88B(Scg 5Feq 5). Proving the degree of mixing of the two metals on
smaller length-scales is challenging; in the previous work on MIL-100(Fe,Sc), which contains the same
trimeric building units as found in MIL-88B, it was impossible to determine, using extended X-ray
absorption fine structure (EXAFS) spectroscopy, whether the individual clusters contained mixtures of
metals or whether single metal clusters were present [41].
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Figure 6. Elemental maps of MIL-88B(Fe( 5S¢ 5) at two magnifications showing the distribution of the
two metals, and the presence of chlorine.

The elemental mapping suggests that the concentration of iron in the MIL-88B(Fe,Sc) sample is
lower than that of scandium, despite the initial 1:1 molar ratio used in synthesis. This was verified by
bulk analysis for metals using ICP-OES, which gave a Sc:Fe molar ratio of 3.1:1. X-ray photoelectron
spectroscopy (XPS, Figure 7), was used to quantify the metal ratio at the surface of the material, and
integration of the signal gave a Sc:Fe ratio of 6.0:1. The typical depth of the XPS analysis for these
elements is around 5-10 nm, which shows how the surface of the particles is scandium-rich. First,
this suggests that most of the Fe is present within the crystallites of the MIL-88B, and, second, shows
how the surface is terminated substantially by Sc-containing species, which are strongly bound, since
they are not removed by the washing used in the sample preparation. One possible explanation
for the excess scandium at the surface is the presence of a scandium chloride species, necessary for
charge-balance of the terminated crystal surfaces. Some of the XPS signal can indeed be accounted
for as ScCl; (Figure 7a), and this result is also consistent with the presence of chlorine detected in the
EDXA mapping on the SEM. The majority of signal (>80%) in the Sc 2ps3), region (Figure 7a), however,
can be accounted for by the presence of octahedrally coordinated scandium, assigned using SCOOH
as a reference, as expected for the MIL-88B structure. The Fe 2p3), region of the XPS (Figure 7b) is
more complex due to multiplet splitting [53-56]. Careful analysis of the overall Fe 2p3,, envelope
necessitated a component at around 709 eV, indicating the presence of a significant amount of Fe?* as
well as Fe3*. This is unlike the spectrum of the single metal MIL-88B(Fe) (Supplementary Materials)
that shows >90% Fe3*, as expected, and would suggest that the mixed-metal material contains defects
(see below for a further discussion of this).
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Figure 7. X-ray photoelectron spectra of MIL-88B(Fe,Sc) in (a) the Sc 2p region and (b) the Fe 2p3
region. The fitted contributions are shown with reference spectra in the literature used for guidance
(see text).

The FT-IR spectra of the MIL-88B materials (Figure 8) shows all the vibrational bands characteristic
of framework-coordinated carboxylate groups expected in the MIL-88B structure, and further evidence
for the isostructural nature of the samples (see Supplementary Materials for assignment of the spectra).
Some weak additional bands in the spectrum of the MIL-88(Fe,Sc) sample suggest the presence of
some uncoordinated (protonated) carboxylic acid groups. This is not due to the presence of crystalline
H,BDC (not seen in the powder XRD, Figure 5, and which also has a different FT-IR spectrum), and
therefore suggests a defective structure for the mixed-metal material, with some linkers that do not
bridge pairs of clusters. The thermogravimetric analysis (TGA) data (Supplementary Materials) show
that all the solvents and water molecules in MIL-88B materials are removed at above ~150 °C. On
continued heating, a decomposition of the MIL-88B network occurs above 450 °C, forming Fe,O3 and/or
Sc, O3 as the final product, which is consistent with the literature [47]. The TGA of the mixed-metal
material (Supplementary Materials) shows an extra inflection in mass loss in the region corresponding
to the combustion of the linker, which is consistent with the presence of some partially coordinated
benzene-1,4-dicarboxylate groups. This is consistent with the more defective structure of this material,
also indicated by IR, and charge balance in the material may be explained by the presence of some Fe?*
that was seen by XPS, as discussed above.
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Figure 8. Infrared spectra of MIL-88B materials. The features labelled * are assigned as due to
uncoordinated carboxylic acid groups.

Three samples were selected to examine their effectiveness as catalysts for glucose conversion:
MIL-88B(Fe), MIL-88B(Fe Sc), and MIL-88B(Sc). Given the instability of the materials in water, DMSO
was used as the reaction solvent, in which the materials proved to be stable (Figure 4). The catalytic
results are summarised in Table 1, which shows the total glucose conversion as well as the three desired
products analysed for: fructose, mannose, and 5-HMF. We report results from two different catalyst
loadings (based on mass, 30:1 and 7.5:1, glucose to catalyst ratio) and at two different temperatures (120
°C and 140 °C). Firstly, it is important to note that DMSO alone, in the absence of any catalyst, results
in a conversion of just 1.6% at 120 °C and 60.3% at 140 °C. However, the product mixture contains only
a minor amount of 5-HMF at the upper reaction temperature and neither of the intermediate sugars,
fructose or mannose, are present, which suggests a decomposition pathway that does not yield these
desired products. Indeed, Jia et al. found that anhydrous DMSO alone gave cellobiose as the main
dehydration product of glucose at 130 °C for 2 hours [57]. In the presence of the MIL-88B solids, a much
more significant formation of 5-HMF is seen, along with the intermediate fructose and mannose sugars.
DMSO is known to act as a catalyst for the dehydration of fructose to 5-HMEF in the absence of any
Bronsted acid at 150 °C [58]. This implies that the MIL-88B acts as a Lewis acid catalyst that produce
the fructose by glucose isomerisation, which can then be converted to 5-HMF by the DMSO solvent.

The mixed-metal MIL-88B(Fe,Sc) gives the highest conversion (70.7%) and 5-HMF yield (24.9%) at
140 °C with a 7.5 substrate—catalyst ratio. This catalyst thus produces significant amounts of 5-HMF
from glucose. The mixed-metal material is more effective than either the MIL-88B(Fe) or MIL-88B(Sc),
which may be due to greater structural disorder leading to a greater concentration of defects, such
as coordinatively unsaturated metal sites, implying more Lewis acid sites. As noted above, the
degree of mixing of the metals is difficult to prove unambiguously, but since the mixed-metal material
always gives a higher glucose conversion than either of the single metal materials, there must be a
cooperative effect, which in turn suggests that the two metals are in close proximity. In previous
work on MIL-100(Sc), it was noted that upon addition of excess Fe, the presence of small amounts
of amorphous Fe;O3 enhanced the Lewis acidity [41], so it is possible that we are seeing the same
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beneficial effect here, although the presence of small amounts of an amorphous second phase is difficult
to determine.

The effect of temperature is also significant on the catalysis. At the temperature of 120 °C and the
catalyst-to-substrate ratio of 7.5, the selectivity towards 5-HMF is notably higher over the mixed-metal
material compared to Fe-only material (16.8% vs 1.7%). At the lower catalyst-to-substrate ratio of
30:1, the mixed-metal material shows a slightly lower activity than the Fe-only material, but a notably
higher 5-HMF selectivity. The varying response of the two materials to temperature at both catalyst
loadings is consistent with a different, and more favourable, mode of action in the mixed-metal material.
Interestingly, the scandium material has a higher selectivity to 5-HMF than the iron at the catalyst
low loadings, yet lower total conversion, providing evidence that each metal has a distinct role in the
catalysis. Vlachos and co-workers studied the kinetics and mechanism of tandem Lewis-Brensted acid
catalysis of the same reaction, and reported that relative Lewis—Bronsted acid concentration has an
optimum and pronounced effect on 5-HMF yield, which leads to 5-HMF yield being maximised due to
a change in the rate-limiting step from fructose dehydration to glucose isomerisation [59]. In this sense,
the MIL-88B(Fe) catalyst shows the formation of fructose both at 120 °C and 140 °C; however, the
MIL-88B(Sc) catalyst yields higher 5-HMF yields. On the other hand, the mixed-metal MIL-88B(Fe,Sc)
yields the highest 5-HMF yields, which is more clearly pronounced at 140 °C. Hence, the origin of the
behaviour of our catalysts may be due to the distribution and availability of acid sites.

We considered the recyclability of the MIL-88B(Fe,Sc) catalyst by isolating the solid after a run,
washing with DMSO, and adding fresh reagents (Figure 9). This was done at a larger scale than the
screening reactions reported in Table 1 so mass transport may be different; however, the material
maintains activity after three cycles and only after the fourth use shows a notable drop in glucose
conversion. The recycling of MOF catalysts has not always been reported in the literature, but for the
results that are available, we note that, although the recyclability of MIL-88B(Fe,Sc) is not as complete
as for some sulfonated MIL-101(Cr) materials (albeit under different reaction conditions) [27,29], others
have noted that the build-up of humins can make recycling difficult [10]. Nevertheless, the observation
of recyclability points towards the use of the materials in continuous reactors, as has been achieved
for sulfonated MIL-101(Cr) in a fixed-bed system [26]; here, conversion need not be high to generate
useful quantities of the desired product.
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Figure 9. Recyclability of MIL-88B(Fe,Sc) as a catalyst for glucose conversion (120 °C in DMSO for
3 hours).

In comparison to other MOF-based solid acids that have been recently investigated as catalysts
for glucose conversion, the MIL-88B(Fe,Sc) shows favourable properties. Tsapatsis and co-workers
have recently showed that a composite of MIL-101(Cr) and nanoparticles of Cr(OH)z gave the highest
conversion of glucose in a two-step process with ethanol as the solvent for isomerisation to ethyl
fructoside, followed by the addition of water to allow hydrolysis to fructose, each performed at 100 °C
for 24 hours: the catalyst was more effective than a physical mixture of the two component solids and
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various other MIL-101(Cr) materials, but also outperformed the zeolite Sn-beta giving >75% conversion,
with almost 60% of the product fructose [29]. Yabushita et al. used the zirconium MOF NU-1000
modified with phosphate to optimise the 5-HMF yield from glucose and also screened various solvent
mixtures: for their catalysis, however, water-DMSO gave the lowest overall glucose conversion in
comparable conditions to those we have used (at 140 °C for 5 hours), and THF or propanols as solvents
gave almost complete conversion [30]. Looking at other solid catalysts applied in DMSO solvent,
the recent work of Li et al. on MnO, particles surface modified with Sn4+—containing coordination
polymers provides a useful comparison [60]. Their catalyst achieved ~56% conversion at 150 °C in
5 hours, with a 60% selectivity towards 5-HMEF, which was superior to other Sn-based catalysts reported
in the literature in DMSO solvent. Therefore, the MIL-88B(Fe,Sc) catalyst is comparable to the Sn-based
catalyst (with higher conversion, although lower selectivity), but has the advantage of being prepared
in a single-step, rather than being a surface-modified composite material. Other reported systems that
show a higher conversion of glucose to 5-HMF in DMSO involve a multi-step synthesis of the catalyst
and strong mineral acids. This includes Sn-containing vanadium phosphate, prepared in three steps
starting from a phosphoric acid treatment of vanadium oxide [61]; sulfated mesoporous niobium oxide
prepared in several steps, involving ultrasound and hydrothermal treatments, with a final sulfuric acid
treatment [62]; and sulfated zirconia materials that are activated using chlorosulfonic acid in ethylene
dichloride [63].

The nature and location of the Lewis acid sites in MOF catalysts have not been extensively
studied in glucose isomerisation reactions, and the accessibility of active sites will depend on the
substrates used. Ammonia temperature-programmed desorption (TPD) was used to characterise
the MIL-88B(Fe,Sc) material (Figure 10), and this confirms the presence of surface acid sites at a
concentration of 0.36 mmol g~!. The results are complicated by the onset of collapse of the MOF at
higher temperatures (see TGA in Supplementary Materials), but a desorption event between 100 and
300 °C is characteristic of the interaction of ammonia with surface acid sites. This is similar behaviour
to that reported for the Cu-containing MOF-74 by Jiang et al., who observed desorption of ammonia
around 100-250 °C under similar conditions [64].
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Figure 10. Temperature-programmed desorption of ammonia from MIL-88B(Fe,Sc), with data from a
fresh sample of the material (without ammonia adsorbed) heated under the same conditions as a blank.
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While MIL-88B is a porous, breathing framework in the presence of certain solvents [51], it is likely
that the bulky glucose does not penetrate into the MOF structure, but the activity is instead associated
with the surface of the crystallites. Additional PXRD measurements made on samples immersed
in DMSO show no evidence for pore-opening in this solvent at room temperature (Supplementary
Materials), so it is probable that the material remains in a contracted form during the catalysis. Indeed,
after catalysis and ammonia TPD, there is no evidence for pore swelling in the PXRD (Supplementary
Materials). Our measured BET surface area of 16 m? g~! for MIL-88B(Fe,Sc) activated in vacuum at
100 °C corroborates this, showing the lack of porosity and a surface area as expected for micron-sized
powders. This result is similar to that reported for other MIL-88B(Fe) materials: for example, Rahmani
and Rahmani measured a BET surface area of 23 m? g‘l [65], while Vuong et al. found a surface
area of 30 m? g~! for a hydrated, mixed (Fe, Ni) form of the material with amino-functionalised
linkers [66]. Previous work on dense (non-porous) scandium-organic frameworks has shown how
surface Lewis acidity is sufficient for the acetalization of aldehydes or the cyanosilylation of carbonyl
compounds [67,68]. Although Mitchell et al. found that MIL-88B(Sc) was an inferior Lewis acid catalyst
compared to porous MIL-100(Sc) in a variety of organic transformations [41], which they attributed to
its low surface area, in DMSO it is clear that the Lewis acidity is sufficient for the glucose isomerisation.

3. Discussion

The MIL-88B material provides the Lewis acidity that catalyses isomerisation of glucose to fructose,
and a cooperative effect of the Fe and Sc in the mixed-metal MIL-88B MOF provides optimum catalytic
activity to maximise the 5-HMF yields, while the DMSO solvent catalyses the fructose dehydration to
5-HME. It is notable that the mixed-metal material shows enhanced reactivity compared to the iron or
scandium catalysts, and the presence of a locally disordered structure, such as uncoordinated ligands,
may be partly responsible for this. Further work is needed to elucidate the mechanism of reaction,
such as NMR studies with isotopic substitution, especially since it is likely that the surface of the
MOF crystallites provides the active sites for catalysis and that solvent effects may be at play in this
chemistry, but our work shows how one-step synthesis of MOF catalysts under moderate conditions
provides a convenient route to acid catalysts for biomass transformations. The long-term stability of
the catalysts and their implementation in flow reactors is the next step towards realistic use.

4. Materials and Methods

4.1. Materials and Chemicals

All reagents were purchased and used without further purification. FeCl;-6H;O (99.9%)
was obtained from Sigma Aldrich (Gillingham, United Kingdom). ScCl3-6H;O (99.9%) and
benzene-1,4-dicarboxylic acid (H;BDC, 98%) were obtained from Alfa Aesar (Heysham, United
Kingdom). Monosodium 2-sulfobenzene-1,4-dicarboxylate (NaH,MSBDC) was obtained from
Tokyo Chemical Industry (TCI, >98%, Tokyo, Japan). DMF was purchased from Fischer Scientific
(Loughborough, United Kingdom) and absolute ethanol was purchased from VWR Chemicals.

4.2. Synthesis of MIL-101(Fe,Sc)

MIL-101(Fe) was prepared following the method of Zhu et al. [43], FeCl3-6H,O (0.894 g, 3.3 mmol),
H,BDC (0.280 g, 1.65 mmol), and DMF (20 ml) were mixed with stirring at room temperature for
2 h. The mixture was transferred to a Teflon-lined autoclave (45 mL) and heated at 383 K for either 3
or 40 hours (see below). After cooling to room temperature, the mixture was filtered and the solid
product was washed with ethanol (20 mL) at 60 °C for 3 h. The product was dried at 60 °C overnight.
Variation of metal ratio (Fe:Sc) and ligand using MSBDC in place of BDC was investigated by following
the same synthesis method, but replacing the FeCl3-6H,O with ScCl3-6H,O and/or the H,BDC with
NaH,MSBDC.
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4.3. Synthesis of MIL-88B(Sc)

For comparison, MIL-88B(Sc) was prepared using a method based on that of Mowat et al. [39],
where 0.22 g (1.45 mmol), scandium (III) chloride, 0.14 g (8.43 mmol) H,BDC, and 9 mL DMF (Fisher
Scientific) were stirred for 5 minutes prior to transfer into a 45 mL Teflon -lined autoclave and heated to
140 °C for 48 h before cooling to room temperature. The solid product was isolated by suction filtration
and washed with 25 mL ethanol by stirring at room temperature for 24 h. The recovered solid was
finally dried at 70 °C in the air for 24 h.

4.4. Materials Characterisation

For sample identification, PXRD patterns were recorded on a D5000 Siemens diffractometer with
Cu Koy, radiation (A = 1.54184 A) and 20= 2-30° (step size 0.02° in 20), operated at 40 kV and
40 mA. High resolution PXRD patterns were recorded using a Panalytical X'Pert Pro MPD (Malvern
Panalytical, Malvern, United Kingdom), equipped with monochromatic Cu K radiation (A = 1.54056
A) and a PIXcel solid state detector. Profile fitting of the powder patterns was performed using the
GSAS software (revision 1188, Los Alamos, USA) [69] implemented using the EXPGUI interface [70].
FT-IR spectra were measured at room temperature in the range 400-4000 cm ™! using a Platinum-ATR
Bruker Alfa instrument (Bruker Optics GmbH, Ettlingen, Germany). The stability of the catalysts was
investigated by TGA using a Mettler Toledo TGA/DSC1 instrument (Leicester, United Kingdom) under
ambient air pressure and a heating rate of 10 °C min~!. Samples were heated in air from 25 °C to
1000 °C. Selected elemental compositions of materials were determined by energy dispersive X-ray
(EDX) analysis using a FEI scanning electron microscope (SEM, Fei UK Limited, Altrincham, United
Kingdom). Elemental analysis for metals was performed by MEDAC Ltd, Surrey, United Kingdom,
using the ICP-OES method after acid digestion. XPS was measured using a Kratos AXIS Ultra DLD
(Manchester, United Kingdom). XPS measurements were carried out in a UHV system with a base
pressure of 5 X 101! mbar. The sample was excited with X-rays from a monochromated Al Ko
source (1486.7 eV), with the photo-electrons being detected at a 90° take-off angle with respect to the
sample surface. Curve fitting was performed using the CasaXPS package, incorporating Voigt (mixed
Gaussian-Lorentzian) line shapes and Shirley backgrounds for all regions except the Sc 2p region,
where a U 2 Tougaard background was found to be more appropriate.

The acidity of materials was characterised using ammonia TPD. An excess of 0.02 vol% ammonia
in helium was dosed onto 50-70 mg of a catalyst contained in a quartz tube at 100 °C (to minimise
physisorption). The ammonia was then desorbed from the catalysts by heating the material to 350 °C
at a ramp rate of 2 °C min~!. To ensure the complete desorption of ammonia from the material, the
temperature was then maintained at 350 °C for 6 hours. The amount of ammonia desorbed from the
catalyst was measured using a mass spectrometer at m/z = 17 with the interference with water vapour
taken into account. A blank experiment (used as a baseline) was performed with a fresh catalyst,
but without ammonia pre-adsorption. Surface area measurements were performed using nitrogen
adsorption via the Brunauer-Emmett-Teller (BET) method using a QUADRASORB (gas sorption
surface area analyzer) (Quantachrome UK, Hook, United Kingdom) after degassing samples under
vacuum at 100 °C.

4.5. Catalytic Tests

Catalytic screening was carried out in 4 mL batch reactors at 393 K or 413 K. 3 mL of 10 wt. %
glucose solution (in DMSO) was heated to the desired temperature together with the MOF catalyst
and a magnetic stirring bar (either 10 or 40 mg, corresponding to a 30 or 7.5 substrate:catalyst ratio,
respectively) for 3 hours. Blank experiments were also carried out without catalyst. The products
were analysed by high performance liquid chromatography (HPLC) equipped with a Bio-Rad HPX
87P column; a photo diode array detector and evaporative light scattering detector (ELSD) were used
to monitor 5-HMF and sugars, respectively. The mobile phase was water with 0.6 mL min~! flow
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rate. The products and the reactant (glucose) were quantified by calibration with external standard
solutions. Recycle reactions were conducted in a 25 mL reactor with PTFE lining (Berghof, BR-25).
In a typical reaction, 200 mg of catalyst and a magnetic stirring bar was placed into the reactor. 15 mL
of a solution of 10 wt. % glucose in DMSO was then added. The reactor was sealed and pressurized
to 10 bar with helium. The reactor was brought to reaction temperature (120 °C) by placing it into a
preheated aluminium block heated via a heating/stirring plate. At the end of the reaction (3 hours), the
reactor was removed from the heating block and quenched in an ice bath at 0 °C to stop the reaction.
The reactor was then depressurised and opened. The solid catalyst was recovered from the reaction
solution using a centrifuge and washed with DMSO. The reaction solution was filtered and analysed
using a Shimadzu HPLC (Shimadzu UK Ltd, Milton Keynes, United Kingdom), as described above. In
the subsequent reaction tests, the recovered catalyst was added back into the 25 mL reactor along with
fresh stock solution. The reaction procedure was then repeated under the same conditions in order to
test the recyclability of the catalyst, and products were analysed as described above.

5. Conclusions

The replacement of Cr** in MIL-101 by more benign metal cations, Fe>* and Sc3*, leads to an
instability of the structure and the formation of the polymorphic MOF MIL-88B structure. Although
MIL-88B(Fe,Sc) materials are unstable under aqueous hydrothermal conditions, they are stable in
DMSO at 140 °C and efficiently transform glucose to 5-HMF with high conversion and selectivity.
While DMSO is less desirable as a solvent than water, the simplicity of the synthesis of the MIL-88B
catalyst materials in a single-step is a significant advantage over the more conventional solid-acid
catalysts that have so far been proposed for this reaction.

Supplementary Materials: Additional characterisation data. The following are available online at http://www.
mdpi.com/2073-4344/9/5/43/s1. Figure S1: XPS of MIL-88B(Fe), Table S1: Assignment of key bands in the IR
spectra, Figure S2: Thermogravimetric analysis of MIL-88B catalysts, Figure S3: Powder on samples immersed in
DMSO, Figure S4: Powder XRD of MIL-88(Fe,Sc) as-made, after catalysis, and after ammonia TPD.
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Abstract: The continuous rise in the atmospheric concentration of carbon dioxide gas (CO,) is of
significant global concern. Several methodologies and technologies are proposed and applied by
the industries to mitigate the emissions of CO, into the atmosphere. This review article offers a
large number of studies that aim to capture, convert, or reduce CO; by using a superb porous
class of materials (metal-organic frameworks, MOFs), aiming to tackle this worldwide issue. MOFs
possess several remarkable features ranging from high surface area and porosity to functionality and
morphology. As a result of these unique features, MOFs were selected as the main class of porous
material in this review article. MOFs act as an ideal candidate for the CO; capture process. The main
approaches for capturing CO; are pre-combustion capture, post-combustion capture, and oxy-fuel
combustion capture. The applications of MOFs in the carbon capture processes were extensively
overviewed. In addition, the applications of MOFs in the adsorption, membrane separation, catalytic
conversion, and electrochemical reduction processes of CO, were also studied in order to provide
new practical and efficient techniques for CO, mitigation.

Keywords: metal organic frame works; CO, adsorption; pre combustion; gas membrane separation

1. Introduction

The Earth’s global climate system is continually facing devastating changes due to various
human-made and natural factors. Smithson [1] mentioned that the increase in greenhouse gas
concentrations in the atmosphere directly impacts the global climate system, which is known as
global warming [1]. These greenhouse gases trap the sun’s radiation in the Earth’s atmosphere;
this phenomenon is known as the greenhouse effect, causing global warming. Carbon dioxide
gas is blamed for being the main factor that causes the greenhouse effect because it is the most
important anthropogenic greenhouse gas (Intergovernmental Panel on Climate Change (IPCC),
2007) [2]. Rochelle [3] stated that more than 85% of the world’s energy demand is based on burning
fossil fuels; this will result in massive emissions of CO, into the atmosphere [3]. There are natural and
anthropogenic sources for carbon dioxide gas emissions into the atmosphere. Chemical engineering
industries are considered one of the primary anthropogenic sources of CO, into the atmosphere in
which natural gas and fossil fuels are burned for various purposes. As a result of the industrial
revolution and the rapid increase in the population growth rate, more fossil fuels are burnt to satisfy
the population’s needs and demands. Hence, more carbon dioxide is emitted into the atmosphere.
Consequently, the separation and capture of CO, became a necessity.

Catalysts 2020, 10, 1293; doi:10.3390/catal10111293 171 www.mdpi.com/journal/catalysts
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CO; can be separated and captured using five leading technologies, including absorption,
adsorption, cryogenics, membrane, and microbial or algae [4]. In the meantime, the research trend
has been focusing on three main types of technology for carbon capture, namely oxy-fuel combustion,
pre-combustion, and post-combustion. Omoregbe (2020) investigated those main types of technology
by using publications retrieved from the Web of Science database from the year 1998 to 2018. The results
of the authors’ investigations presented that from the year 1998 to 2007 there was almost no research
output on carbon capture, until the year 2008, in which climate change abatement was first introduced,
and the industrial and public awareness of clean, greener fossil energy options grew. The authors
also stated that among the commonly studied carbon capture technologies, the post-combustion
capture technology was the most referenced technology for carbon capture, with approximately
80.9% of total publications retrieved. On the other hand, the technology with the lowest number
of publications is oxy-fuel combustion, with approximately 3.4% of total publications retrieved [5].
Several porous materials can be incorporated into these carbon capture technologies to allow and
enhance the separation or the capture of CO,. One of the best-used porous materials in carbon capture
technologies are metal-organic frameworks (MOFs).

During the last two decades, a new crystalline porous materials class has emerged [6]. This class
of materials is known as MOFs. As a result of the MOFs’ unique properties, this class has gained
remarkable attention across the globe. The main limitation of the application of MOFs in the carbon
capture processes is the high cost. The synthesis process of MOFs is very costly, which makes
them economically unviable. This review paper investigates MOFs’ applications in the CO, capture,
adsorption, separation, conversion, and reduction processes. It aims to draw and provide general
guidelines and conclusions for the MOFs’ importance as a porous material for carbon dioxide
gas-related process.

2. Fundamentals of Metal-Organic Frameworks (MOFs)

MOFs are made-up of metal-containing nodes linked by organic ligand bridges and assembled
primarily by strong coordination bonds; this can be shown in Figure 1 below. MOFs have well defined
crystallographic and geometric three-dimensional (3D) microporous structures [7]. These structures
are sturdy and durable, allowing the removal of the included guest species, which results in
permanent porosity.

MOFs can be easily designed, synthesized, and tuned. By comparing MOFs to other porous
materials like zeolites and activated carbons, MOFs allows a facile optimization of the structures of
their pores, surface functions, and other properties, making them applicable for several specific and
precise applications as porous materials. MOFs can be categorized into two classes flexible/dynamic [8]
and rigid. Flexible MOFs hold a dynamic and soft framework with a fast response to external stimuli,
for example, guest molecules, temperature, and pressure. This extraordinary and superb sensitivity to
external stimuli allows the MOFs to possess special properties such as temperature/pressure-dependent
molecular sieving, which puts them ahead of the traditional adsorbents, including activated carbons
and zeolites.

On the other hand, rigid MOFs possess a stable and strong porous framework with an enduring
porosity that is similar to zeolites. In the meantime, rigid MOFs have been used extensively for the
selective gas adsorption processes. The selective adsorption mechanism in rigid MOFs is quite similar
to zeolites; hence selective adsorption can be achieved based on the molecular sieving effect. Also, it is
probably achieved according to the strength of the different interactions between adsorbate—adsorbate
and adsorbate-adsorbent. Li, et al. [9] mentioned that selective adsorption in rigid MOFs depends on
three main factors: adsorbate-surface interactions, size/shape exclusion, and simultaneous corporation
of both factors.
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Figure 1. Typical synthesis approach for metal-organic framework MOF-177.

Based on the literature, many MOFs are used to selectively adsorb different gases relying on the
molecular sieving effect [10-13]. This implies that only the molecules with appropriate pore kinetic
diameters can pass through the MOF pores (Figure 2). Table 1 below shows the kinetic diameters of
several gases.

CU-BTC MOF

Figure 2. Schematic diagram of selective gas adsorption in Cu-BTC MOF (copper benzene-1,3,5
-tricarboxylate) based on molecular sieving effect.
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Table 1. Kinetic diameters of several gases [14].

Molecule Kinetic Diameter (A)
CO, 3.3
O, 3.46
N, 3.64
H,O 2.65
CH,y 3.8
H, 2.89

MOFs can be synthesized with an exceptionally high porosity under mild conditions via
self-assembly reaction between organic linkers and several metal ions. Table 2 below provides
chemical formulas and chemical structures of some organic ligands in some frequently used MOFs.

Table 2. Chemical formulas and chemical structures of some organic ligands in some frequently used

MOFs [15].
MOF Name Organic Ligand Organic Ligand Structure
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In the field of porous materials, MOFs have excelled and surpassed the traditional porous materials
in the following properties: they possess very high CO, [16] and methane storage [17], uptake of
hydrogen-based on physical adsorption [18], and surface area [19]. Hence, MOFs are extensively
used in the carbon capture processes. Table 3 below shows a comparison between the strengths and
weaknesses of carbon capture materials. It can be seen from Table 3 that MOFs have the highest
working capacity among all other carbon capture materials.

Table 3. Strengths and weaknesses comparison of selected carbon-capture materials [20].

Liquid Amine Tonic Hybrid Amine
MOFs Amines Grafted Zeolites Liquids Ultraporous Soda Lime Grafted
MOFs Materials (HUMs) Inorganics
Selectivity Low High High Low High Very high High High
Stability Low Low Medium High High Medium High High
Humidity effect High Low Medium High Low Medium Low Low
Material cost Medium/high Low High Low Low Low Low Medium
Process cost Medium Low High Low Medium Low Low Medium
Recycling cost High High Medium High Medium/high Low Very high Medium
Working capacity High Medium Medium Medium Low Medium Medium Medium
Kinetics Medium Fast Medium Medium Fast Fast Fast Medium
Upside potential High Low Medium Low Medium High Low Medium

An extensive number of review articles have been published recently to highlight the extreme
developments in the synthesis, design, and application of MOFs in the carbon dioxide capture and
storage (CCS) field [21-23]. Simmons, et al. [24] stated that MOFs had been displayed as excellent
materials for carbon dioxide storage, and also they are useful in the removal of carbon dioxide from flue
gas stacks [24]. MOFs can be consequently considered ideal membrane-filling materials and adsorbents
for CO, gas storage, separation, and capture due to their pore surface controllable properties, adjustable
pore sizes, and large surface area [25]. In synthetic MOFs, the pore size and channels can be trivial,
reaching nanometers and angstrom. At high pressure, these small pores and channels of the MOFs
can store CO; gas up to 10 to 12 times greater than an empty container [26,27]. It is crucial to choose
MOFs with high CO, uptake at low pressures to facilitate an effective CO, capture process for enclosed
localities. Thus, MOFs provide a solid platform for many carbon capture processes. Table 4 below
shows the list of abbreviations and acronyms used in this article.

Table 4. List of the abbreviations and acronyms used in this review article.

Abbreviation Name
MOF Metal-organic frameworks
HUMs Hybrid ultra-microporous materials
CCs Carbon capture and storage
HKUST Hong Kong university of science and technology
ZIF Zeolitic imidazolate framework
MIL Materials of institut lavoisier
TEPA Tetraethylenepentamine
PIM Polymer of intrinsic microporosity
TFC Thin film composite
PDMS Polydimethylsiloxane
PEBA Polyether-block-amide
KAUST King Abdullah university of science and technology
MMM Mixed-matrix membranes
NPs Nanoparticles
CNFs Chitosan nanofibers
GO Graphene oxide
PSF Polysulfone
MUF Massey university framework
PDA Polydopamine
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Table 4. Cont.

Abbreviation Name
DABCO Diazabicyclo octane
HOMO Highest occupied molecular orbital
LUMO Lowest unoccupied molecular orbital
PL Photoluminescence
SHE Standard hydrogen electrode
PIC Porous interconnected carbon
FE Faradaic efficiency
ECR Electrochemical reduction
TMOS Tetramethyl orthosilicate
CO, Carbon dioxide
Ny Nitrogen
CHy Methane
H, Hydrogen
CcO Carbon monoxide
CH;0H methanol
HCOOH Formic acid
CoHy Ethylene
HCHO Formaldehyde
HCOO~ Formate

3. Carbon Dioxide (CO;) Capture Using Metal-Organic Frameworks

Carbon dioxide capture and storage are now being vigorously investigated to simultaneously
combat global climate change while producing more sustainable synthetic fuels to use for several
purposes [28-33]. The key approaches for capturing CO, using MOFs for the mitigation of the CO,
emissions resulting from fuel combustion power plants are pre-combustion capture, post-combustion
capture, and oxy-fuel combustion capture. The CO, capture selection method is mostly based on its
advantages, disadvantages, and CO, feed input conditions such as partial pressure and concentration
of CO; in the flue gas. Table 5 below shows a comparison between oxy-fuel combustion capture,
pre-combustion capture, and post-combustion capture based on the advantages and disadvantages of
each method.

Wang, et al. [34] mentioned that for newly-built power plants, oxy-fuel combustion could be
adopted, whereas, for gasification plants, pre-combustion capture is the most appropriate carbon
capture approach [34]. Moreover, post-combustion carbon capture is frequently favored for retrofitting
power plants, since direct fuel combustion occurs in the boiler of all coal-fired power generation.
Zou and Zhu [35] mentioned that the recognition ability of a CO, porous adsorbent is usually evaluated
by two main key factors: the adsorption capacity of CO; and the selectivity of the material. The authors
also mentioned that the ideal MOF materials with the high capturing ability of CO, are expected to
exhibit both high adsorption and high uptake for CO, gas over other gases, like CHy and Ny [35].
The effective CO, capture ability of MOF materials is owing to their distinguishable chemical and
structural features. These unique features include pore size, unsaturated or open metal sites, function
control, polar functional groups into the pore channels, and alkylamine incorporation. Kang, et al. [36]
stated that the gas separation process is one of the most challenging and critical steps for the industrial
processes, and MOFs are potential candidates for this separation application [36]. Table 6 below shows
a summary of MOF-based materials for CO, capture.
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Table 5. Advantages and disadvantages of oxy-fuel combustion capture, pre-combustion capture, and

post-combustion capture.

Oxy-Combustion Carbon Capture

Pre-Combustion Carbon Capture

Post-Combustion Carbon Capture

Advantages

Produce high efficiency steam cycles

Low level of Pollutants emissions at
low cost
Cost effective compared to other CO,
capture methods. A low cost is
required to capture more than 98%
of CO,
Easy to retrofit into an existing power
plant, and does not require an on-site
chemical operation

Frequently used in the
industrial processes
Lower energy requirements compared
to other CO, capture methods

Syngas can be used as a fuel for
turbine cycle

Requires less amount of water
compared to post-combustion capture

Applicable for existing and new coal-fired
power plants
Extensive studies are made to improve the
sorbents and the capture equipment

Future developments of pulverized coal
systems will increase the plant efficiency
and reduce CO, emissions

Most commonly used technology in CO,
capture methods

Disadvantages

High Energy penalty
High overall cost

Technology needs to be proved for
large scale operations.

High risk of CO, leakage

Significant loss of energy compared to
post-combustion capture.

High equipment cost

Requires extensive
supporting systems

Mainly applicable to new plants

Low CO; partial pressure at
ambient pressure
The amine technologies used results in an
almost 30% loss of the net power output
and an efficiency reduction of 11%
The steam extraction decreases the flow to
low-pressure turbine; affecting the
efficiency and reducing capability
High performance, circulation volume,
and water requirements are needed for
high capture levels

Table 6. Summary of MOF-based materials CO, capture.

MOF CO, Uptake T (°C) P Ref.
Zn(adc) (4,49-bpe)o s 130 mmol g~! -78.15 1p/p [37]
(MIL-53) 7.5 mmol g~! 30.85 20 bar [38]
Cu(fam) (4,40-bpe)o s 100 mL g~! —-78.15 760 torr [39]
Nip(cyclam),(mtb) 57 mL g™} -78.15 1 atm [40]
MIL-53 M = Al, Cr 10 mmol g~! 30.85 30 bar [41]
(PCN-5) 210mg g~! -78.15 760 torr [42]
Cu(dhbc), (4,40-bpy) 70mL g™! 24.85 0.4~8 atm [43]
Cu(bdc) (4,40-bpy)o 5 70mL g 1 24.85 0.1~0.2 MPa [43]
(ZIF-20) 70 mL g~! 0 760 torr [44]
[Ni(bpe), (N(CN))] (N(CN),) 35mL g™ -78.15 1p/p [45]
Zny(tcom) (4,40-bpy) 5 wt% 24.85 1 bar [46]
Cu(pyrdc)(bpp) Differed adsorption capacity -78.15 Different pressure [47]
Ni3(BTC), 3.0 mmol g 40 1 bar [48]
SNU-110 6.0 mmol g~! 78 1 bar [49]
1D-MOF 4.0 mmol g~} 78 1bar [50]
2D-MOF 2.9 mmol g~ 0 1 bar [51]

A core-shell MOF 41 mmol g’l 0 1 bar [52]
NJU-Bail2 23.8 mmol g 0 20 bar [53]
PCN-124 9.1 mmol g! 0 1bar [54]
MOF-5/graphite oxide 1.1 mmol g~! 25 4 bar [55]
HCM-Cu3(BTC),-3 2.8 mmol g 25 1 bar [56]
Zn doped Ni-ZIF-8 4.3 mmol g~ 0 1 bar [57]
Zn(I)-based MOFs 9.2 mmol g! 25 1 bar [58]
MOF with PEI 4.2 mmol g7 78 0.15 bar [59]
MIL-53 with BNHy 4.5 mmol g1 0 1 bar [50]
Mg-MOEF-74 8.0 mmol g‘l 23 1 bar [60]
UMCM-1-NH,-MA 19.8 mmol g~ 25 18 bar [61]

Table 6 represents a summary of MOF based materials for CO, capture and it is clearly seen
that as the temperature increases, the adsorption capacity of CO, decreases. Chen, Jin and Chen [62]
mentioned in their study that the adsorption capacity and saturated adsorption capacity decreases
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with the increase in adsorption temperature. They also added that an exponential function is the
best function that describes the relationship between saturated adsorption capacity and temperature.
Hence, to obtain a high CO, adsorption capacity, the adsorption temperature should be low enough.

3.1. Oxy-Fuel Combustion CO, Capture

Oxy-fuel combustion is the process at which hydrocarbon fuel is combusted in a nearly pure
oxygen environment, as opposed to air. For controlling the temperature, oxygen is diluted in a portion
of the flue gas rather than dilution in nitrogen. In a coal-fired power plant, the oxy-fuel combustion aims
to produce flue gas that is enriched with CO, and water vapor. This allows the separation or the capture
of CO, from the flue gas by using low-temperature desulfurization and dehydration processes [63].
Figure 3 below shows a block flow diagram of an oxy-combustion carbon capture system.

&
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Figure 3. Block flow diagram of an oxy-fuel combustion carbon capture system.

Sumida, et al. [64] stated that oxy-fuel combustion refers to the combustion process in a nearly pure
O, environment of pulverized coal or other carbonaceous fuel. The significant merit of the oxy-fuel
combustion process is based on the fact that the flue gas is almost entirely CO,. This eases the capture
step, and also most of the existing power plants can be easily retrofitted with an oxy-fuel combustion
system. Even though there are no full-scale plants that currently adopt oxy-fuel combustion, theoretical
studies in combination with pilot-scale and laboratory studies have mentioned some operational
issues and important design parameters that aid in studying the oxy-fuel combustion process [64].
The current carbon capture technologies include membranes and MOF-based adsorbents. Hu, et al. [65]
mentioned that MOF, activated carbon, and Zeolite adsorbents are all physisorption-based and can be
applied to oxyfuel, pre-combustion, post-combustion, and CO; capture. The authors also mentioned
that as a result of the weak interactions with CO,, activated carbon, and zeolite adsorbents are unlikely
to be used for direct air capture.

On the other hand, MOFs can be tuned to undertake a strong interaction with CO, making
it suitable for direct air capture processes [65]. The nitrogen-free combustion atmosphere of the
oxy-fuel combustion entails a flue gas with a high concentration of CO, and water vapors for easier
separation. The capture of CO; is not required in oxy-fuel combustion since purification can be easily
achieved by water vapors condensation. The MOFs’ selectivity for other molecules is based on the
polarizabilities, diversity of the competing molecules, and the differences between the quadruple
moments. Consequently, MOFs have a poor selectivity for O»/N; as a result of the similarity in their
molecular nature. Thus, the application of MOFs in the oxy-fuel combustion process is restricted in the
carbon capture processes [66].
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3.2. Pre-Combustion CO, Capture

Pre-combustion carbon capture technology involves capturing the carbon from the fuel before
completing the combustion process [67]. A pre-treatment stage is conducted for the fuel, such as natural
gas steam reforming, biomass, and coal gasification, before the actual combustion stage [68,69]. Syngas,
which is a mixture of CO and Hj, is produced in this pretreatment stage. By using the water gas shift
(WGS) reaction, CO in the syngas is then reacted with steam to produce additional CO, and H; [63].
The separation of Hy and CO; can then be achieved by various technologies. The pre-combustion
technology has the merit of lower energy requirements; however, the efficiency and the temperature
associated with the Hj-rich gas turbine fuel is considered a big problem. Figure 4 below illustrates a
block flow diagram of a pre-combustion carbon capture system.
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Figure 4. Block flow diagram of pre-combustion carbon capture system.

Lea-Langton and Andrews [70] mentioned that the pre-combustion technology offers a lower-cost
CCS since the combined-cycle gas turbine is the base power generator, which has an approximately
62% thermal efficiency in the latest technology plants compared to approximately 50% efficiency in
the latest steam-cycle technology [70]. The addition of the MOFs to the pre-combustion processes
aids in enhancing the separation of CO; from the CO,/H2 mixture. Zhang, et al. [71] mentioned
that MOFs are better than zeolites as adsorbents for the pre-combustion CO,/H; separation because
MOFs possess higher porosities and result in vast uptakes of CO, at moderately high pressures [71].
Chung, et al. [72] discovered new MOFs adsorbent material that has a high CO, working capacity,
which might help in the reduction of CO, emissions from the newly commissioned power plants that
use the pre-combustion carbon capture technique. The authors have reported the in-silico discovery
of high-performance adsorbents for the CO, pre-combustion capture. A genetic algorithm was used
by the authors to efficiently search for a large database of top candidates of MOFs. The MOFs with
the highest performance that were identified from the in-silico search were then synthesized and
activated. These MOFs in the study have shown a high CO,/Hj selectivity and a CO, working capacity.
The authors” also mentioned that one of the MOFs that they synthesized had shown the highest
CO, working capacity compared to all the MOFs reported in the literature under the same operating
conditions [72]. Nandi, et al. [73] synthesized MOFs with high CO,/H, selectivity that are suitable
for the pre-combustion capture. The authors reported an ultra-microporous (3.5 and 4.8 A pores)
Ni-(4-pyridylcarboxylate) with a working capacity of (3.95 mmol/g), which makes it applicable for
hydrogen purification under normal CO, pre-combustion capture conditions. The MOFs reported
in this study exhibited facile adsorption-desorption CO, cycling and have a CO, self-diffusivity of
approximately 3 x 107 m?/s, which is approximately double zeolite 13X [73]. Ding, et al. [74] stated
that the usage of MOFs in the CO, conversion and capture applications went through three main
development stages. First, the CO, selectivity and adsorption capacity of MOFs were tuned. Based on
that, a large number of strategies were used and investigated for the enhancement of the MOF-CO,
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interactions. The authors also mentioned that with time, many MOFs with strong interactions with
CO, were developed. Many researchers focused their attention on the applications of pre-combustion
carbon capture for CO, separation. The authors of the study mentioned that the MOF (Ni-4PyC) is
considered as an ideal candidate for pre-combustion of CO, capture since, at a very high pressure
reaching 35 bar it adsorbed almost no Hy [74]. Herm, et al. [75] studied some selected MOFs with high
structural flexibility, high surface area, or with open metal cation sites, for the utility in CO, separation
from Hj using pressure swing adsorption. The authors measured the single-component H, and CO,
adsorption isotherms at a temperature of 313 K and pressures reaching 40 bar. For the pre-combustion
CO; capture and Hj purification, ideal adsorbed solution theory was employed by the authors in order
to have a realistic estimation of the isotherms for the 80:20 and 60:40 H,/CO, gas mixtures. The results
of the authors’ study have shown that the MOFs with high concentrations of the exposed metal cation
sites, Cu-BTTri and Mg, (dobdc), had significant improvements over the traditional commonly used
adsorbents. Thus, those MOFs have promising applications in the CO,/H; separations [75]. Asgari and
Queen [76] stated that by considering the limited ability to tune the pore shape, pore size, and surface
functionality of the zeolites and activated carbons, only fractional improvements in their separation
efficiency can be achieved. On the other hand, the MOFs offer a record-breaking CO, adsorption
capacity in the pre-combustion CO, capture pressure regime. In the meantime, NU-11 has the highest
pressure CO, adsorption with an absolute uptake of 856 cm® per gram of MOF at 25 °C and 30 bar.
In addition, as mentioned by the authors, the MOFs facile structural tunability can allow significant
improvements in the CO, binding strength and hence increases the CO, selectivity over Hy. Also,
the MOFs’ surpassing internal surface area is considered a very important factor for high-pressure
separations improvements [76]. Sumida, Rogow, Mason, McDonald, Bloch, Herm, Bae and Long [64]
mentioned that MOF-based membranes are a promising strategy for pre-combustion CO, capture.
This is mainly because the pre-combustion gas mixture high pressure is an outstanding driving force
for the membrane separation of H, and CO,; [64].

3.3. Post-Combustion CO;, Capture

The post-combustion carbon capture (PCC) technology is from the most commonly used
technologies in the carbon capture field, but there are certain drawbacks and limitations that govern its
usage [77-81]. Zamarripa, Eslick, Matuszewski and Miller [79] mentioned that PCC is an expensive
energy-intensive process that is subjected to a considerable number of researches using various types
of technologies, including sorbents, solvents, and membranes [79]. In the post-combustion carbon
capture technology, the carbon-based fuel first undergoes combustion before the separation of the CO,
from the flue gas is carried out [80]. A pre-treatment of the flue gas has to be conducted for the removal
of all the corrosive substances and impurities. Since the flue gas temperature from the combustion
units is more likely to be high, ranging from 120 °C to 180 °C, energy-intensive cooling systems are
required before pretreatment [82]. Also, because of the high flue gas volume and low CO, partial
pressure, large size equipment is needed. Both aspects increase the capture cost considerably. Figure 5
below shows a block flow diagram of a post-combustion carbon capture system.

Hu, et al. [83] stated that the post-combustion capture of CO; from the flue gas of a coal-fired power
plants is a very important and critical approach because the CO, emitted from fossil fuel combustion
contributed to approximately 60% of total CO, worldwide emission in 2004 [2]. Figueroa, et al. [84]
mentioned that the flue gas emitted from post-combustion consists of approximately 75% N, and
15% CO,, balanced by other impurities and moisture at ambient pressures (1 bar) and temperatures
(30 °C) and pressures (1 bar) [84]. Consequently, an economically viable post-combustion CO, capture
approach should efficiently separate the 15% CO, from the 75% N, with the lowest cost at ambient
conditions without being affected by the moisture [83].
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Figure 5. Block flow diagram of post-combustion carbon capture system.

Several studies have been conducted to investigate the efficiency of MOFs in the CO; capture
under post-combustion conditions. Martinez, et al. [85] investigated three distinct commercial
amino-containing MOFs (MIL-53(Al), HKUST-1, and ZIF-8) in the adsorption of CO, under
post-combustion conditions. The authors’ have modified these MOFs by wetness impregnation
of tetraethylenepentamine (TEPA) molecules. The results of their study have shown that the
amino-impregnated ZIF-8 samples have exhibited higher adsorption capacities by combining the
chemical and physical adsorption of CO, compared to the TEPA-impregnated microporous framework.
Under CO, post-combustion capture conditions, the TEPA-impregnated ZIF-8 samples went through a
significant increase in the CO, uptake reaching 104 mg CO,/gads, as a result of the moisture present,
which governs the CO, capture efficiency increase of amino groups [85]. Pai, et al. [86] studied five
distinct diamine-appended MOFs that exhibit an S-shaped CO; isotherm using a vacuum swing
adsorption process in the post-combustion CO, capture from dry flue gas. The authors” algorithm to
maximize the CO, recovery and purity has shown a linkage between the evacuation pressure, feed
temperature, and the performance of the process. The MOFs that have achieved a target CO, recovery
>90% and purity >95%, namely, mmen-Mg, (dobpdc), and mmen-Mn; (dobpdc), were optimized by
the authors to increase productivity and reduce parasitic energy. The authors also mentioned that the
low affinity of N, and the distinct shape of the CO; isotherm were the main reasons for the lower
energy consumption [86].

Hedin, et al. [87] stated that MOFs had been intensively studied as an efficient class of adsorbents
for CO; capture. Several studies mentioned by the authors have shown that certain members of this
class of solid adsorbents can adsorb large quantities of CO, while having a higher selectivity of CO,
over N for the post-combustion capture of CO, from flue gas [87]. Furthermore, Samanta, et al. [88]
stated that MOFs as a sorbent for the post-combustion capture of CO, are expected to have a remarkable
and significant adsorption capacity; however, they require substantial, intensive research efforts to be
applicable under flue gas conditions. Also, they mentioned that the CO,/N; selectivity further limits
the usage of these sorbents for CO, adsorption [88]. Maurya and Singh [89] comparatively studied
some water-stable microporous adsorbents for post-combustion CO, capture. They investigated three
metal-organic frameworks (MOFs), a single-wall carbon nanotube (SWCNT) and two covalent organic
frameworks (COFs), and a single-wall carbon nanotube (SWCNT) under equal flue gas conditions.
The results of the simulation made by the authors depicted that the pure component CO, adsorption
capacity followed this descending order SWCNT > InOF-1 > COF-300 > UiO-66 > COF-108 > ZIF-8
under post-combustion conditions [89]. Babarao and Jiang [90] reported a computational study
for the characterization of the cation and the capture of CO, in the Li*-exchanged metal—organic
frameworks (Li*-MOFs). The authors’ have adopted a density functional theory for the cation locations
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optimization and the evaluation of the atomic charges, and the molecular simulation used to investigate
the separation of CO,/H, and CO,/N, gas mixtures for the pre-combustion and post-combustion CO,
capture. The results of the authors’ study show that at ambient conditions, the selectivity is around 60
for CO,/N, mixture and 550 for CO,/H; mixture, higher than the selectivities in other nano-porous
adsorbents and the non-ionic MOFs. They also mentioned that the charge of the cations and framework
have a remarkable impact on the selectivity, that was found to decrease by a magnitude of 1 order by
switching off the charges. Also, the Li*-MOF cations” hydration leads to a reduction in the free volume,
leading to a lower adsorption extent [90]. Further studies have focused their research on the rule of
photoresponsive MOFs in the CO, capture under post-combustion conditions. Park, et al. [91] proposed
a new photoresponsive MOF, namely Mg-IRMOE-74-11I structure with azopyridine molecules bonded
to its unsaturated metal sites for CO, capture. The authors’ computational simulations showed that
the photochemical MOF had induced the trans-to-cis transition of the material leading to a remarkable
alteration in the capacity of CO,. Their work aimed to provide a blueprint for the computational
design of the new photoresponsive MOF before the actual experimental synthesis [91]. Wang, et al. [92]
also mentioned that MOFs, with their distinguishable characteristics and their fine-tunable structures,
are exceptional porous solid materials that can provide many powerful and efficient platforms for the
exploration of high-performance adsorbents for the CO, post-combustion capture [92].

Marti [93] mentioned that the post-combustion CO, capture technology is currently the most
utilized method for power production. The CCS targets for the post-combustion CO, capture are to
achieve 90% CO, capture with less than 20% increase in the electricity cost. This financially translates
to a CO;, separation and compression cost of $30-50 per ton of CO, [93]. Moreover, a very remarkable
study has synthesized MOFs with no N; adsorption. In this study, Hu, et al. [94] post-synthetically
tethered distinct alkylamine molecules to the unsaturated Cr (III) centers in the MOF MIL-101 for
post-combustion CO; capture. The resulting MOFs of their study showed almost no N; adsorption with
a remarkably increased CO, capture as a result of the interaction between CO; molecules and amine
groups under ambient conditions. The authors stated that MIL-101-diethylenetriamine extraordinary
CO, uptake, exceptional stability, very high CO,/N; selectivity, and the mild regeneration energy,
makes it very promising for CO,/N, separation and post-combustion CO, capture [94].

3.4. MOFs as Filler in Mixed-Matrix Membranes for CO; Separation

Membrane separation is one of the most efficient and commonly used techniques in the CCS
field. However, it is governed by certain limitations, including selectivity, permeability, pore size,
fouling, and high cost of the membranes [95,96]. Most of the time, selectivity and permeability of the
membranes are the main drawbacks to the efficiency of the membranes. Certain porous materials like
MOFs, zeolites [97-99], and activated carbons are incorporated in the membranes to increase its CO,
separation efficiency. Figure 6 below describes how a MOF-based mixed matrix membrane (MMM) is
used for CO; capture. Figure 6 shows that the feed gas stream containing CO, and CHy moves across
a MOF-based mixed matrix membrane surface that has a selective permeability to the CO, gas over
CHy gas. The CO, gas molecules diffuse through the membrane’s pores via the solution-diffusion
mechanism forming the permeate. Moreover, the CH, gas molecules that did not diffuse through the
membrane pores form the retentate. The MOF filler enhances the selectivity and permeability of the
membrane, allowing more CO, molecules to diffuse through the pores of the membrane.
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Figure 6. MOF-based mixed matrix membrane (MMM) for CO, capture.

With regard to the incorporation of MOFs into the membranes for carbon capture, reference [100]
described a thin film composite (TFC) membrane that incorporates MOF nanoparticles and a polymer
of intrinsic microporosity (PIM-1) for post-combustion CO, capture. The novel TFC membrane design
used by the author consists of three layers; the first layer is a CO, selective layer synthesized of the
mixed matrix PIM-1@MOF. The second layer is an ultra-permeable PDMXS gutter layer that is doped
with MOF nanosheets. Moreover, the third layer has a porous polymeric substrate. The results of the
study show that the PDMS@MOF gutter layer incorporated with amorphous nanosheets provides
a 10,000-11,000 gas permeance units (GPU) permeance of CO, permeance. The authors” owes the
high CO, permeance to the less gas transport resistance compared to the pristine PDMS gutter layers.
Furthermore, TFC membrane assembly resulting from a nanosized MOF particles blend (NH,-UiO-66
and MOF-74-Ni) into PIM-1 improved the permeation of CO, 4660-7460 GPU and the selectivity of
CO,/N; of 26-33, in comparison to the pristine PIM-1 counterpart with aCO, permeance of 4320 GPU
and a CO,/Nj; selectivity of 19. This enhancement in the CO, separation after the incorporation of
MOFs strongly suggests that MOFs’ incorporation into the mixed matrix membranes improves CO,
separation [100]. Sun, et al. [101] introduced a novel metal-organic framework MOF-801 nanocrystal
into a polyether-block-amide (PEBA) polymer in order to synthesize a new mixed-matrix material for
the separation of CO,. The author found that the uniform incorporation of the MOF-801 microporous
with preferential adsorption of CO, provided selective and fast transport channels for CO, over Ny,
leading to an increase in both the CO,/N; mixed-gas selectivity and the CO, permeance compared
with the pure PEBA membrane. Based on the study, the MOF-801/PEBA optimized mixed-matrix
composite membrane has shown a highly stabilized separation performance with CO,/N; selectivity
of 66 and CO, permeance of 22.4 GPU under a mixed-gas permeation test. This shows great potential
for CO; separation and capture [101]. Chen, et al. [102] studied the CO, separation performance of a
new type of MMM with a microporous filler of MOF-801 and a polymer matrix of PIM-1. The author’s
experimental results show that the CO,-philic MOF-801 filler uniform dispersion provided a channel for
a fast, selective CO, transport; hence, the MOF-801/PIM-1 MMMs show a greater CO, permeability and
CO,/N; ideal selectivity over the pure polymer membrane [102]. Majumdar, et al. [103] synthesized
Mg-MOF-74 crystals for the preparation of a polymer/Mg-MOF-74 MMMs for the separation of
CO,/CH,4 gas mixture. Activation temperature and time of the Mg-MOF-74 crystals were determined to
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enhance the performance of the polymer/Mg-MOF-74 mixed matrix. The authors used a solvent-casting
method to incorporate the Mg-MOF-74 crystals into the polyvinyl acetate (PVAc) matrix to form a dense
MMM. The results showed that the MMM’s mixed gas permeability measurements improved in both
the permeability and the selectivity of CO, with the increase in the amount of MOEF. This suggests a
strong CO, adsorption selectivity of Mg-MOEF-74. Also, the authors” have found that the incorporation
of Mg-MOEF-74 has reduced the effect of plasticization [103]. Ahmad, et al. [104] investigated the
gas separation properties of the MMMs 6FDA-DAM with three types of zirconium-based MOFs
nanoparticles (MOF NPs, ca. 40 nm) up to 20 bar. The authors investigated the separation of CO,/CHy
at high feed pressure with different CO, concentrations in the feed in a temperature range of 35-55 °C.
The results of the study show that incorporating Zr-MOFs in the 6FDA-DAM MMM increased both the
CO, permeability and the CO,/CHy selectivity of this polymer. This study suggests that 6FDA-DAM
Zr-MOF MMMs have great potential in the carbon capture process [104].

The MMMs that are derived from MOF nanocrystals represent a promising alternative for
overcoming the trade-off between selectivity and permeability of the pristine polymeric membrane.
Chen, etal. [105] incorporated CO,-philic KAUST-nanocrystals into 6FDA-durene polyimide membrane.
This incorporation made by the author has increased the permeability and the selectivity of the MMMs.
The developed MMMs in this study has a promising application in the CO, capture from natural
gas and biogas [105]. Jiamjirangkul, et al. [106] mentioned that for the development of metal-organic
frameworks (MOFs) nanofibrous membranes, chitosan nanofibers are a very promising template
because of their high surface area with the presence of functional groups for the cationic/anionic
binding. In their study, Cu-BTC-integrated chitosan/PVA nanofibrous membrane (Cu-BTC/CNFs)
hybrids were synthesized. The CNFs/Cu/BTC-3 synthesized by the authors show an adsorption
capacity of CO,/N; over 14 times. Hence, the membrane has a great potential for selective capture and
filtration of CO, [106]. Lee, et al. [107] prepared a Ni-MOF-74 continuous and defect-free membrane
on x-alumina support by using the technique of a layer-by-layer seeding followed by a secondary
growth crystallization. The gas permeation properties of the membranes were investigated by the
authors for small gases, including CO,, CHy, Hy, and N,. The results of their study showed that the
Ni-MOF-74 membrane exhibited a stronger adsorption affinity to CO, compared to the other gases,
and hence the Ni-MOF-74 membrane CO, permeation was dominated by the surface diffusion [107].

There is increasing attention nowadays to MMMs comprised of inorganic fillers scattered in an
organic matrix for the separation of gas mixtures due to the membrane enhancement in the material
robustness, separation selectivity, and throughput. Anastasiou, et al. [108] developed ZIF-8/graphene
oxide (GO) hybrid nanofillers and ZIF-8 MOFs and incorporated them into a polysulfone (PSF) matrix.
The authors then tested the membranes for their selectivity and permeation properties for CO,, CHy,
and Nj. The results highlighted that the PSF+ (ZIF-8/GO) MMMs showed an enhancement in the CO,
permeability (up to 87% increase) and the selectivity of the CO,/CHy pair (up to 61% increase), compared
to the pristine PSF membrane. Also, the selectivity of the PSF* (ZIF-8/GO) MMM was increased up to
7-fold compared to the PSF + ZIF-8 MMM selectivity. Based on the results, the composite fillers that
combine MOFs and the GO functionality have a great potential in boosting and tuning the performance
of the polymeric membranes for CO, separation from flue gas and natural gas [108]. Inorganic fillers
can mainly define the optimal performance of the MMMs. Hence, the development and identification
of new inorganic fillers are critical for optimizing the MMMSs’ performance. MMMs incorporated
with MOF fillers are extensively investigated. However, MOF fillers with high performance remain
scarce and in high demand. Yin, et al. [109] combined for the first time, an emerging MOF that has an
exceptional physicochemical property, namely MUF-15 (Massey University Framework-15), into a
MMM with PIM-1. As mentioned by the authors, based on the MUF-15 intrinsic ability to discriminate
distinct guest molecules, MUE-15 is considered an impressive filler that delivers the MMMSs with
excellent CO, separation property. Hence, MUE-15 can be proposed as a strategy to further increase
the MMM performance [109].
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The enhancement of MOF membranes” CO, separation performance is attracting the attention
of several researchers. Wu, et al. [110] reported a versatile post-modification strategy based on
polydopamine (PDA) grafting for the improvement of the MOF membranes’” CO, separation
performance. The PDA was deposited by the authors” on the UiO-66 membrane via a simple
and mild process. The results of their study show that the modified PDA/UiO-66 membrane
exhibited an enhancement in the CO,/CH, and CO,/N, and selectivities of 28.9 and 51.6, respectively.
These selectivity results were 2 to 3 times greater than the MOF membranes that are reported with similar
permeance. Moreover, under moist conditions and in the 36 h measurement period, the PDA/UiO-66
membrane prepared in their study exhibited superb long-term stability for the capture of CO, [110].

The search for effective carbon-capture materials has allowed the disclosure and institution of
nanoporous fluorinated MOFs with a contracted pore system as a CO,-selective benchmark adsorbent.
Chernikova, et al. [111] transplanted/integrated SIFSIX-3-M (M = Cu, Zn, and Ni) MOF adsorbent
that encompasses a fluorine moieties with the periodic arrangement in a one-dimensional confined
channel, showing a remarkable CO, adsorption-based selectivity over H, and CHy and several other
industrially related gas mixtures for carbon capture. The single and mixed-gas permeation tests made
by the authors showed that the nanoporous MOF membrane is a highly CO,-selective membrane that
shows a greater CO,-selectivity over Hp and CHy is limited by the selective adsorption of CO; in the
SIFSIX-3-M functional and contracted channels [111]. The fabrication and design of novel MMMs with
a simultaneously enhanced gas selectivity and permeability are greatly demanded by the industries as
membrane technology for large-scale CO, capture and storage. Traditional fillers consisting of isotropic
bulky particles often limit the interfacial compatibility leading to a great loss in the MMMs’ selectivity.
Cheng, et al. [112] incorporated chemically stable MOF nanosheets into a highly permeable polymer
matrix to synthesize defect-free MMMSs. The authors homogeneously dispersed the MOF nanosheets
within the polymer matrix, owing to their high aspect ratios that enhances the integration of the
polymer-filler. The MMM s prepared by the authors showed a high selective separation performance
for CO,, good antiaging, and anti-pressure abilities, thereby offering a new strategy in the development
of advanced membranes for the industrial gas separation applications [112].

The efficient separation of CO, from CO,/CH; mixtures with membranes has economic,
environmental, and industrial importance. Membrane technologies are currently dominated by
polymers due to their processing abilities and low manufacturing costs. However, polymeric membranes
suffer from either low gas permeabilities or low selectivities. MOFs are suggested as potential membrane
candidates that offer both high selectivity and permeability for CO,/CH, separation. Experimental
testing of every single synthesized MOF material as a membrane is not practical due to the availability
of thousands of different MOF materials. Altintas and Keskin [113] used a multilevel, high-throughput
computational screening methodology to examine the MOF database for membrane-based CO,/CHy
separation. MOF membranes offering the best combination of CO, permeability (>10° Barrer) and
CO,/CHy selectivity (>80) were identified by combining grand canonical Monte Carlo and molecular
dynamics simulations. The results revealed that the best MOF membranes are located above the
Robeson’s upper bound, indicating that they outperform polymeric membranes for CO,/CH, separation.
The impact of framework flexibility on the membrane properties of the selected top MOFs was studied
by comparing the results of rigid and flexible molecular simulations.

The relationship between the structure of the MOFs and the performance was also investigated
to provide atomic-level insights into the design of novel MOFs, which will be useful for CO,/CHy
separation processes. Prediction of permeabilities and selectivities of the MMM found the best
MOF candidates to incorporate as filler particles into polymers, and it was found that MOF-based
MMMs have significantly higher CO, permeabilities and moderately higher selectivities than pure
polymers [113]. Light-responsive metal-organic frameworks are attracting special attention for their
use as a filler in MMMs for CO; capture. Prasetya and Ladewig [114] synthesized a new generation-2
light-responsive MOF by using Zn as the metal source and both 1,4-diazabicyclo [2.2.2] octane (DABCO)
and 2-phenyldiazenyl terephthalic acid as the ligands. The results showed that Zn-azo-dabco MOF
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(Azo-DMOF-1) have exhibited photoresponsive adsorption of CO, in both a static and dynamic
conditions; this is owed to the abundance of azobenzene functionalities from the ligand. The authors’
have also incorporated the MOF as a filler in a mixed matrix membrane with PIM-1 as the polymer
matrix and evaluated MMM separation performance for CO,/N, gas mixture. The results of their
study showed that azo-DMOF-1 might increase the pristine polymer permeability and selectivity
of CO,. Also, the azo-DMOF-1-PIM-1 composite membranes have a good performance, which has
surpassed the 2008 Robeson Upper Bound [114]. Benzaqui, et al. [115] used a microporous Al
trimesate-based MOF, namely MIL-96-(Al), as a porous hybrid filler in MMMs for the post-combustion
separation of CO,/N;. The homogeneous and defect-free MMMs with a high MOF loading (up to
25 wt%) synthesized by the authors have super passed the pure polymer membranes for CO,/N,
separation [115]. Maina, et al. [116] reported a new route for the synthesis of hybrid membranes
containing inorganic nanoparticles and MOFs with potential applications in several areas, including
catalysis, separation, electrochemical, and sensing applications was reported [116]. Zhao, et al. [117]
studied at different temperatures, feed compositions and feed pressures, the separation and permeation
properties of CO,/N;y and CO,/H; mixtures for thin high-quality MOF-5 membranes synthesized
by the secondary growth method. The MOEF-5 membranes synthesized by the authors under the
experimental conditions were studied to offer a selective permeation for CO, over N and H; in CO,/N,
and CO,/H, feed mixture. The results showed that the MOF-5 membranes exhibit high permeance
and separation for CO2. It was mentioned by the authors that the sharp increase in the MOF-5
membranes separation factor with the increase in the feed pressure is an unobserved phenomenon
for other inorganic microporous membranes [117]. Hu, et al. [118] mentioned that as a result of the
MOFs’ functionality, easily tunable porosity, and morphology, they are regarded as an ideal filler for
MMMs. Fan, et al. [119] incorporated two isomorphous MOFs Nij(l-asp),pz) and (Nip(I-asp),bipy
with different pore sizes into a poly(ether-block-amide) (Pebax-1657) to synthesize MMMs with gas
permeation properties for CO,, N, Hy, and CHy. The results of their study show that the two series of
MMMs showed an enhanced CO,/H, selectivity and CO, permeability compared to the pure polymer
membrane. Nij (I-asp),bipy@Pebax-20 have shown the highest CO, permeation property in the study
of 120.2 barrers with an enhanced CO,/H; selectivity of 32.88 compared to the pure polymer membrane
of, respectively, 55.85 barrers and 1.729. This study shows that the synthesized MMMs with MOF
fillers are remarkable candidates for the future applications in CO; capturing [119].

3.5. MOFs in Photo-Catalytic Conversion of CO;

In the road toward a sustainable low-carbon environment, aside from the physical capture and
the underground injection and geologic sequestration of the anthropogenic CO, emitted from the
power plants or industrial processes, catalytic chemical conversion of CO; into less harmful valuable
chemicals is a very efficient way to undertake the carbon capture process [120-122]. Moreover, CO,
molecules are very stable as a result of the C=0 interactions; multistep reduction via photochemical or
electrochemical methods are more imperative than water splitting reactions and have various technical
implications. The CO; reduction reaction can occur in several distinct pathways that yield a varied
range of reduction products, including carbon monoxide (CO) [123-127], methanol (CH3OH) [128-135],
methane (CHy) [136], ethylene (C,Hy) [137,138], formic acid (HCOOH) [139], and others [140,141].
Hence, the target product needed is the factor that governs the overall design process for the CO,
reduction reaction. MOFs have great application as catalysts in the catalytic conversion reactions of
CO,, including conversion of CO, to fuels, hydrogenation, cycloaddition, and photo-reduction of CO,.

The photo-reduction of CO, occurs in the presence of ultraviolet (UV) and visible light irradiation.
Depending on the reduction potentials, the CO; reduction reaction products can include HCHO, CO,
CH30H, and CHy. Table 7 below provides the photo-reduction potentials for the CO, reduction reaction.
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Table 7. [142]: Standard photo-reduction potentials for the CO, reduction reaction.

Reduction Potential vs. Normal Hydrogen

Reduction Potentials of CO, Electrode (NHE) (V)

CO, +e” - COy™ -1.9

CO, + 2H* + 2¢”~ — CO + H,O -0.53
CO, +2H* + 2¢~ — HCOOH —-0.61
CO, + 4H* + 4e~ - HCHO + H,0 —-0.48
CO, +2H* + 2e~ — HCOO~ —-0.49
CO, + 6H* + 6~ — CH30H + H,0 -0.38
2H* +2¢~ - H, -0.41

HyO — 1 Oy +2H* +2e” +0.41
CO, + 8H* + 8¢~ — HCHO + H,0 —0.24

The photocatalytic CO, reduction process comprises a series of reactions including adsorption of
CO,, charge carrier separation and transportation, electron-hole pair photo-generation, and chemical
reactions between the charge carriers and surface species [143-145]. However, certain photo-induced
electrons on the surface of the catalyst are specifically utilized for CO, reduction. Consequently,
catalysts with high redox potential and relatively low bandgap value are favorable. The photo-induced
activation of CO; on the surface of MOFs includes some main steps. The catalytic material first adsorbs
a photon leading to electron-hole pair separation. This separation excites a negative electron (e~) from
the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO),
forming a positive hole (H") on the HOMO [146]. The CO, molecules are then absorbed on the
MOFs’ catalytic center and accept electrons forming different products such as CHy, CO, and HCOOH.
The mechanism of the CO, photo-reduction process on MOFs is shown in Figure 7. Nevertheless,
not all MOFs exhibit photocatalytic activity, and their electronic properties are identical. This may be
determined based on the HOMO and LUMO of MOF materials.
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Figure 7. CO, photo-reduction process mechanism on MOFs.

The construction of MOF-based photo- and electro-catalysts is very promising as a result of
their considerable flexible structures and active sites. Reddy, et al. [147] mentioned that MOFs are
an emerging new class of functional materials with a highly porous structure, exceptional specific
surface areas, and tunable surface chemistry; hence, they hold great potential as photocatalysts [147].
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Wang, et al. [148] stated that the photocatalytic reduction of CO; for valuable chemicals is an attractive
way to create a better overall environment. The authors have proposed two distinct conversion
processes. In the first process, CO; is split into CO, and in the second process, CO, is converted
into organic chemicals (like CH3;OH, CHy, and HCOOH) [148]. It is clear that MOFs have a bright
future, prospect, and applications in the field of CO, photocatalytic reduction. Table 8 below shows a
summary of MOF-based catalysts for photocatalytic CO, reduction.

Table 8. Summary of MOF-based catalysts for photocatalytic CO, reduction.

Proton . Light
Sample ID Donor Products and Yield (u mol/g h) Source Reference
MOF4 TEA CcO 10.9 _ _ uv [149]
Zn2GeOy/ZIF-8 H,0 CH;0H 022 _ _ uv [150]
NH,-MIL-125(T1) TEOA HCOO~ 16.3 _ _ Visible [151]
Cu3(BTC),@TiO H,0 CH, @ 2.64 _ _ uv [152]
Copper porphyrin MOF P TEOA CH30H © 262.6 _ _ Visible [153]
Pt-NH,-MIL-125(Ti) 324
Au-NH,-MIL-125(Ti) TEOA HCOO 16.3 - - [154]
NH,-UiO-66(Zr) J 34 -
NH,-UiO-66(Zx/Ti) TEOA HCOO 58 _ _ Visible [155]
Ui-66-CrCAT 1724
Ui-66-GaCAT TEOA HCOOH 959 _ _ [156]
Co-ZIF-9 12.6 2.8
Co-MOF-74 9.9 1.9 .
Mn-MOF-74 TEOA CcO 03 H, 05 Visible [157]
Zn-ZIF-8 0.2 0.2
CPO-27-Mg/TiO, 4.09 235
TiO, H,0 co 225 CH, 137 uv [158]
CPO-27-Mg 0 0
Co-ZIF-9/TiO, H,0 co 8.8 H, 26 UV-Vis [159]
Zn/PMOF H,0 CH, 87 _ _ UV-Vis [160]
PCN-22 TEOA HCOO 52.8 _ _ Visible [161]
2Cu/ZIF-8N, Na,SO;  CHzOH® 3582 B _ Visible [162]
Ag@Co-ZIF-9 TEOA cof 28.4 H, 229 Visible [163]
Ni MOLs TEOA CcO 12.5 H, 0.28 Visible [164]
Ti0,/Cu,0/Cus(BTC), H,0 co 210 CH, 160 Visible [165]
Cds/UiO-bpy/Co TEOA CcO 235 _ _ Visible [165]
NH,-rGO .
(5 Wt%)/AL-PMOF TEOA HCOO 685.6 _ _ Visible [166]
Zn-MOF nanosheets/ TEOA co 14.45 H, 26 Visible [167]

[CO; (OH)L](C1O4)3

2 Average after 4-h operation. P (5,10,15,20-tetrakis(4-carboxyphenyl) porphyrin. ¢ Production in (ppm/gcat) after
1-h operation. 4 Production in (mmol/molcat) after 10 h operation. ¢ Production in (mmol/L g) after 6-h operation.
f Production in (mmol after) 0.5-h operation.

By looking at Table 8 above, which summarizes MOF-based catalysts for photocatalytic CO,
reduction, the highest and lowest yields for CO are produced by CdS/UiO-bpy/Co and TiO,, yielding
235 and 2.25 wmol/g h, respectively. In addition, the highest and lowest yields for CH3OH are produced
by TEOA and Zn,;GeOy/ZIF-8 yielding 262.6, and 0.22 . mol/g h, respectively. Furthermore, the highest
and lowest yield for HCOO is produced by TEOA and NH,-UiO-66(Zr), yielding 685.6 and 3.4 1 mol/g
h, respectively. These results prove that MOFs are successfully capable of photo catalytically, reducing
CO; into other useful products.

Photocatalytic reduction of CO, into highly valuable added chemicals via clean, renewable solar
energy sources is a remarkable pathway to address the environmental and energy issues. In recent
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days, MOFs have been exploited intensively as catalysts for the photocatalytic reduction of CO, owing
to their extinguishable CO, capture abilities, photochemical and structural properties. Li, et al. [168]
studied the recent progress made in the MOF-based photocatalysts for the reduction of CO; on
the basis of the products reduced, including the CO, photocatalytic conversion into CO and other
organic chemicals (methanol, formic acid, and methane). The authors” have also mentioned several
modification techniques for the relevant improvements in the photocatalytic performance and the
structural activity-corresponding relationships. The authors have mainly focused on the CO, capture
capacity role for the CO, photocatalytic reduction performance over the MOF-based materials [168].
Li, et al. [169] constructed a MOF that incorporates unsaturated metal sites and accessible nitrogen-rich
groups by using a solvothermal assembly of an acylamide-containing Cu(II) ions and tetracarboxylate
ligand. The results showed that the MOFs synthesized had a high CO,-adsorbing capability, and high
porosity exposed Lewis acid metal sites. The inherent structural features of the MOFs synthesized in the
study makes them very promising candidates as heterogeneous catalysts for the chemical conversion
of CO,; this was confirmed by their highly efficient CO, cycloaddition with the small-sized epoxides
in the study.

The high efficiency and remarkable size selectivity on the CO, catalytic conversion allows the
synthesized MOFs in the study to act as an advanced heterogeneous catalyst for the carbon fixation
process [169]. Ding, et al. [170] presented an in-situ-growth strategy and a facile double solvent
to integrate CdS NPs with MIL-101(Cr) to synthesize CdS/MIL-101(Cr) composite photocatalyst.
The results show that under visible light irradiation, the CdS/MIL-101(Cr) exhibited a remarkable
activity enhancement for the conversion of CO, to CO [170]. Mu, Zhu, Li, Zhang, Su, Lian, Qi, Deng,
Zhang, Wang, Zhu and Peng [144] assembled a composite thin film comprised of 2D/2D MOF/rGO
heterostructures by using a Coulomb interaction for the use as a co-catalyst for the photocatalytic
reduction of CO; for the first time. The study results showed that the best thin-film catalyst with an
optimal MOF/rGO ratio exhibited a high evolution rate of CO 3.8 x 10* pmol h™! ggi, ™! (0.46 min ™
in TOF) and an acceptable selectivity of 91.74% [144]. Li and Zhu [171] focused their work on
the MOF-based materials active sites that achieve efficient charge separation for conductivity in
the electrocatalytic CO, reduction and visible-light absorption for photocatalytic CO, reduction.
The authors showed the distinguishable characteristics of the MOF-based material for catalytic CO,
reduction, the recent progress and development in the MOF-based material for the CO, catalytic
reduction, and the challenges and future perspectives for the development of MOF-based materials for
CO; reduction [171].

One of the most effective techniques in the preparation of the catalysts for the CO, photocatalytic
reduction into high value-added chemicals is by the use of metalloporphyrin as a light-harvesting
mixed ligand to optimize the MOF. This method is valuable because it can improve the dispersibility
of the prophyrin, thus inhibiting its potential agglomeration. Wang, et al. [172] incorporated through
coordination mode a one-pot synthetic strategy to immobilize chemically Cu (II) tetra (4-carboxylphenyl)
porphyrin (CuTCPP) into a UiO-66 MOF structure. Also, in-situ growth of the TiO, nanoparticles onto
the MOF was actualized with the composite’s generation of the CuTCPPcUiO-66/TiO, (CTU/TiOy).
The results showed that the catalytic results represented an optimal value of 31.32 pmol g~! h~! CO
evolution amount, which was approximately 7 times greater than that of the pure TiO, obtained
using photo-catalysis under Xe lamp irradiation (A > 300 nm) Wang, Jin, Duan, She, Huang and
Wang [172]. Dong, et al. [173] improved the CO, conversion activity of a synthesized MOF by the
regulation of the metal species in the MOFs metal-cluster nodes, and the MOF’s best photocatalytic
activity for CO, conversion was obtained. The authors’ synthesized a stable MOF, PCN-250-Fe3 with
open metal sites and Fe,™Fe!! metal-cluster nodes, and they further improved the CO, reduction
activity by tuning the M metal ions species in the cluster. The results of their study showed that all
bi-metallic PCN-250-Fe;M (M = Mn, Ni, Zn, Co) exhibited higher catalytic activity and selectivity for
stable reduction of CO, into CO, compared to the mono-metallic PCN-250-Fe;3. Further investigations
revealed that introducing a second M metal ions can enhance the migration of the photogenerated

189



Catalysts 2020, 10, 1293

electrons to the active sites and enhance the CO, activation and adsorption by favoring the rout of CO,
reduction and limiting the production of hydrogen as an intermediate [173].

CO; conversion into clean energy by using photocatalysts with a porous hollow structure that
has a superb activity is of worldwide interest. Chen, et al. [174] prepared a porous hollow spheres
ZnO/NiO with sheet-like subunits by calcination of Ni-Zn bimetallic organic frameworks. The prepared
ZnO/NiO composites showed an improved photocatalytic activity for the CO, recondition and an
outstanding photocatalytic CO, reduction performance [174]. Ye, Gao, Cao, Chen, Yao, Hou and
Sun [167] synthesized and used an ultrathin two-dimensional Zn porphyrin-based metal-organic
framework (Zn-MOF nanosheets) in the photoreduction of CO; to CO. The two novelty noble-metal-free
hybrid photocatalytic systems displayed outstanding selectivity and photocatalytic activity for CO
emissions under mild photocatalytic reaction conditions. These studies highlight that the development
of noble-metal-free photocatalytic systems and MOF-based materials for photocatalytic applications
are promising [167]. Crake, et al. [175] effectively coupled under ultraviolet-visible (UV-vis) light
irradiation TiO, nanosheets and metal-organic framework (NH,-UiO-66) using an in-situ growth
strategy for the formation of bifunctional materials for the combined photocatalytic reduction and
capture of CO,. The results of their study showed that the nanocomposites were durable and
dramatically more efficient in the reduction of CO, to CO than their single components. Furthermore,
the photocatalytic activity was significantly altered by the composition of the nanocomposites with the
optimal TiO, content doubling the evolution rate of CO compared to the pure TiO, [175].

3.6. MOF-Based Materials for Electrochemical and Electrocatalytic Conversion of CO,

Electrochemical and electrocatalytic reduction of CO, into hydrocarbons and value-added
chemicals is a remarkable and clean way to mitigate greenhouse gas emissions as a result of
our over-dependence on fossil fuels. The electrocatalytic CO, reduction reaction consists of two
half-reactions that can occur by two to fourteen-electron exchange process. These reactions are shown
in Table 9, along with various standard electrode potentials vs. the standard hydrogen electrode (SHE).

Table 9. Standard electrochemical potentials for CO, reduction [142].

Reduction Potentials of CO, Standard Electrode Potentials vs. SHE (V)

CO, +2H* + 2~ — CO + H,O —-0.106
2CO;, + 2H' +2e~ — H,C,04 —-0.500
CO, +2H* + 2e~ - HCOOH + H,O —-0.250
CO, +4H* + 4e~ — CH,O + 2H,0 —-0.070
CO, +4H* + 4e~ —» C + 2H,O 0.210
CO, + 8H* + 8¢~ — CHy4 + 2H,O 0.169
CO, + 6H* + 6e~ — CH30H + H,O 0.016
CO, + 14H" + 14e~ — CyHg + 4H,O 0.084
CO, + 12H* + 12~ — CoHy + 4H,O 0.064

Ma, et al. [176] employed Zn-Ni bimetal MOFs as precursors for the synthesis of Ni-N-doped
porous interconnected carbon (NiNPIC) catalysts to enhance CO;RR electrocatalytic activity and
selectivity. The interconnected porous structures and the high surface area of the catalyst have provided
a convenient channel for mass diffusion and highly accessible Ni-N sites that lead to a higher electron
transfer, less interface resistance, and greater electrolyte/gas transport in the CO,RR. The results
demonstrated that the synthesized catalyst has a high conversion efficiency of CO, into CO and
excellent electrochemical stability at a moderate over-potential [176]. Table 10 below shows a summary
of MOF-based catalysts for electrocatalytic CO, reduction.
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Table 10. Summary of MOF-based catalysts for electrocatalytic CO, reduction.

Sample ID Product FE (%) Potential Reference
Zn-BTC CH, 80.1+6.6 -22Vvs. Ag/AgCl [177]
M-PMOF CcO 98.7 —0.8Vvs. RHE! [178]
Re-SURMOF CcO 93 +5 —1.6 Vvs. NHE [179]
ZIF-8 CcO 65.5 -1.8 Vvs. SCE [180]
ZIF-CNT-FA-p CcO 100 —0.86 V vs. RHE [181]
Al,(OH), TCPP-Co CcO 76 —0.7 V vs. RHE [182]
CR-MOF HCOOH 98 -1.2Vvs. SHE [183]
Ru(III)-doped HKUST1 CH30H, C,H50H 47.2 20 mA cm™2 [184]
AgyO/layer ZIF CO 80.5 —-1.2Vvs. RHE [184]
C-AFC@ZIF-8 CcO 93 —0.6 V vs. RHE [185]
ZIF-8 derived Fe-N-C CcO 91 —0.6 V vs. RHE [186]

1 Reversible Hydrogen Electrode.

By looking at Table 10 above, CO; is mostly electro-catalytically reduced into CO. Furthermore,
ZIF-CNT-FA-p shows the greatest FE (%) with a value of 100 for CO. On the other hand, the lowest FE
(%) for CO is given by ZIF-8, with a value of 65.

The Cu-based catalysts exhibit distinguishable superiorities; however, achieving high selectivity
for hydrocarbon is still a great challenge. Tan, et al. [187] reported a multifunction-coupled
Cu-MOF tailor-made electrocatalyst by using time-resolved controllable restructuration from Cu,O to
Cup,O@Cu-MOF. The restructured electrocatalyst from their study had a high CO, adsorption capacity
and electrocatalytic activity. The results showed that their synthesized MOF exhibited high performance
towards hydrocarbons, with a hydrocarbon Faradaic efficiency (FE) of 79.4% [187]. Li, et al. [188]
reported a remarkable 2D bismuth metal-organic framework (Bi-MOF) that exhibits an accessible
permanent porosity for a highly efficient CO, electrochemical reduction (ECR) to HCOOH. The results
of the author’s study show that the 2D Bi-MOF open-framework structure synthesized shows excellent
Faradaic efficiency for the formation of HCOOH over a large potential window, reaching 92.2% at
approximately —0.9 V [188].

In sustainable energy research, it is well known that metallic copper acts as an electrocatalyst
for the CO, reduction to multicarbon products like hydrocarbons and alcohols. However, a great
challenge remains in the development of a selective, cost-effective, and stable catalyst/electrode
material for this reduction reaction. Rayer, et al. [189] studied the potentials of copper carbonized
MOFEF-derived electrocatalysts as catalytic materials for CO, electrochemical reduction. The author used
two copper-decorated commercial MOFs, PCN-62, and HKUST-1, pyrolyzed at a variable temperature
range (400 to 800 °C), were coated on both copper and metallic nickel supports as inks. The authors’
study shows that the MOF-derived coatings produce electrodes with higher selectivity and current
density towards isopropanol compared with the uncoated copper electrodes. Also, the best-performing
electrocatalyst in their study exhibits an isopropanol Faradaic efficiency (FE) of over 72% [189].
Zhang, et al. [190] synthesized a novel mixed-metallic MOF [AgsCo; (pyz)PDC4][AgrCo(pyz),PDC;]
and transformed it into an Ag-doped Co30j4 catalyst that exhibits excellent electrocatalytic performance
for CO, reduction in water to syngas (Hy + CO). The as-prepared Ag/Co304 material showed a
high CO selectivity in a 0.1 M KHCOj3 aqueous solution (CO; saturated) with an approximately
55.6% corresponding Faradaic efficiency. The results showed that the presence of Ag can increase the
efficiency of CO greatly, hence inhibiting the H, production [190]. Cao, et al. [191] used a nitrogen-rich
Cu-BTT MOF as a catalyst for the electrochemical reduction of CO2. The results showed that the
high-temperature pyrolysis product of Cu-N-Cjjgp has the best catalytic activity for production of CO
and HCOOH [191]. Sun, et al. [192] synthesized nitrogen-doped mesoporous carbon nanoparticles that
have atomically dispersed iron sites (namely mesoNC-Fe) using high-temperature pyrolysis of a Fe
that contains ZIF-8 MOEF. The hydrolysis of tetramethyl orthosilicate (TMOS) in the MOF framework
made by the author prior to pyrolysis has a fundamental role in the maintenance of a high surface area
in the formation phase of the carbon structure, impeding the iron (oxide) nanoparticles” formation.
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The results showed that the combination of such a distinguishable coordination environment that
has a high surface area in the mesoNC-Fe carbon structure makes more accessible active sites during
catalysis and promotes CO; electro-reduction [192].

Transforming CO, into a broad range of chemicals, including methanol, is a high priority field of
study owing to the direct link between CO, emissions and global warming. There is an environmental
and industrial need for substituting non-renewable energy fuels with renewable and sustainable energy
sources. Electrochemical reduction acts as a superb approach in the conversion of CO, to methanol
by the employment of alternative energy sources at which an electrocatalyst plays a fundamental
role. Many efforts are being made by several researchers to understand and increase the catalytic
efficiency of electrocatalysts. MOFs, composite materials, and metal oxide are employed for CO,
electrochemical reduction to methanol. However, MOFs catch most of the researchers” attention in CO,
conversion as a result of their high surface area, simplicity, and exquisite structural features. In recent
decades, there have been significant applications of MOFs and their derivatives in CO, reduction.
Al-Rowaili, et al. [193] focused their work on the electro-reduction of CO, to methanol by coalescing
MOFs’ vantages, and their composite materials. The authors highlighted the challenges in achieving
CO; electro-reduction with high efficiency and selectivity [193]. Dong, et al. [194] introduced a highly
stable 3D porphyrin-based MOF of PCN-222(Fe) into a heterogeneous catalysis by using a simple
dip-coating method. Their study shows that their composite catalyst PCN-222(Fe)/C exhibited a high
catalytic performance for the electrochemical CO, conversion to CO with an overpotential of 494 mV
and a maximum of 91% FEcq in a CO;-saturated aqueous solution of 0.5 M KHCOj3 [194].

Hod, et al. [195] demonstrated that MOF material thin-film electrophoretic deposition is an
effective method for immobilizing the required quantity of a catalyst. The authors used in their
study for electrocatalytic CO, reduction a material that consists of functionalized Fe-porphyrins
as catalytically competent, redox-conductive linkers. Their method yielded an electrochemically
addressable catalytic site with a highly effective surface coverage. The chemical products of their
reduction contain mixtures of CO and H;. These results show that the MOFs are very promising as
catalysts for electrochemical reactions [195]. Wang, et al. [196] synthesized a nitrogen-doped carbon
via the pyrolysis of a well-known MOEF, namely ZIF-8, for the use as a catalyst in the electrochemical
reduction of CO,, and a subsequent acid treatment was then applied. Their study’s resulting electrode
exhibited a Faradaic efficiency to CO of approximately 78%, with hydrogen the only byproduct [196].

4. Conclusions and Future Perspective

MOFs’ applications in the CO, capture, adsorption, membrane separation, catalytic conversion,
and electrochemical reduction processes were analyzed thoroughly in this paper. As an emerging
new class of crystalline porous materials, MOFs have attracted great attention over recent decades.
The high surface area, high porosity, well-defined structures, and spectacular CO, adsorption of MOFs
are in great demand for CO, capture, separation, conversion, and reduction processes.

There are three primary approaches in carbon dioxide capture using MOFs: pre-combustion
capture, post-combustion capture, and oxy-fuel combustion capture. The post-combustion CO, capture
is the most adopted technology in the carbon capture field. However, a large number of aspects
should be considered before implementing MOFs in these technologies. These aspects include MOFs’
adsorption capacity, thermal stability, selectivity, and life cycle in several operational conditions. Also,
for large-scale processes, further details should be considered; an economic analysis must be conducted,
the supply chain of the raw materials, including the MOFs, should be analyzed, and environmental
impact analysis should be produced. In addition, the thermal stability for the MOFs should be increased
for large-scale processes by regenerating the MOFs. This increase in thermal stability will allow the
MOFs to be used under high operational conditions. Optimistically, MOFs’ properties are continually
improving and developing over time, which allows them to serve as the next generation material class
for CO; capture.
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In the membrane separation process of CO,, MOFs act as a filler in mixed matrix membranes,
enhancing the membranes’ separation efficiency. However, the membrane separation process is
usually hindered by several factors, including the cost, permeability, and selectivity of the membrane.
The greatest challenge in the membrane separation with MOFs is the cost. Unfortunately, membranes
are usually expensive to develop and maintain; with MOFs’ incorporation, they will be even more
expensive. Hence, economic MOFs should be chosen as a filler for the mixed matrix membranes for an
economically viable process.

In the reduction and conversion processes of CO,, MOFs acts as a catalyst for the processes.
The applications of MOFs as a catalyst for these chemical processes are extensively overviewed in this
article. Various parameters should be considered before choosing the MOFs, such as photocatalytic
activity, electrical conductivity, and stability. The cost of the MOFs is also the major issue that faces
their practical application.

Based on the above studies, MOFs are very promising materials for CO, capture, separation,
adsorption, and chemical processes. However, their application is mainly suppressed by their high
cost. MOFs have a high cost as a result of the costly synthesis of their raw materials. The choice of the
MOFs’ synthesis approach plays a major role in the economic aspect of the process. The high cost of
the MOFs’ raw materials is mainly owing to the lack of industrial-scale manufacturing facilities [197].
The MOFs’ synthesis process involves sophisticated and time-consuming batch operations with
complicated separation techniques and costly organic solvents. Various studies have been conducted
to find an efficient approach for reducing the cost of the MOFs. DeSantis, et al. [198] performed a
techno-economic analysis to identify the primary factors of MOF adsorbents” high production cost
(Mg-MOF-74, Ni-MOF-74, HKAUST-1 and MOF-5) and find approaches for cost reduction. The authors
found the cost of the solvent used in the MOFs’ synthesis to be the main factor for the high cost.
The authors also mentioned that by changing from solvothermal synthesis to liquid assisted grinding
and aqueous synthesis it is estimated to decrease the cost by up to 83% [198]. Hence, a detailed
economic analysis should be performed before choosing the MOF for any process. With their remarkable
properties, MOFs are predicted to be further developed for more economical and efficient applications.
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Abstract: The hybrid materials that are created by supporting or incorporating polyoxometalates
(POMs) into/onto metal-organic frameworks (MOFs) have a unique set of properties. They combine
the strong acidity, oxygen-rich surface, and redox capability of POMs, while overcoming their
drawbacks, such as difficult handling, a low surface area, and a high solubility. MOFs are ideal hosts
because of their high surface area, long-range ordered structure, and high tunability in terms of the
pore size and channels. In some cases, MOFs add an extra dimension to the functionality of hybrids.
This review summarizes the recent developments in the field of POM@MOF hybrids. The most
common applied synthesis strategies are discussed, together with major applications, such as their
use in catalysis (organocatalysis, electrocatalysis, and photocatalysis). The more than 100 papers on
this topic have been systematically summarized in a handy table, which covers almost all of the work
conducted in this field up to now.

Keywords: metal-organic frameworks; polyoxometalates; hybrid materials; synthesis; catalysis

1. Introduction

Polyoxometalates (POMs), a class of metal oxide clustered anions, have already been investigated
for more than 200 years. Their history dates back to 1826, when Berzelius reported the discovery of
the first POM cluster (NHy)3[PMo1,040] nH,O [1]. However, due to difficulties achieving insights
into the POM structure, no significant progress was made until Keggin determined the structure of
H3PW 1,04 in 1934 [2]. Since then, the interest of scientists in POMs has increased drastically, not
only in the development of new POM structures, but also towards their use in various applications,
such as catalysis, optics, magnetism, biological medicine, environmental science, life science, and
technology [3-7]. In particular, their use in catalysis is one of the most examined fields because of
their strong acidity, oxygen-rich surface, photoactivity, and redox capability. Despite these interesting
characteristics, POMs still exhibit some drawbacks for their use in catalysis. First, POMs possess a
low surface area (<10 m? g™1), which consequently hinders the accessibility of reactants and secondly,
their high solubility in aqueous solutions and polar organic solvents results in a low recyclability [4].
The immobilization of POMs into/onto porous solids has been proposed to overcome these shortcomings
and to achieve catalysts with a high catalytic performance. In the past few decades, many porous
materials have been examined as supports for the immobilization of POMs, e.g., silica, ion-exchange
resin, zeolites, and activated carbon [5-8]. Since the discovery of metal-organic frameworks (MOFs),
much effort has been dedicated to use these porous materials as potential supports for POMs. MOFs
are inorganic—organic hybrid crystalline materials that are constructed from metal ions or clusters
and organic linkers through coordination bonds. These materials have attracted considerable interest
in recent years due to their large surface areas, tunable pore size, and designable functionalities.
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So far, MOFs have shown great potential in gas storage and separation, catalysis, sensing, drug
delivery, proton conductivity, solar cells, supercapacitors, and biomedicine [8-13]. Moreover, MOFs are
regarded as an outstanding platform for introducing guest molecules because of the high accessibility
of their internal surface area and long-range ordered channels. So far, several active sites have been
successfully embedded in the pores or cages of MOFs, such as noble metals, metal oxides, enzymes,
and POMs [14-17].

The first report of a POM@MOF hybrid was reported in 2005 by Férey and co-workers [18]. In this
seminal work, the POM, K;PW1;039 (van der Waals radius, 13.1 A), was successfully encapsulated
into the big cages of the highly stable Cr-based MOEF, MIL-101, by using an impregnation method.
To date, several other thermal and chemical stable MOFs have been applied as supports to host POMs
for their use in catalysis, including MIL, UiO, ZIF series, NU-1000, and Cu-BTC frameworks (see
Table 1). The most examined POMs that have been encapsulated into MOFs are the well-known Keggin
[XM15,040]"" and Dawson [X,M1306, 1" (X = Si, P, V, Bi, etc.; M =V, Mo, W, etc.) POMs and their
derivatives. These POMs are of significant interest because their structure and properties can be easily
varied by removing one or more MO** units, leading to lacunary POMs such as [PWgO34]°~, or by the
substitution of X and M by different metals or a combination of two fragments of the Keggin structure,
leading to sandwich-type POMs such as [Tb(PW11030)o]11~.

There are several advantages of using MOFs as a host matrix to encapsulate POMs. First of
all, their exceptionally high surface areas and confined cages/channels make it possible to ensure a
homogeneous distribution of the POM in the MOF host. This not only prevents the agglomeration
of POMs, but also improves their stability and recyclability and ensures a fast diffusion of substrates
and products. Secondly, the highly regular cages and windows of MOFs ensure a high substrate
selectivity, or, in other words, only specific substrates/products are able to reach the active POM
sites. Thirdly, owing to the good interaction and electron transfer between the MOF and POM, an
increased synergistic catalytic performance is typically observed. Finally, the chemical environment
of POMs can easily be adjusted through modification or functionalization of MOFs. Therefore,
POM@MOF hybrids not only combine the interesting properties of POMs and MOFs, but also allow
the aforementioned disadvantages of POMs to be tackled to afford synergistic catalysis. This review is
focused on the synthetic aspects of POM@MOF hybrids, as well as their use in catalysis (organocatalysis,
electrocatalysis, and photocatalysis). Alongside the POM@MOF systems discussed here, where the
POMs are encapsulated inside a MOF host, POM-based MOFs have also been investigated. In these
MOFs, the POMs form the actual metal nodes that are interconnected by organic linkers [19-21].
However, these fall outside the scope of this review.

Table 1. Physical properties of representative metal-organic frameworks (MOFs) used to encapsulate
polyoxometalates (POMs) for catalysis.

MOFs Chemical Formula Window Porosity BET/cm® g1 Ref.
A Zrg04(OH)4(BDC)g, BDC = IO 12 A (octahedral cages) and .
UiO-66 1,4-benzenedicarboxylate 6 A triangular 75A (tetrahedral cages) 1100-2000 [22]
. Zrg04(OH)4(BPDC)4, BPDC = I 16 A (octahedral cages) and 12 .
vio-67 biphenyl-4,4’-dicarboxylate 8 A triangular A (tetrahedral cages) 2100-2900 3
Zr604(OH)4(H,0)4(OH)4(TBAPY),, %
NU-1000 TBAPy = 1,3,6,8- 10 A orthogonal 31 A (hexagonal channels) and g 54 [24]
. 12 A (triangular channels)
tetrakis(p-benzoate)pyrene)
: Z140g(H,0)g(TCPP-H,),, TCPP = ) i R g
MOF-545 tetrakis (4-carboxyphenyl)porphyrin 16 Aand 36 A 1900-2500 125]
Zn(MeIM),/Co(MeIM), o Iy
ZIF-8/67 MeIM = imidazolate-2-methyl 3.4 A hexagonal ~12 A 1000-1800 [26]
. X3(F)O(BDC)3(H,0),, (X = Cr, AL, Fe) 12 A pentagonal and 50 & 2
MIL-101 BDC = 1,4-benzenedicarboxylate) 16 A hexagonal 29 Aand 34 A 2500-4500 (18]
MIL-100 FesFO(H0)2(BTC)3 BTC = ~55 A and 8.6 A 25 A and 29 A 1500-3000 [27]
1,3,5-benzenetricarboxylat
Cu-BTC Cuz(BTC),, ~9Aand4.6 A 10-13 A 1000-1500 [28]
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2. Synthesis and Design of POM@MOF

To date, several well-known highly stable MOFs have been used to encapsulate POMs, including
MIL, UiO, and ZIF series, as well as NU-1000 and Cu-BTC frameworks. One of the most commonly
applied methods to embed POMs in MOFs is impregnation. Wet impregnation is a simple and
straightforward method, since most of the POMs are well-soluble in polar solvents. Typically, the
activated MOF powder is immersed in the POM solution to obtain the composite material. Several
POM@MOF hybrids have been successfully synthesized through this wet impregnation method,
such as POM@MIL, POM@ZIF, and POM@UN-1000. An important aspect allowing the use of this
method is that the size of the POM must be smaller than the windows of the MOF. Moreover, for some
POMs and MOFs, it was observed that the POM loading could not be enhanced by increasing the
concentration of POM in aqueous solution when a certain POM loading was achieved. For example, for
POMs whose size is bigger than the pentagonal windows (12 A) of MIL-101(Cr), the POMs were only
encapsulated into the large cages, while the other cages, which represent 2/3 of the total number of cages
of MIL-101(Cr), were unfilled. Naseri et al. demonstrated that the loading of a sandwich-type POM
[(HOSnOH)3(PW¢O34),]1'2™ (15.2 A x 10.4 A) could not be enhanced by increasing the concentration of
POM in the aqueous solution [29].

The impregnation method cannot be used for MOFs whose window size is smaller than
the POMs, e.g., Cu-BTC, UiO, and ZIF. Therefore, for these MOFs, the one-pot (also known as
bottle-around-the-ship) synthesis method has been applied to obtain POM@MOF hybrids. The one-pot
method is also often used to obtain POM-encapsulated MOFs in which the anionic form of the POM
acts as a structure directing agent to ensure deprotonation of the organic carboxylate ligand. For the
preparation of POM@MOF hybrids, typically, the synthesis parameters employed to obtain the parent
MOF are used upon addition of the POM. The one-pot method can not only be used to synthesize
POM@MOFs that cannot be obtained by impregnation, but can also confine the POMs in the MOF
cages to prevent leaching if the size of the POMs is bigger than the windows of the MOFs.

Therefore, in conclusion, the synthesis approaches commonly used to incorporate POMs into
MOFs are impregnation and one-pot synthesis. To choose, however, the “correct” methodology, two
questions need to be addressed in advance: does the size of the POM fit into the MOF cages and can the
pore window of the MOF confine the POM? If both criteria are met, one can expect that the obtained
catalyst will work efficiently at a molecular level.

As was mentioned before, the first report on the embedding of a POM into the cages of an MOF was
reported by Férey’s group. They showed that a Keggin-type POM, K;PW1;0y4 (van der Waals radius,
13.1 A), can be confined in MIL-101(Cr) by simple impregnation. The resulting MIL-101-Keggin solid was
characterized by XRD, TGA, and N sorption, as well as IR and 31P solid state NMR, which confirmed
the presence of Keggin ions within the pores [18]. As summarized in Table 1, MIL-101 has two types of
mesoporous cages: a smaller one with an inner size of ~29 A and pentagonal windows of ~12 A, and a
larger one with an inner size of ~34 A and hexagonal windows of ~15 A. Based on the size of the cage
windows and the size of the POM, one can conclude that the POM can only diffuse into the largest cages.

In 2010, Gascon and co-workers prepared PW1,@MIL-101 (PWy; = [PW120401%7) composites
by using a one-pot and wet impregnation method [30]. The authors observed a homogeneous
distribution of PW;, when the one-pot synthesis was applied under stirring conditions. By using the
wet impregnation method, high loadings of PWy; in MIL-101 resulted in a drastic decrease in the
surface area and pore volume. However, this decrease in surface area and pore volume was smaller
for the one-pot synthesis method in comparison to the impregnation method using the same PW1,
loading. The authors stated that in the one-pot synthesis, both the large- and medium-sized cavities
were occupied, while, when using the impregnation method, only the larger cavities were accessible.

Canioni and co-workers compared different synthesis methods for encapsulating POMs in
MIL-100(Fe) [31]. The authors observed a good agreement between the experimentally obtained
POM loading and the maximum theoretical loading for the PMo;,@MIL-100 (PMoj, = [PMo1,0401%7)
obtained by a one-pot solvothermal synthesis. In addition to this, the solvothermally obtained
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PMo1,@MIL-100 showed a good stability in aqueous solution and no POM leaching was observed after
2 months. On the contrary, the PMo1,@MIL-100 material prepared through impregnation exhibited
significant POM leaching after 2 months.

Based on the above examples, POM leaching was observed for the POM@MIL-101 and
POM@MIL-100 obtained by impregnation, since immobilization is based on an adsorption equilibrium.
One way to circumvent this leaching is to use amino-functionalized MOF structures, e.g., UiO-66-NH,
and MIL-53-NH,, which can ensure a better interaction with the polyanions [32-34]. The formation of
complexes such as —NH;*[H,PW1,040]” between primary amines, ammonia, or pyridine and PWy; is
well-documented [35]. In 2012, Gascon and co-workers used a microwave-assisted one-pot synthesis
to obtain PW1,@MIL-101-NH;(Al) as their attempts to synthesize MIL-101-NH;(Al) containing PW1,
by one-pot solvothermal synthesis were not successful [36]. One year later, Bromberg et al. examined
the encapsulation of POMs in amino-functionalized MOFs (NH,-MIL-101(Al) and NH,-MIL-53(Al))
by immobilization. They concluded that POMs electrostatically interact with the MOF surface
to form a stable composite. The thermal stability of the composites PW1,@NH,-MIL-53(Al) and
PW1,@NH,-MIL-101(Al) was similar to the stability of the parent MOFs [37].

Besides MIL-101, Cu-BTC (namely HKUST-1 or MOF-199) has also been used as a host material to
encapsulate Keggin- and Dawson-type POMs [38,39]. As shown in Table 1, the larger cages of Cu-BTC
have an inner diameter of 1.3 nm and a pore window of 0.9 nm, which perfectly ensures the stable
entrapment of POMs. For example, PW1, with a diameter of approximately 1.06 nm was used as a
structure directing agent for the self-assembly of Cu-BTC at room temperature [38]. The authors observed
an enhanced chemical and thermal stability after the embedding of POM and no POM leaching was noted
during catalysis in several studies [40,41]. In one of these studies, Shuxia Liu’s group prepared a series of
Keggin-type POMs in Cu-BTC, denoted as NENU-n, n = 1~10, and formulated as [Cuy(BTC)4/3(H,0);]6
[HiXM12049]-(C4H1oN)2 (X = Si, Ge, P, As, V, Ti; M = W, Mo), by using a one-pot hydrothermal
synthesis [42,43]. The templating effect of the POMs resulted in highly crystalline composite materials
which showed an enhanced thermal stability. Moreover, as large crystals were obtained, the structures
were elucidated by means of single-crystal X-ray diffraction, demonstrating that the Keggin polyanions
were confined in the larger cuboctahedral cages (inner diameter of 1.3 nm) [43].

Besides MIL-101 and Cu-BTC, isostructural imidazolate frameworks, namely ZIF-8 and ZIF-67,
have also been frequently used as the host matrix. The sodalite-type cavities of ZIF-8 have a size of
approximately 1.1 nm, but the accessible window of the cavity is rather small (0.34 nm). Keggin-based
POMs possess a relatively larger particle size up to 1.3 ~ 1.4 nm in comparison to the cavities
of ZIF-8, but can fit perfectly in their anionic form (1 nm diameter of PWyy) [33]. Therefore, the
bottle-around-the-ship method is an ideal approach for confining POMs inside ZIF-8 or ZIF-67 [44].
For instance, Malka et al. reported a POM encapsulated in ZIF-8 for its use as an esterification catalyst.
The authors were able to obtain a PWj; loading of 18 wt% by using a one-pot synthesis strategy
at room temperature in aqueous solution. However, after three catalytic cycles, degradation of the
MOF occurred and 9% of the POM leached out [45]. A way to overcome the POM leaching in ZIF-8
was demonstrated in the work of Jeon et al. In this study, an impregnation method was used to
functionalize the surface of the ZIF-8 nanoparticles with a Keggin-type PWj5, in order to obtain a
core-shell MOF-POM composite. Interestingly, due to the strong interaction, the POM-decorated MOF
became insoluble in hydrophilic solvents [46].

Lin and co-workers constructed a POM@MOF molecular catalytic system with a Ni-containing
POM [Nig(Hy0),(PWgOz4),]10~ (namely NiyP,) into an [Ir(ppy)2(bpy)]*-derived MOF by one-pot
synthesis, and the MOF was isostructural to UiO-66, with extended ligands. NiyP, POMs can be
encapsulated in the octahedral cages with an inner dimension of 2.2 nm [47].

In the studies mentioned above, the one-pot synthesis and wet impregnation methodology both
give a high chance of success in the synthesis of POM-encapsulated MOFs. Although the impregnation
method is straightforward, it is only applicable for MOF pore windows larger than the POMs. However,
leaching of the POMs might happen unless precautions are taken in advance to ensure a good interaction
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between POM and MOF supports. The use of POMs as a template might enhance the crystallinity of
the MOF framework, which makes a one-pot synthesis very attractive. However, it is important to note
here that the size of the POM needs to be larger than the pore window of the MOFs to prevent leaching.
In addition to this, the one-pot synthesis method is not applicable to all MOF structures. In most
cases, the POM@MOFs materials obtained through a one-pot synthesis or impregnation method have
a positive influence on the thermal stability in comparison to the parent non-functionalized MOF.

Besides the commonly used one-pot and impregnation method, there are some other efficient
methods for constructing POM-encapsulated MOFs. In 2018, Zhong et al. synthesized NENU-3
(PW1,@HKUST-1) by a liquid-assisted grinding method [48]. By using a two-step synthesis, PW1,
and the Cu salt were first dissolved and evaporated to obtain the copper salt of PW1,. Hereafter, the
H3BTC ligand was added in the presence of a small amount of alcohol (MeOH and EtOH), which was
used as the grinding liquid. The mixture was ground for 5 min and the color gradually changed to
blue. After washing and drying at 60 °C for 24 h, the obtained nanocrystalline, NENU-3, showed a
high crystallinity, and the surface area was slightly higher compared to NENU-3 obtained in one-pot
solvothermal synthesis. In 2019, G. Li et al. employed an in-situ hot-pressing approach to encapsulate
the Keggin-type PW; into an indium-based MOF (MFM-300(In)) [49]. As shown in Figure 1, all the
ingredients, including the POMs, were ground in the absence of a solvent, after which they were packed
with an aluminum foil and heated on a plate at 80 °C for only 10 min to obtain PW;,@MFM-300(In)
composites. The resulting materials exhibited a high crystallinity and stability and no PW1; aggregates
were observed on the MOF surface.

o ——

HaPWi204 Hot-Pressing
In(NO),
 Biphenyl-3,3'5,5- Q‘ Electric heating plate

tetracarboxylic acid

Figure 1. The hot-pressing synthesis process of PW1,@MFM-300(In). Reprinted from [49]. Copyright
(2019), with permission from Elsevier.

3. Catalytic Applications
3.1. Organocatalysis

3.1.1. Oxidation Reaction

Oxidation reactions are one of the most elementary reactions, and have already been extensively
investigated by various catalytic systems. POM@MOF hybrid materials are considered as potential
oxidation catalysts due to the presence of acidic sites within MOFs, along with the strong acidity and
redox performance of POMs. Accordingly, some well-known MOFs have been reported to encapsulate
POMs for their use in oxidation reactions, including MIL(Cr, Fe, or Al), UiO(Zr), and ZIF series,
as well as Cu-BTC and NU-1000 frameworks. Among the different oxidation reactions, oxidative
desulfurization (ODS) and the selective oxidation of alcohols and alkenes are the most studied reactions
using POM@MOF catalysts.

ODS, as one of the promising methods for removing sulfur-containing compounds from fuels, has
significant importance in both academic research and industrial chemistry. Since 2012, several Keggin- and
sandwich-type POMs, including [A-PW9O34]% [50], [PW1o040]>~ [51-54], [PW11Zn(H,0)O039]%~ [55,56],
[Tb(PW11030)211~ [57], and [Eu(PW11030)21'1~ [58], have been incorporated into the cavities of MIL(Cr,
Fe, or Al) for the ODS reaction, using H,O, as the oxidant. The heterogeneous POM@MIL catalysts
could not only be easily recycled and reused, but also showed a higher catalytic activity compared to
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the homogeneous POM counterparts. For example, Balula’s group reported that the heterogeneous
Tb(PW11),@MIL-101 (Tb(PW11), = [Tb(PW11039),]117) catalyst exhibits 95% conversion of benzothiophene
(BT) at 50 °C after 2 h, whereas the homogeneous Tb(PW1;); catalyst affords a conversion of only 32%
under the same reaction conditions [57]. Although the synthesized Tb(PW1;),@MIL-101 catalyst showed
POM leaching, its structure and morphology remained intact after three consecutive ODS runs. Another
study proved that the chemical and thermal stability of POM@MIL-101(Cr) systems could be enhanced
compared to individual POMs and MOFs. More specifically, Silva’s group demonstrated the high stability
of the PW1;@MIL-101 (PW1; = [PW11039]7") catalyst in aqueous H,O,, while PW1; decomposed into
peroxo-complexes in the presence of H,O; [59]. In addition, Naseri and co-workers observed that the
thermal stability of the synthesized PyWgCe3;@MIL-101 (P;WgCe;3 = [(OCe™V O)3(PWO34),]'>7) and
P, W1gSnz@MIL-101 (P, W15Sn; = [(HOSnY OH)3(PWoOs4),]'27) materials improved in comparison to the
single MIL-101(Cr) framework. The thermally stable POM@MOF materials exhibited >95% conversion of
diphenyl sulfide after five cycles [29].

In an interesting study by Cao and co-workers, the effect of the window size within MOFs on the
catalytic ODS performance of different POM@MOF materials was investigated [60]. In this work, PW1,
was encapsulated into three robust MOFs with different window sizes, namely MIL-100(Fe) (8.6 and
5.8 A), UiO-66 (6 A), and ZIF-8 (3.4 A) (see Table 1). Among them, PW;,@MIL-100(Fe) exhibited the
highest activity (92.8%) for the oxidation of 4,6-dimethyldibenzothiophene (3.62 x 6.17 x 7.86 A3
compared to UiO-66 (39.1%) and ZIF-8 (9.1%). The observed higher activity was attributed to the large
window size of MIL-100(Fe), which enabled a fast diffusion of the substrate into the cages. Another
important parameter is the influence of the POM loading on the catalytic performance. The conversion
of dibenzothiophene (DBT) was at least two times higher when 16%-PW1,@MIL-100(Fe) was used
as a catalyst in comparison to the 7%-PW1,@MIL-100(Fe) catalyst, owing to the higher POM loading.
However, when the loading was increased to 35%, the conversion of DBT decreased a lot due to partial
pore blocking, which limited the diffusion of reactants to the active sites.

To further enhance the reactivity and recyclability of POM@MOF materials in ODS reactions,
amine-functionalized MOFs were employed for encapsulating POMs owing to the strong
electrostatic interaction between amine groups and POM anions, including NH,-MIL-101(Cr) [33],
NH,-MIL-101(Al) [36,56], and NH,-MIL-53(Al) [58]. For instance, Cao and co-workers reported the
incorporation of PWy, into NHy-MIL-101(Cr) as a catalyst for the ODS reaction. The obtained
material gave a full conversion of DBT at 50 °C after 1 h [33]. Notably, the reusability tests
indicated that the conversion of DBT remained unchanged during six consecutive catalytic cycles using
PW1,@NH,-MIL-101(Cr) as a catalyst, due to the strong electrostatic interactions between PW; and
the amine groups. Another report by Su and co-workers showed that the PW;,@MIL-101(Cr)-diatomite
gave 98.6% conversion of DBT at 60 °C for 2 h after three consecutive cycles, which was attributed to
the high dispersion of POMs [54].

In addition to ODS reactions, the selective oxidation of alkenes [61-66] and alcohols [34]
was evaluated using POM@MIL catalysts. For example, Bo and co-workers synthesized
Hj3,«PMo15_VxO40@MIL-100(Fe) (x = 0, 1, 2) materials and their catalytic performance were
assessed in the oxidation of cyclohexene, using H,O, as the oxidant [66]. Among them, the
H4PMo11VO4@MIL-100(Fe) material exhibited 83% conversion of cyclohexene, with an excellent
selectivity for 2-cyclohexene-1-one (90%) after five successive catalytic cycles. In 2007, our group
developed a new POM@MIL-101 catalyst based on dual amino-functionalized ionic liquid (DAIL) [34].
Firstly, DAIL was introduced onto the coordinatively unsaturated chromium sites of MIL-101(Cr) by a
post-synthetic strategy, followed by immobilization of the Keggin-type PW1; onto the DAIL-modified
MIL-101 through anion exchange (see Figure 2). The PW1,/DAIL/MIL-101 catalyst exhibited a very high
turnover number (TON: 1900) for the selective oxidation of benzyl alcohol towards benzaldehyde at
100 °C for 6 h. The PW1,/DAIL/MIL-101 catalyst demonstrated a higher catalytic activity compared to
the PW1,/MIL-101 catalyst without DAIL functionalities (TON: 1400). The higher activity was due to the
presence of remaining free amino groups anchored on the imidazolium moieties of DAIL, which play a
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crucial role in enhancing the accessibility of TBHP as the oxidant. Moreover, the PW1,/DAIL/MIL-101
catalyst was reused for at least five cycles, with no significant leaching of the tungsten species.

Figure 2. (a) Schematic illustration of the preparation of PW/dual amino-functionalized ionic liquid
(DAIL)/MIL-101(Cr); (b) recyclability of the PW/DAIL/MIL-101(Cr) catalyst. Reprinted with permission
from [34]. Copyright (2017), Royal Society of Chemistry.

Another type of MOF, namely Cu-BTC, has also been employed to encapsulate POMs. In
2008, six kind of Keggin-type POMs were encapsulated into Cu-BTC (named NENU-n, NENU =
Northeast Normal University) using a one-pot hydrothermal method and their crystal structures were
determined [43]. Subsequently, various POMs were encapsulated into the Cu-BTC framework and
their catalytic performance was examined in ODS reactions [67,68], the oxidation of alcohols [69,70],
olefins [39,71-73], benzene, and H,S [41,74]. For example, Zheng et al. prepared different sizes of
nanocrystal-based catalysts, [Cuy(BTC)y3(H20),]6[H5PV,Mo19O40] (NENU-9N), by using various
copper salts and adjusting the pH of the solution for the ODS reaction (see Figure 3) [75]. They
proposed that the reaction kinetics can be facilitated by decreasing the size of the nanocrystals. The
550 nm NENU-9 showed a significantly higher conversion of DBT (~90%) in 60 min compared to
300 um NENU-9 (41%) and the homogeneous POM (2%) in 90 min. To further improve the stability of
POM@MOF materials and their catalytic ODS performance, POM@MOF compounds were confined in
other porous materials, e.g., MCM-41 [76,77], carbon nanotubes [78], mesoporous SBA-15 [79], and
hollow ZSM-5 zeolite [80]. For example, POM@Cu-BTC was confined in the pores of MCM-41 to
prevent deactivation of the catalyst [76]. The POM@Cu-BTC@MCM-41 (POM = Cs;HPMogWO40)
exhibited almost full conversion (99.6%) of DBT in 180 min under optimal reaction conditions and could
be reused more than 15 times without a significant loss of activity. Lu and co-workers prepared a series
of POM@Cu-BTC (POM = PW5, [PMogs _ VxOyl® ¥~ (x = 0, 1, 2, 3)) catalysts and investigated
their performance for the oxidation of benzyl alcohol to benzaldehyde, with HyO, as the oxidant
(Figure 4) [70]. The authors observed that the vanadium-containing POMs improved the conversion
of benzyl alcohol because of the high redox ability of the POMs. However, when increasing the
vanadium content in the POMs, overoxidation to benzoic acid resulted in a lower selectivity towards
benzaldehyde. The PMo1,@Cu-BTC showed approximately 75% conversion of benzyl alcohol with
~90% selectivity towards benzaldehyde, whereas the PMogV3@Cu-BTC showed ~98% conversion of
benzyl alcohol with ~65% selectivity using the same reaction conditions. In other words, the product
distribution could be controlled by adjusting the redox capability of the POMs.

Interestingly, in a few studies, a synergistic effect between the POM and Cu-BTC was
observed [41,74,81]. For example, Hill prepared CuPW;,;@Cu-BTC (CuPWy; = [CuPW1,039]%") for
the oxidation of several sulfur compounds and proposed synergistic effects between PW;;Cu and
Cu-BTC [41]. Not only the hydrolytic stability of the hybrid POM@MOF was improved, but also the
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TON (12), as the oxidation of H,S under ambient conditions increased significantly compared to the
individual Cu-BTC (0.02) and POM (no production).

P,W,;Co,@MOF-545

Figure 3. (a) Field emission SEM of Northeast Normal University (NENU)-9N with (a) copper nitrate
as the metal source at pH 2.5, (b) copper acetate as the metal source at pH 2.5, and c) copper acetate
as the metal source at pH 4.0. The percentage of DBT-to-DBTO, conversion versus reaction time by
using a) NENU-9N (average diameter = 550 nm), (b) NENU-9 (average diameter = 300 mm), and
(c) POVM (average diameter = 300 mm) as catalysts. Reaction conditions: catalyst (0.01 mmol), DBT
(147 mg, 0.8 mmol), and isobutyraldehyde (0.72 mL, 8 mmol) in decalin (50 mL) at 80 °C. Reprinted
with permission from [75]. Copyright (2013), John Wiley and Sons.

Me

201

Figure 4. Oxidation of benzyl alcohol by different POM@MOF-199 catalysts. Reprinted with permission
from [70]. Copyright (2014), John Wiley and Sons.

The robust Zr-based MOFs have also attracted much attention for hosting POMs for oxidation
reactions. The earliest study on the introduction of POMs into a Zr-based MOF was reported by
Dolbecq and co-workers in 2015 [82]. Three tungstate POMs ([PW1,04013~ (12 A), [PW1,039]"~, and
[PaW1506,16~ (14 A)) were encapsulated into the pores of UiO-67. Subsequently, Dai and co-workers
examined the catalytic performance of 35%-PW,@UiO-66 for the selective oxidation of cyclopentene
(CPE) to glutaraldehyde (GA) [83]. The catalyst showed ~95% conversion of CPE, with a ~78% yield
for GA at 35 °C after 24 h of reaction. Unfortunately, the catalyst showed PW1; leaching (~3 wt%) after
three catalytic cycles. To address this POM leaching issue, Yu and co-workers used UiO-bpy (bpy =
2,2"-bipyridine-5,5’-dicarboxylic acid) to encapsulate polyoxomolybdic cobalt (CoPMA) [84]. The bpy
sites of the UiO-bpy framework provided an extra interaction with the POM compared to the UiO-67
without bpy moieties. The catalytic activities of COPMA@UiO-bpy and CoPMA@UiO-67 were assessed
in the oxidation of styrene, using O, as the oxidant. The CoPMA@UiO-bpy exhibited the highest
catalytic performance, with 80% conversion of styrene and 59% selectivity towards styrene epoxide.
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Another Zr-based MOF, denoted as NU-1000, with small triangular (12 A) and larger hexagonal
(31 A) channels, has been used to support POMs such as [PW12040]%~ and [PMoyV204]°~ [85-87]. For
example, Farha’s group prepared PW1,@NU-1000 through an impregnation method for the oxidation
of 2-chloroethyl ethyl sulfide (CEES), using H,O; as the oxidant. The authors demonstrated that the
most likely location for PW;, clusters is in the small triangular channels, which was further confirmed
by means of powder X-ray diffraction, scanning transmission electron microscopy, and difference
envelope density analysis. At the same time, PW1,@NU-1000 showed a higher conversion of CEES
(98% after 20 min) compared to the pristine NU-1000 (77% after 90 min) and homogeneous POM (98%
after 90 min). However, the PW,@NU-1000 exhibited only 57% selectivity towards 2-chloroethyl ethyl
sulfoxide (CEESO). In a subsequent work, the authors demonstrated that the PW;, could migrate from
the micropores to the mesopores of NU-1000 under mild thermal activation (see Figure 5). Moreover,
the PW1,@NU-1000 showed a full conversion of CEES after 5 min, with ~95% selectivity towards
CEESO. Recently, this group also prepared the PV,Mo1y@NU-1000 catalyst by using the same method
and the synthesized material showed a full conversion of CEES, with O, as the oxidant.
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Figure 5. Structural representations of the PW;,@NU-1000. Reprinted with permission from [86].
Copyright (2018), Royal Society of Chemistry.

In addition to the well-known MOFs, several other POM@MOF hybrid materials, including
[Co(BBPTZ)3][HPMo1,040]-24H,0 and [Cul4(trz)s(PW1,049)>], have been synthesized and applied
for ODS [88], the oxidation of aryl alkenes [89,90], alkylbenzenes [91], and alcohols [92] (see Table 2).

Besides the use of POMs encapsulated in the cages of MOFs, some POMs have been covered on
the surface of MOFs to achieve core—shell structured hybrid materials for oxidation reactions [46,93].
For example, PW1, was loaded onto the ZIF-8 surface to obtain a core-shell catalyst for the oxidation
of benzyl alcohol. Notably, strong O-N bonding between PW1, and the imidazole group of the ZIF-8
was detected through X-ray photoelectron spectroscopy and X-ray absorption near-edge structure
measurements. Accordingly, the ZIF-8@PW, material was insoluble in hydrophilic solvents. The
ZIF-8@PW1, material exhibited a high conversion of benzyl alcohol (>95%), with 90% selectivity
towards benzaldehyde, and outperformed the activity of pure PWy; (51%) and ZIF-8 (30%).
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Table 2. Application of POM@MOF materials in heterogeneous catalysis.

Entry MOF POM Synthesis Catalytic Reaction Ref.
Approach
Organocatalysis
1 MIL-101(Cr) TBA4»Ho s[PW1 Zn(H,0)O5] Impregnation oDs [55]
2 MIL-101(Cr) H3PW1,049 One-pot oDs [52,54]
3 MIL-101(Cr) [Tb(PW11039),]'1~ Impregnation ODS [571
4 MIL-101(Cr) TBA;PW1,049 Impregnation oDs [51]
MIL-100(Fe)
5 Ui0-66 H3PW1,049 One-pot oDs [60]
ZIF-8
MIL-101(Cr) - 0 .
6 NH,-MIL-53(Al) [Eu(PW1;039)2] Impregnation ODS [58]
7 NH,-MIL-101(Cr) H3PW15040 Impregnation ODS [33]
5 One-pot and
-MIL- 5
8 NH,-MIL-101(Al) [PW11Zn(H,0)O030] Imprognation oDs [56]
Oxidation of
9 MIL-100(Fe) HixPMopp_ VyOy (x =0, 1, 2) One-pot oyclohonene [66]
Oxidation of
10 MIL-101(Cr) HsPV,Mo19Ou Impregnation 2-chloroethyl ethyl [94]
sulfide
. Oxidation of alkenes and -
11 MIL-101(Cr) (TBA)7H3[Coy(H0)2(PWgOs4)5] Impregnation cyclooctane [65]
12 MIL-101(Cr) [PW11Co0301°~ [PW11TiOg0]7~ Impregnation Oxidation of alkenes [62]
Selective oxidation of
v, 12-
13 MIL-101(Cr) [(HOSn ,VOH)\*(PWQO“)%%, ’ Impregnation various sulfides to [29]
[(OCe™O0)3(PW9Os4),] sulfones
- [PW40p4]*~ . Epoxidation of various )
14 MIL-101(Cr) [PW12040]3’ Impregnation alkenes [64]
One-pot and Selective oxidation of
15 MIL-101(Cr) H3PW15040 potar sulfides to sulfoxides [53]
Impregnation N
and sulfones
16 MIL-101(Cr) [PZnMo,WoOs9]7~ Impregnation Oxidation of alkenes [63]
17 NH,-MIL-101(Al) H3PW1,049 One-pot CO oxidation [36]
Epoxidation of
- g .
18 MIL-101(Cr) H3PMo1,049 One-pot propylene [61]
. Oxidation of various 2
19 MIL-101(Cr) H3PW1,049 Impregnation alcohols 34]
ODS
20 MIL-101(Cr) [A-PWoO34]"~ Impregnation Oxidation of geraniol [50]
and R-(+)-limonene
7-
21 MIL-101(Cr) [[;Vv\\’;l‘lgiills, Impregnation Oxidation of alkenes 1591
22 Cu-BTC HayxPMopp_y VyOyo (x = 1,2, 3) One-pot S«V“ﬂ‘es‘ge":z}’:r“ee“"l from [74]
Liquid-assisted Degradation of
2 Cu-BTC HsPW12040 grinding method phenol 48]
24 Cu-BTC HemP2Mosn VnOgpmH,O One-pot oDs [78]
(n=1-5)
25 Cu-BTC Cs™ ion modified H3PMog WOy One-pot ODS [77]
- HaxPMoyp«VxOyp (x=0,1,2,3) g Selective oxidation of -
26 Cu-BTC HaPW 1,040 One-pot alcohols [70]
H3PW1,049
~ H3PMo1,049 .
27 Cu-BTC Hy [P(W205)(MoyO7)e] One-pot ODS [67,68,80]
HySiW12040
Oxidation of
28 Cu-BTC H3PW15040 One-pot cyclopentene to [72]
glutaraldehyde
29 Cu-BIC [CuPWy; 05915 One-pot Oxidation of thiolsand 1)
2
30 Cu-BTC HsPMoygV>049 One-pot oDs [75]
Oxidation of benzene to -
31 Cu-BTC HgPMogV3049 One-pot phenol [79]
32 Cu-BTC H3PMogWeO40 One-pot oDs 1761
Selective oxidation of
33 UiO-66 H3PW15,049 One-pot cyclopentene to [83]

glutaraldehyde
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Table 2. Cont.

Entry MOF POM Synthesis Catalytic Reaction Ref.
Approach
Ui0-67 ) .
34 UiO-bpy H3PMo12049 One-pot Olefins epoxidation [84]
Oxidation of
35 NU-1000 Hs5PVyMoygO40H3PW15049 Impregnation 2-chloroethyl ethyl [85-871
sulfide
36 [Co(BBPTZ)3][HP Moy>049]-24H,0 H3PMo1,040 One-pot oDs [88]
[Co(BBTZ),][H3BW1,04]-10H,0 5- g Oxidation of styrene to
37 [Cos(H,0)4(BBTZ)4[BW1,040]- NO3 4H,0 [BW12040] One-pot benzaldehyde 1201
Oxidation of
[Culs(tr2)5(PW12049)2] H3PMo;,049
38 One-pot alkylbenzenes to [91]
[Culs(tx2)3(PMor )] HyPW12050 P idehydes
[Cus(44’-bpy)3][HSiW1,040](imi)
s H3PW12049 - e
39 [Cu3(4,4,1 bpy)3][PMo1,049](ampyd), HyPMoy>Og0 One-pot Oxidation of various [69]
[Cuy(4,4"-bpy)2I[HPMo012040] (ampyd) H4SiW12040 alcohols
[Cu(Phen)(4,4’-bpy) (H0) 2 [PW12040](4,4"-bpy)
R Vy, Vv 5
s NG bRyl [V YORCI (44bpy) [V7VVsVOssClT- One-pot Oxidation of alkenes (711
2
Oxidation of
1 [[HH(S’PY))CC“Z]][[IE’B‘/’[V 12%4"]] }}1131;1\",[\;’1234“ One-pot ethylbenzene, alcohol, 89]
PyR-t2 012240 3THI240 and cyclooctene
42 H[Cu'5Cu' (pzc)(pz)s 5(P2W15042)]-6H, O [P, W1g0g2 16 One-pot Oxidation of alcohols [92]
. . _ Oxidative cleavage of
43 [Cu (bbi)]o([Cu (bbi) ], VIV, VVg006)-2H, 0 [V10Oa6]* One-pot 04 Hgmng [81]
44 ZIF-8 Moyzn Impregnation ODS [93]
. Oxidation of benzyl y
45 ZIF-8 H3PW1,049 Impregnation alcohol [46]
Condensation reaction
Aldol condensation of
16 ZIF-8 Al“'jg’r]ichP One-pot 5-hydroxymethylfurfural  [95]
(HMF) with acetone
. Biginelli condensation
47 MIL-101(Cr) H3PW15,040 Impregnation reaction [96]
= - Cyclopentanone
48 MIL-101(Cr) H3PW1,049 One-pot seif-condensation [97]
One-pot and .
49 MIL-101(Cr) H3PW15049 Impregnation Baeyer condensation [98,99]
Knoevenagel
One-pot and condensation of
50 MIL-101(Cr) HyPW12000 Impregnation benzaldehyde with ethyl (301
cyanoacetate
NH,-MIL-101(Al) Impregnation Aldehyde condensation -
51 NH,-MIL-53(Al) HsPW12050 and Joint Heating and polymerization (71
= Hydroxyalkylation of
52 MIL-100(Fe) H3PW1,040 One-pot phenol with [100]
MIL-101(Cr)
formaldehyde
Esterification reaction
MIL-100(Fe) . Enzymatic esterification
5 Cu-BTC HsPW120u0 One-pot of cinnamic acid fo1]
Esterification of acetic
54 Cu-BTC H3PW1,049 One-pot acid with 1-propanol [102]
Esterification of levulinic
55 Cu-BTC H3PMo1,049 One-pot acid (LA) and ethanol [103]
) . Esterification of lauric
56 UiO-66 HSiW12,049 One-pot acid with methanol [104]
Esterification of acetic
acid with various
57 MIL-101(Cr) Ks5[CoW12040] One-pot alcohols, and [105]
cycloaddition of CO,
with epoxides
H3PW15040 Oxidative esterification
58 Cu-BTC H3PMo1,040, HiPVMo11049, One-pot of [106]
H5PV,Moi9O049, HePV3MogOyg glycerol
Esterification of benzoic
59 ZIF-8 H3PW1,049 One-pot anhydride with [45]
cinnamyl alcohol
60 Fe-BTC H;PMo12040 One-pot Esterification of free [107]

fatty acids to biodiesel
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Table 2. Cont.

Entry MOF POM Synthesis Catalytic Reaction Ref.
Approach
Esterification of acetic acid
with monohydric alcohols,
61 MIL-100(Fe) H3PW1,049 One-pot and acebolization of [108]
benzaldehyde with ethanediol
Esterification of acetic acid
62 Cu-BTC H3PW15,049 One-pot with 1-propanol and salicylic [40,109]
acid with ethanol
Esterification of acetic acid
63 MIL-101(Cr) H3;PW1,049 One-pot with n-hexanol, and [110]
hydrolysis of ethyl acetate
One-pot by PP P
64 MIL-53 H;PW1,04 ultrasound  Esterifieation of oleic acid by
° : - various alcohols
irradiation
Esterification of oleic acid with
65 MIL-100(Fe) H3PW1,04 One-pot ethanol [112]
Esterification of long-chain
66 NENU-3a H3PW1,04 One-pot fatty acids [113]
. Ransesterification-esterification P
67 Ui0-66-2COOH H3PW15,049 One-pot of acidic vegetable oils [114]
Hydrogenation-esterification .
68 MOEF-74 H3PW1,049 One-pot tandem reactions [115]
Other organic transformations
Dehydration of fructose to
69 MIL-101(Cr) H3PW12049 One-pot 5-hydroxymethylfurfural [116]
Transesterification of
70 Cu-BTC H3PMo1,049 One-pot 5-hydroxymethylfurfural with 1171
ethanol
. Transesterification of rapeseed y
71 ZIF-8 H3PW12049 Impregnation oil with methanol [46]
Transesterification of soybean
72 MIL-100(Fe) H3PMo1,04 One-pot oil with methanol and [118]
esterification of free fatty acids
Hydrogenation of methyl
73 UiO-66 H4SiW1,049 One-pot levulinate/transesterification [119]
of methyl-3-hydroxyvalerate
Hydrogenation of
74 MIL-100(Fe) H3PW15,049 One-pot cellobiose/hydrolysis of [120]
cellulose
75 MIL-101(Cr) K5[CoW12049] One-pot Methanolysis of epoxides [32]
COK-15 . .
76 MIL-101(Cr) H3PW1,049 One-pot Methanolysis of styrene oxide ~ [121,122]
Hydrolysis of dimethyl
B 3- . ydroly: Y
77 NENU-11 [PW1,049] One-pot methylphosphonate [123]
78 NENU-15 [SiW 10401+~ One-pot Reduction of NO [124]
79 NENU-1a HSiW1,049 One-pot Dehydration of methanol [125]
80 Basolite F300 H3PW1,049 Impregnation Dehydration of ethanol [126]
81 NENU-3a H3PW1,049 One-pot Hydrolysis of esters [43]
NH;-MIL-101(Fe) . Ring opening of styrene oxide
82 MIL-101(Cr) TBA4[PW11Fe(H,0)O39] Impregnation with aniline [127]
83 MIL-100(Fe) [PMoy;Mn(H,0)030]7~ One-pot Reduction of p-nitrophenol [128]
Friedel-Crafts acylation of
84 MOF-808 (HsPW12040] One-pot anisole with benzoyl chloride [129]
. Pechmann, esterification, and
85 MIL-101(Cr) H3PW15,049 Impregnation Friedel-Crafts acylation [130]
86 UiO-66 Csp5Ho5PW12049 One-pot Acidolysis of soybean oil [131]
87 Cu-based MOF H4SiW1040.xH,O One-pot Azide-alkyne click reaction [132]
. Isomerization/disproportionation
88 NU-1000 H3PW15040 Impregnation of o-xylene [133]
89 MIL-101(Cr) H3PW15,040 One-pot Hydroformylation of 1-octene [134]
Cycloaddition of CO; to -
90 MIL-101(Cr) H3PW1,04 One-pot styrene oxide [135]
Electrocatalysis
91 MIL-101(Cr) [Co(H0)2(PWgO34),1'0~ Ton exchange H,0 oxidation [136]
¥ [CoW12040]%~ g P
92 ZIF-8 H.SiWpOs0 One-pot H,0 oxidation [137,138]
93 ZIF-67 H;PW4,0. Core-shell H,0 oxidation [139]
STITI2EA0 coating of POM 2
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Table 2. Cont.

Synthesis

Entry MOF POM Approach Catalytic Reaction Ref.
o ) ) i H3PW1,049 ] ) )
94 Ag-based metal-organic nanotubes H,SiW 1,040 One-pot H, evolution [140]
has » ) . KeP2W15O062 . . )
95 Cu-based metal-organic nanotubes HyAs;W1sOg One-pot H, evolution [141]
96 MIL-101(Cr) [PMo1gV,049]°~ Impregnation Oxidation of ascorbic acid [142]
Photocatalysis
97 NH,-MIL-101(Al) Kgla-AgPW11039] Impregnation Degradation of Rhodamine B [143]
98 Cu-based MOF H,4SiMo1,049 One-pot Degradation of Rhodamine B [144]
In situ Degradation of
% MEM-300(In) HPW12040 hot-pressing sulfamethazine 1491
100 MOF-545 [(PWgO34),Coy (Hy0),]'0~ Impregnation Water oxidation 514?]
[Co'"Co"W11 039 (H,0)7~ At 4
101 MIL-100(Fe F - One-pot Water oxidation 147
(o) [Coy(PWoO31)2(H,0) 110 P e
Oxidation of alcohols and
102 MIL-100(Fe) H3PMoy,040 One-pot redtuction of Cr (VD) [148]
— Coupling of amines and
-] 5 .
103 Zn-based MOF [BW12040] One-pot epoxidation of olefins [149]
3 Hj evolution/degradation of
104 UiO-66-NH, H3PW1,049 One-pot Rhodamine B [150]
105 NH,-MIL-53 H3PW1,049 Impregnation H; evolution [151]
106 Uio-67 [PyW15042]°~ HySiW 1,049 One-pot H, evolution [1]%2]’
107 UiO derived structure [Nig(H0)2(PWgO34)2]10~ One-pot H, evolution [47]
) a-PWy5V3, a-PyWiyNi, ] o
108 MIL-101(Cr) aPyWirCo One-pot H, evolution [154]
109 SMOF-1 [P,W150421°~ Impregnation H, evolution [155]
110 Cu-BTC [PTioW1004)7~ One-pot CO, reduction [42]

BBPTZ = 4,4’-bis(1,24-triazol-1-ylmethyl)biphenyl]; BBTZ = 1,4-bis(1,2,4-triazol-1-ylmethyl)benzene; trz =
1,2 ,4-triazole; imi = imidazole; ampyd = 2-aminopyridine; bpy = bipyridine; Phen = 1,10-phenanthroline; bipy =
4,4’ -bipyridine; Hpzc = pyrazine-2-carboxylic acid, pz = pyrazine; bbi = 1,1’-(1,4-butanediyl)bis(imidazole); DTP =
dodecatungstophosp; TBA = tetrabutylammonium.

3.1.2. Condensation Reaction

POM@MOF has revealed potential applications in a range of condensation reactions for producing
value-added cyclic organic compounds. Recently, Malkar et al. compared the catalytic performance
of three different catalysts, namely 20%-Cs-DTP-K10, 18%-DTP@ZIF-8, and Alj ¢,-DTP@ZIF-8 (DTP
= dodecatungstophosp), for the aldol condensation of HMF (5-hydroxymethylfurfural), as shown
in Figure 6 [95]. It has been proved that the substitution of protons of heteropolyacids with metal
ions increases the mobility of protons, which results in an enhancement of the acidity. Based on
NH;-TPD analysis, Cs-DTP-K10 displays the highest acidity (1.51 mmol g~!), whereas DTP@ZIF-8
and Al-DTP@ZIF-8 possess 0.44 and 0.54 mmol g~! of acidic sites, respectively. Cs-DTP-K10, with
the highest acidity, showed the highest activity for the aldol condensation of HMF and acetone to
selectively produce the desired C9 product (71.6% after 6 h of reaction), while the selectivity was only
43.1%. Although the total number of acidic sites was much lower in the case of the AI-DTP@ZIF-8
catalyst, a good conversion of 63.1% was still obtained after 6 h of reaction, which is comparable to
the former value. Notably, the AI-DTP@ZIF-8 catalyst displayed a much higher selectivity (~92%)
towards the C9 product compared to C15. The lowest conversion of HMF was achieved in the case
of the 18%-DTP@ZIF-8 material with the lowest acidity. However, a high selectivity towards the C9
product was observed. The higher selectivity towards the C9 adduct, as the desired product in the
presence of the DTP@ZIF-8 and Al-DTP@ZIF-8 catalysts, confirms the shape selectivity supplied by
the small pore diameter of ZIF-8, which can prevent the production of the C15 adduct.
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Figure 6. Aldol condensation of 5-hydroxymethylfurfural (HMF) with acetone over Al-DTP@ZIF-8.
Reproduced with permission from [95]. Copyright (2019), American Chemical Society.

Another example of the use of MOFs in condensation reactions is the well-known MIL-101. For this
purpose, PW1,@MIL-101(Cr) composites were synthesized through the direct hydrothermal procedure
or post-synthesis modification route [98]. The acidic sites within the MIL-101 and PW,@MIL-101(Cr)
materials are desirable for catalyzing the Baeyer condensation of benzaldehyde and 2-naphthol, in the
three-component condensation of benzaldehyde, 2-naphthol, and acetamide, as depicted in Figure 7.
While no product was produced in the absence of catalysts, a high yield of around 95% was observed
for the formation of 1-amidoalkyl-2-naphthol at 130 °C using microwave heating for 5 min. Moreover,
no leaching of the active sites was observed, and the catalyst could be reused for four cycles without a
notable loss in the product yield.
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Figure 7. Condensation of benzaldehyde, 2-Naphthol, and acetamide. Reprinted with permission
from [98]. Copyright (2012), American Chemical Society.

In addition, PWy; clusters were uniformly encapsulated in the cages of MIL-101 as a selective
heterogeneous catalyst for the self-condensation of cyclic ketones [97]. As can be observed in Figure 8,
the self-condensation of cyclopentanone can result in three different products based on the active sites in
the applied catalysts. By using PWj; as the catalyst, a conversion of around 78% could be obtained after
24 h reaction to trindane as the main product. However, PW;,@MIL-101 exhibits a considerably higher
selectivity (>98%) towards the mono-condensed component (2-cyclopentylidenecyclopentanone) as
the desired product due to the possibility of shape-selective catalysis. The PW1,@MIL-101 catalyst
could be recycled up to five cycles, with no obvious reduction in the conversion and selectivity.
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Figure 8. Reaction figure of a cyclopentanone self-condensation reaction. Adapted with permission
from [97]. Copyright (2015), Royal Society of Chemistry.

3.1.3. Esterification Reaction

Modified MOFs with POMs can be employed as active catalysts for a wide range of esterification
reactions. Biodiesel, as a secure and sustainable energy source, is a promising alternative for
fossil fuel-based energy systems [156]. Among the various methods for biodiesel production,
transesterification is the most common procedure. Recently, Xie et al. investigated the catalytic
one-pot transesterification-esterification of acidic vegetable oil transesterification reaction over a
functionalized UiO-66-2COOH with a Keggin-type POM, namely, AILs/POM/UiO-66-2COOH (AIL =
sulfonated acidic ionic liquid) (see Figure 9) [114]. The prepared catalyst displayed synergistic benefits
arising from the introduction of AIL as Brensted acid sites. The presence of both Brensted acid sites of
ILs and Lewis acid sites of POM promoted the catalytic reaction for green biodiesel production. The
control experiments showed that all of the applied POMs (PW,, SiW1,, and PMoj,) could convert
soybean oil to biodiesel with a high catalytic performance (conversion of ~100%). However, challenges
associated with the work-up and recyclability of these homogeneous catalysts limit their potential
application. The pristine UiO-66-2COOH material presented a poor activity, with an oil conversion
of around 8% because of its insufficient acidic properties. In addition, the PW;,@UiO-66-2COOH,
SiW1,@UiO-66-2COOH, and PMo1,@UiO-66-2COOH composites suffered from sluggish reaction
kinetics with conversions below 30% towards biodiesel production, which could have been due to the
lack of enough acidic sites required to advance the catalytic reaction. Another control experiment was
performed by using the sulfonic acid-functionalized IL as the homogeneous catalyst, affording a high
catalytic activity of around 99% conversion. It is interesting to note that AILs/POM/UiO-66-2COOH
catalysts can combine the advantages of POMs, AlLs, and porous MOFs and therefore present the
highest catalytic performance in the mentioned reaction (conversion > 90%). Furthermore, the strong
interaction between the POMs and AlLs was able to hinder the leaching of active components into the
reaction media, which further resulted in no notable loss in the catalytic conversion of oil to biodiesel
after five consecutive catalytic cycles.
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Figure 9. Synthesis procedure of the AILs/HPW/UiO-66-2COOH catalyst, and one-pot transesterification-
esterification of acidic vegetable oils. Reprinted from [114]. Copyright (2019), with permission from Elsevier.

In 2015, Liu et al. described an effective procedure for designing NENU-3a with different
crystal morphologies (cubic and octahedral) comprised of a Cu-BTC skeleton and encapsulated
phosphotungstic acid catalyst [113]. The morphology of this framework was generated by applying the
method of coordination modulation, using P-toluic acid as the modulator. The NENU-3a with cubic
crystals ((100) facets) could effectively promote the conversion of long-chain (C12-C22) fatty acids into
corresponding monoalkyl esters (>90% yield) compared to the octahedral counterpart (<22% yield).
Moreover, the cubic NENU-3a catalyst was highly robust and could be reused for five reaction runs
with a preserved structure and catalytic activity. This report confirms the vital impact of morphological
control on MOFs for improving the facet exposure of catalytic sites, which accordingly results in
an enhancement of the catalytic performance, especially for bulky substrates with limited access to
the catalytic active sites within the pores of MOF catalysts. Another important feature of MOFs is
the possibility to control the product selectivity arising from the pore size effect of MOFs. Within
this context, Zhu et al. studied the selective esterification of glycerol using a MOF-supported POM
catalyst [106]. The catalytic performance of the obtained POM@Cu-BTC catalyst was compared to the
metal oxide-supported POMs as the reference materials. Since there was no pore limitation impact
using the POM@metal-oxide catalyst, the conversion of glycerol stopped at the acid stage without
further reaction and was free to be released from the reaction site (Figure 10). However, when the
POM@Cu-BTC catalyst was applied, diffusion of the acid product within the MOF pores was limited
and further reaction of the acid product produced the corresponding ester compound.
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Figure 10. Diffusion limited glycerol transformation on MOF-POMs. Reprinted with permission
from [106]. Copyright (2015), Royal Society of Chemistry.

trindane

3.1.4. Other Organic Transformations

POMs exhibit great potential as solid acid catalysts because of their strong Brensted acidity. The
first report on a well-defined MOF-supported POM compound, which behaved as a true heterogeneous
acid catalyst, was reported by Su et al. [43]. In this work, a series of POM@MOF catalysts were
synthesized using a one-pot method. The POM@MOF compound, which contained the strongest
Keggin Brensted acid PW1;, was examined in the hydrolysis of ethyl acetate in the presence of an
excess amount of water. This catalyst, denoted as NENU-3a, exhibited almost full conversion (>95%)
after approximately 7 h of reaction, which is far more superior than most inorganic solid acids and
comparable to organic solid acids. More specifically, when the activity was reported per unit of acid,
NENU-3a was 3-7 times more active than H,SO4, PW1;, nafion-H, and Amberlyst-15. In addition
to this, no deactivation of the acid sites by water was observed and no leaching of the POM was
noted up to at least 15 cycles. Later on, the same group reported the use of POMs as templates for the
construction of novel hybrid compounds, for which the properties of the POM could be tailored towards
a specific application [123-125]. One of these targeted applications was the adsorption and subsequent
hydrolysis of the nerve gas dimethyl methylphosphate to methyl alcohol, for which the conversion
increased up to 93% when the temperature was raised to 50 °C [123]. Recycling tests demonstrated
that the structural integrity was preserved up until at least 10 cycles. However, it is important to note
here that a stabilizing effect of the POM on the MOF will only be obtained when the shape, size, and
symmetry of the POM match the MOF host [135]. This stabilizing effect even allowed the application
of POM@MOF catalysts in aggressive reactions, as was demonstrated in the very nice work of Hupp,
Farha, and Notestein [133]. In this study, the Zr-based MOF, NU-1000, was loaded with H3PW1,049
for its use in the strong acid-catalyzed reaction of o-xylene isomerization/disproportionation at 250 °C
(see Figure 11). At low POM loadings (0.3 to 0.7 POM per Zrs node), no activity was observed, which
was due to the collapse of the POM and/or MOF structure upon activation or at the start of the reaction.
However, when the loading was increased to its maximum, with 1 Keggin unit per unit cell of NU-1000,
the hybrid catalyst exhibited an initial reactivity in the examined C-C skeletal rearrangement reaction
which was even higher than that of the reference WO-ZrO, catalyst.
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Figure 11. Phosphotungstic acid encapsulated in NU-1000 for its use in the aggressive hydrocarbon
isomerization reaction. Reprinted with permission from [133]. Copyright (2018), American
Chemistry Society.

While, in the previously discussed studies, the Keggin ion acted as a template to stabilize the
microporous/mesoporous structure of the MOEF, the group of Martens et al. used this templating mechanism
to introduce mesopores separated by uniform microporous walls in a single crystal structure [121] (see
Figure 12). More specifically, a hierarchical variant of the Cu-based MOF, Cu-BTC, was synthesized using a
dual templating approach in which the Keggin ions served as a molecular template for the structural motif
of the MOEF, while the surfactant cetyltrimethylammonium bromide was used to introduce mesoporosity.
The resulting mesoporous MOF, denoted as COK-15, was investigated in the alcoholysis of styrene oxide,
which often suffers from a low selectivity. The COK-15 catalyst not only exhibited a remarkable activity
(100% conversion), but also achieved 100% selectivity for 2 methoxy-2 phenylethanol after 3 h of reaction
at 40 °C. For comparison, the microporous POM@Cu-BTC and Cu-BTC material only showed 40% and
2% conversion, respectively. The authors addressed the good activity of the COK-15 to the mesoporous
feature, which allowed efficient mass transport. Moreover, the catalyst could be recycled for at least four
runs, with a negligible loss in activity and selectivity.
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Figure 12. A copper benzene tricarboxylate metal-organic framework, COK-15, with a wide permanent
mesoporous feature stabilized by Keggin POM ions for the methanolysis of styrene oxide. Adapted
with permission from [121]. Copyright (2012), American Chemistry Society.

Besides this increase in stability after the embedding of the POM in a MOF support, several groups
have demonstrated the mutual activation of the POM guest and MOF support [32,119,127]. A very
special and extreme example of such a synergism was demonstrated in the work of Kogerler et al. [128].
In this work, a POM@MOF composite was prepared through a hydrothermal reaction in which an
Mn-based POM was added to the reaction mixture to synthesize MIL-100. The obtained 30 wt% loaded
Mn-POM@MIL-100 was evaluated for its catalytic performance in the reduction of p-nitrophenol to
p-aminophenol in the presence of NaBH,. While both the individual compounds exhibited no catalytic
activity, the composite showed an excellent performance (the activity and rate constant at 50 °C were
683 L g~ s7! and 0.23 min~!, respectively), which was even comparable to those observed for noble
metal-based catalysts. The authors stated that the high catalytic activity originated from the fact that
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the Mn-POM facilitated the electron transfer from BH,~ to the Fe>* Lewis acid sites of the MOF, as they
assumed that the MIL-100 alone could not accept electrons directly from BH,~. Additionally, the group
of Shul observed a distinct acid-base synergy upon examination of the core—shell structured heteropoly
acid-functionalized ZIF-8 in the transesterification of rapeseed oil with methanol to produce biodiesel [46].
More than 95% of the rapeseed oil was converted to biodiesel due to the simultaneous presence of the
acid functionalities of the POM and the basicity of the imidazolate groups of the MOF, whereas the pure
POM and ZIF-8 catalysts showed a catalytic performance of 61% and 32%, respectively. Moreover, the
strong chemical O-N bonding between the Keggin and the imidazole units ensured a good recyclability,
with no noticeable decrease in the catalytic performance after five cycles and no POM leaching.

3.2. Electrocatalysis

Besides the use of POM@MOF hybrids in organocatalysis, POMs also exhibit interesting
electrocatalytic properties as they can undergo fast and reversible multi-electron transfers [157].
Within this context, POMs have already shown great potential in the electrochemical oxygen evolution
reaction (OER) in a homogenous manner [158]. Despite the remarkable progress in this field, there
are only a few reports on the encapsulation of POMs in the cages of MOFs for electrocatalytic water
oxidation, as can be seen in Table 2. This is probably due to the fact that the majority of MOFs possess
a low electrical conductivity and high hydrophobicity. The first report on the encapsulation of an
unsubstituted Keggin POM in a MOF to perform electrocatalytic water oxidation was reported by
Das et al. [137]. More specifically, a one-pot synthesis was performed to include the [CoW 1204916~
anion in the size matching cage of ZIF-8 (see Figure 13). During the electrochemical measurements,
performed at pH 1.9, the authors observed a clear shift to a less anodic potential for the redox Coll/Col
couple in the cyclic voltammogram of POM@MOF with respect to that of the uncapsulated POM (from
1.14 V for the Keggin POM to 0.97 V for the composite material). In addition to this, the POM@MOF
catalyst exhibited an excellent stability as only a very small drop in the catalytic current was observed
after 1000 catalytic cycles and no leaching of Co species was observed. It is, however, important to
note here that, although the catalyst exhibited a high turnover frequency (TOF = 12.5 s™! based on the
quantitative oxygen evolution) and an excellent faradaic efficiency of 95.7%, a rather high overpotential
was required (784.19 mV at a current density of 1 mA cm~2).

[PW04]

on y, om
N,ule&/ﬂo\\zl—nn
"

HO.
Ho—2
o

IR
Era)
5

Figure 13. Encapsulation of an inactive Keggin POM in ZIF-8 to become an active oxygen evolution
reaction (OER) catalyst. Reprinted with permission from [137]. Copyright (2018), John Wiley and Sons.

In a very recent report of the same group, a redox inactive SiW;, POM was used to lower the
required overpotential [138]. The co-encapsulation of this POM together with the true catalyst, an Fe(salen)
complex, within ZIF-8 resulted in a decrease of the overpotential of more than 150 mV. In the absence
of the encapsulated POM, the Fe-salen@ZIF-8 required an overpotential of 672.9 mV to attain a current
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density of 1 mA cm~2, while in the presence of the POM, the overpotential decreased to 516 mV. The
authors attributed this observation to the fact that the POM not only increased the hydrophilicity of the
catalyst and facilitated the charge conduction in ZIF-8, but also ensured a higher loading of the Fe-salen
complex within ZIF-8. Another way to decrease this overpotential for oxygen evolution and thus improve
the hydrogen production efficiency was reported by Pang and co-workers [139]. In this work, the authors
demonstrated the successful coating of ZIF-67 with a catalytically active Keggin POM, H3PW1,049. The
unique yolk/shell structure of the ZIF-67@POM catalyst ensured a high electrical conductivity and fast
charge transfer, which resulted in a significant reduction of the overpotential. From all of the examined
ZIF-67@POM hybrids, the 6-ZIF-67@POM catalyst exhibited the smallest Tafel slope (58 mV dec™!)
and lowest overpotential values (287, 313, and 338 mV at current densities of 10, 20, and 30 mA cm?,
respectively), which are even comparable to those observed for RuO,, which is one of the most efficient
and well-known electrocatalysts for the OER reaction [159].

Besides these few examples on OER, POMs have also shown great potential in the second half
reaction for water-splitting, namely the hydrogen evolution reaction (HER) [160]. However, to solve
their shortcomings, particularly the limited stability of POMs in the required highly acidic pH for HER,
Zhang et al. encapsulated POMs in metal-organic nanotubes (MONTs), which can be considered as a
special kind of MOF [140,141]. Upon encapsulation of the POMs, using a one-pot synthesis method,
the chemical stability of both the POM and MONTs increased. The POMs served as a kind of template
to construct the MONTSs, while the MONTs ensured a sort of a shield to increase the chemical stability
of the POM. The best POM@MONTs electrocatalyst displayed an overpotential of 131 mV (at a current
density of 10 mA cm‘z), which is far more superior than other POM-based MOFs (which showed
overpotentials above 200 mV) [161].

3.3. Photocatalysis

Given the extraordinarily large-scale utilization of solar energy, POM@MOF materials have become
particularly attractive for their use in visible-light-driven photocatalytic reactions. In particular, their use
as catalysts for proton reduction has received considerable attention in recent years. Within this context,
Lin’s group reported on the integration of the two required components, namely the photosensitizer
[Ru(bpy)s]** or [Ir(ppy)2(bpy)]* and hydrogen evolution catalyst, into Zr-based MOFs to perform proton
reduction [47,152]. For example, by using a one-pot self-assembly synthesis strategy, a transition metal
Ni-based anionic POM was embedded into the highly cationic MOF by using a pre-functionalized
[Ir(ppy)2(bpy)]*-derived dicarboxylate ligand [47]. In contrast to the homogeneous mixture of POM and
the Ir-functionalized ligand, which only produced trace amounts of H, (TON = 2), a TON of 1476 was
observed for the hierarchically-organized POM@MOF assembly, which allowed facile electron transfer
due to the proximity of the NiyP, to multiple photosensitizers in NiyP,@MOF. Another simple strategy
for accommodating antenna molecules into MOFs was demonstrated in the work of Wang et al., in
which several transition metal-substituted (V, Ni, and Co) Wells-Dawson-type POM@MIL-101(Cr) were
prepared using one-pot synthesis [154]. Prior to the photocatalytic evaluation, the cationic photosensitizer
[Ru(bpy)3]** was adsorbed onto the POM@MOF, for which they observed that the adsorption ability was
significantly enhanced upon increasing the POM loading. The photocatalytic performance of the three
POM@MOF frameworks was significantly higher in comparison to their homogeneous counterpart and
remained nearly unchanged after three additional cycles. Another very nice work in which [Ru(bpy)s;]**
was also used as a photosensitizer was reported by Li et al. [155]. They reported the first water-soluble
supramolecular MOF, denoted as SMOF-1, which was built by a self-assembly process from the hexaarmed
[Ru(bpy)3]2+—based precursor and cucurbit uril (CB) (see Figure 14). The resulting polycationic SMOF-1
exhibited only a weak gas adsorption ability, but was able to accommodate the bulky redox active
[P,W10¢2]%~ anion. The hydrogen production of the resulting WD-POM@SMOF-1 was about four times
higher than that of its heterogeneous system. More specifically, in acidic media and using methanol as a
sacrificial electron donor, the TON and H, production rate was 392 and 3.553 umol g~! h~!, respectively.
The authors attributed this high activity to the unique one-cage-one-guest encapsulation pattern, which
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allowed (i) a quick diffusion and close contact of the hydronium and methanol molecules and (ii) facile
electron transfer from the excited [Ru(bpy);]** to the WD-POM. In addition to this, the catalyst could
be recovered by evaporation of the solvent and could be reused at least six times without a significant
decrease in TON.
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Figure 14. The building blocks used for the synthesis of the metal-cored supramolecular organic
framework, SMOF-1. Reprinted with permission from [155]. Copyright (2016), Springer Nature.

It is, however, important to note here that in the previous studies, the high-cost noble [Ru(bpy)3]**
and [Ir(ppy)2(bpy)]* have been used as photosensitizers. The first noble metal-free photoactive
POM@MOF catalyst was reported by Dolbecq et al. [145]. In this work, a redox active Co-based POM
was embedded in a light-harvesting porphyrinic MOF, denoted as MOF-545, for the visible-light-driven
oxidation of water (Figure 15) or, in other words, both the photosensitizer and the catalyst were
incorporated into the same porous material. The authors observed that the O, production started upon
exposure to light and increased linearly over time, until a plateau was reached after 1 h of catalysis. The
authors stated that the unique activity of this “three in one” photoactive catalyst was the result of (i) the
immobilization of the porphyrin ligand in the MOF, which increased its oxidizing power, and (ii) the
confinement of the Co-POM in the pores of MOF-545, which resulted in an increased stabilization of
the POM catalytic sites. Nevertheless, the reuse of this POM@MOF catalyst was hampered due to a
partial loss of the powder during centrifugation. To overcome this issue, the authors deposited a thin
film of the latter POM@MOF on indium tin oxide, which served as a conducting support to allow better
electronic transport, but also permitted easier reuse [146]. The films obtained through drop casting not
only exhibited a significantly better performance in photocatalytic water oxidation (TON = 1600 and
TOF = 0.467 s71) in comparison to the POM@MOF in suspension (TON = 70 and TOF = 0.04 s7!), but
also outperformed the previously homogeneous P, W1gCoy-based photosystems (TON = 75) [162].
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Figure 15. A fully noble metal-free POM@MOF catalyst for the photocatalytic oxidation of water.
Reprinted with permission from [145]. Copyright (2018), American Chemistry Society.

However, it is important to note here that in the previously presented studies, a sacrificial
donor or acceptor was required for the photocatalytic process. In a very recent work by Niu
and co-workers, the assembling of a photosensitizer, electron donor, and acceptor into one single
framework was reported [149]. For the synthesis of this Zn-based framework, the photosensitizer
N,N’-di(4-pyridyl)-1,4,5,8-naphthalenetetracarboxydiimide (DPNDI) was used as the organic ligand,
while pyrrolidine-2-yl-imidazole and the [BW1,0491°~ anion were introduced, respectively, as an
electron donor and electron acceptor (see Figure 16). The resulting Zn-DPNDI-PYI catalyst was
examined in the oxidative coupling of benzylamine, exhibiting a conversion of 99% after 16 h of
reaction. This high activity was not only the result of the consecutive photo-induced electron transfer
(conPET) process, but was also assigned to the long-lived charge separated state.
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Figure 16. Zn-DPNDI-PYI as photocatalyst for the coupling of primary amines and oxidation of olefins
with air under visible light. Reprinted from [149]. Copyright (2019), with permission from Elsevier.
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4. Summary and Outlook

Metal-organic frameworks exhibiting well-defined cages, large surface areas, and a high thermal
and chemical stability are excellent hosts for encapsulating polyoxometalates. More than 100 studies
on such POM@MOF hybrids have appeared in the last decade. In this review, we mainly focused on
the common synthetic aspects and catalytic applications of POM@MOF hybrids in organocatalysis,
electrocatalysis, and photocatalysis. More specifically, the activity, recyclability, stability, and interesting
synergetic functions of POM@MOF were discussed.

The size of the pores and the aperture of the pore windows are very critical parameters in the
design of a POM@MOFEF. The embedding of POMs into MOFs not only allows the shortcomings of POMs
to be overcome, but also ensures the use of the unique advantages of MOFs. The rise of POM@MOF
systems is mainly attributed to the excellent dispersion and subsequent stability of the POM in the
MOF host. The unique cages and windows and the tunable chemical environment of MOFs enable
interesting interactions and synergic effects between POM and MOFs, thus creating excellent novel
heterogeneous catalysts.

Although POM@MOF hybrid materials have made tremendous progress in recent years, many
challenges still need to be addressed. First of all, the interaction between POMs and MOFs is often
limited to weak electrostatic interactions, which can result in POM leaching during the catalysis. To this
end, stronger interactions, such as covalent bonds between the MOF host and the encapsulated POM,
would allow a further increase of the POM@MOF reusability in catalysis. Secondly, at this moment,
there is still too much ‘trial and error’ involved to obtain a good control on the position and distribution
of POMs inside MOF cages/channels. Thirdly, very little is known about the synergetic effects and
electron transfer mechanism in catalytic reactions. To address this problem, theoretical calculations
combined with in-situ and ex-situ characterization techniques would provide a better understanding
of the synergetic effects and electron transfer mechanism. Finally, up until now, only some well-known
archetypical POMs have been encapsulated in MOFs. New and innovative types of POMs (such as
V-centered POMs) with a proven excellent performance in oxidation and photocatalytic reactions
should be combined with MOFs to further enhance the application range of these hybrids. We have no
doubt that several exciting new (catalytic) applications will be reported in the next months and years
in this strongly growing field of research.
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Abstract: The use of metal-organic frameworks (MOFs) to solve problems, like environmental
pollution, disease, and toxicity, has received more attention and led to the rapid development of
nanotechnology. In this review, we discuss the basis of the metal-organic framework as well as its
application by suggesting an alternative of the present problem as catalysts. In the case of filtration, we
have developed a method for preparing the membrane by electrospinning while using an eco-friendly
polymer. The MOFs were usable in the environmental part of catalytic activity and may provide a
great material as a catalyst to other areas in the near future.

Keywords: metal organic framework; environmental pollution; filter; gas sorption; sensor; hydrogen
storage; electrospinning

1. Introduction

Recently, environmental pollution is increasing due to toxic waste and hazardous organic
compounds [1]. The amount of poisonous compounds that are released into the environment is a
serious problem for human life. In the pragmatic situation, air and organic pollutants are highly
involved they can be commonly expressed as particulates, acidic substances, gases, or mixtures [2,3].

Nitroaromatic compounds are found in soil, air, and water samples due to wastewater sources
from the plastic, pesticide, pharmaceutical, and dye industry [4]. In addition, the development of
hydrogen and methane storage systems is necessary for the widespread use of green energy. Moreover,
the separation and selective gas adsorption of poisonous gases, such as nitrogen dioxide and ammonia
gas, are significant in the field of air pollution [5-9].

It is essential that sensors should be developed as the way to prevent toxic materials, one of the
leading causes of environment pollution, from being released into the environment. Sulfur dioxide and
nitroaromatic compounds are considered to be poisonous and harmful to human life [10]. Our previous
work has reported a PdAg nanoparticle infused metal-organic framework (MOF) used for the detection
of 4-nitrophenol while using an electrochemical sensor [11]. In addition, Salama et al., reported an SO,
gas sensor while using an MOF [12].
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Metal-organic frameworks (MOFs) have a wide range of interesting properties such as high
specific surface area and facile modification [13-26]. MOFs are microporous materials that form
three-dimensional (3D) crystalline networks, which are prepared by combining various metal ions
with organic linkers in an appropriate solvent [27-32]. Over the past years, MOFs have been used
as catalysts, absorbents, and filters. MOFs have many advantages due to their modifiable properties,
such as high specific surface area and porosity [30,33-36]. The exceptional characteristics of MOFs
have led to their possible application in a wide range of technological areas, including gas sorption,
separation, storage [5-9], sensing [10-12,37], and heterogeneous catalysis [38-53].

In this review, we focus on various MOFs and their applications in different fields, such as:
(1) controlled gas uptake of toxic gases, including ammonia, nitrogen dioxide, and sulfur dioxide [6,7,12];
(2) sensors using Pd Ag nanoparticle infused MOFs and Cd-MOFs [11,54]; (3) Hydrogen gas storage [55-57];
and, (4) filtration for air and water pollution control while using nanofibrous MOFs [58,59] (Scheme 1).

Gas sensing Filtration

Scheme 1. Various applications by metal-organic frameworks (MOFs).
2. Basic of Stable MOFs

2.1. Characterization of MOFs

MOFs are an arising group of porous materials that were synthesized from metal ions and organic
linkers [60,61]. The ever-expanding improvement in the performance of MOFs and facile control over
their properties, MOFs have attracted the interest of engineers and scientists [62—-67]. Earlier MOFs
were synthesized from divalent metals, which showed superior properties and a diverse range of
applications [60], such as gas sorption, separation, storage [5-9], sensing [10-12,37], and heterogeneous
catalysis [38-53]. In particular, stable MOFs can be predicted by the strength of the metal-organic
linker bond that formed in their framework. We have summarized some of the typical stable MOFs
prepared from divalent, trivalent, and tetravalent metal ions in Table 1 [68].
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Table 1. Abridgment of some stable MOFs [68].

MOFs @ Clusters/Cores Linkers P BET Surface Area (m? g~1) Ref.
MIL-53 (Al) [AI(OH)(COO),1, BDC 1181 [69]
Al-FUM [AI(OH)(COO),1, FUM 1080 [70,71]
MIL-69 [AL(OH)(COO), ] 2,6-NDC NA [721
MIL-96 (Al) [ﬁf(%‘i‘{'%ggg}i] BTC NA [73]
MIL-100 (Al) [Al3(u3-0)(CO0)4] BTC 2152 [74]
MIL-101 (Al) [Al3(u3-0)(CO0)4] BDC-NH, 2100 [75]
MIL-110 [Alg(OH);5(CO0)9] BTC 1400 [76]
MIL-118 [A1(OH)(COO),(COOH); 1, BTEC NA [771
MIL-120 [AI(OH)(COO);1n BTEC 308 [78]
MIL-121 [AI(OH)(COO); ] BTEC 162 [79]
MIL-122 [AI(OH)(COO), ], NTC NA [80]
DUT-5 [AI(OH)(COO),1, BPDC 1613 [81]
NOTT-300 [AI(OH)(COO0);]n BPTA 1370 [82]
CAU-1 [Alg(OH)4(OCH3)s(CO0);,]  BDC-NH, 1700 c) [83]
CAU-3-BDC [Al15(OCH3)74(COO0)15] BDC 1550 [84]
CAU-3-BDC-NH, [Al15(OCH3)74(COO0)15] BDC-NH, 1250 [84]
CAU-3-NDC [Al15(OCH3)74(CO0)15] 2,6-NDC 2320 [84]
CAU-4 [AI(OH)(COO),1, BTB 1520 [85]
CAU-8 [AI(OH)(COO),1, BeDC 600 [86]
CAU-10 [AL(OH)(COO),1, 1,3-BDC 635 [87]
467-MOF [AI(OH)(COO),1, BTTB 725 [88]
Al-PMOF [AI(OH)(COO0), ], TCPP 1400 [89]
PCN-333 (Al) [Al3(u3-0)(CO0)4] TATB 4000 [90]
PCN-888 (Al) [Al3(u3-0)(CO0)4] HTB 3700 [91]
Al-soc-MOF-1 [Al3(u3-0)(CO0)4] TCPT 5585 [92]
MIL-53 (Cr) [Cr(OH)(COO), ], BDC NA [93]
MIL-88A (Cr) [Cr3(13-0)(CO0)4] FUM NA [94]
MIL-88B (Cr) [Cr3(p3-0)(COO)e] BDC NA [94]
MIL-88C (Cr) [Cr3(p3-0)(COO)] 2,6-NDC NA [94]
MIL-88D (Cr) [Cr3(u3-0)(COO)6] BPDC NA [94]
MIL-96 (Cr) [[Ccrf(%ﬂ%ggi;il BTC NA [95]
MIL-100 (Cr) [Cr3(13-0)(CO0)4] BTC 3100 ¢) [96]
MIL-101 (Cr) [Cr3(13-0)(CO0)4] BDC 4100 [63]
MIL-101-NDC (Cr) [Cr3(u3-0)(CO0)4] 2,6-NDC 2100 [97]
PCN-333 (Cr) [Cr3(u3-0)(CO0)4] TATB 2548 [98]
PCN-426 (Cr) [Cr3(u3-0)(CO0)4] TMQPTC 3155 [99]
MIL-53 (Fe) [Fe(OH)(COO)], BDC NA [100]
MIL-68 (Fe) [Fe(OH)(COO); ] BDC 665 [101]
MIL-141 (Fe) [Fe(OH)(COO); ], TCPP 420 [102]
F Pyrazine,
epzTCPP (FeOH)2 [Fe(OH)(COO); ], TCPP 760 [102]
MIL-88A (Fe) [Fe3(u3-0)(COO)] FUM NA [94]
MIL-88B (Fe) [Fe3(u3-0)(COO)] BDC NA [94]
MIL-88C (Fe) [Fe3(u3-0)(COO)] 2,6-NDC NA [94]
MIL-88D (Fe) [Fe3(u3-0)(COO)] BPDC NA [94]
MIL-100 (Fe) [Fe3(13-0)(COO),] BTC 2800 ¢) [103]
MIL-101 (Fe) [Fes(13-0)(CO0)6] BDC 2823 [104]
PCN-250 (Fe) [Fe3(u3-0)(COO)6] ABDC 1486 [105]
PCN-250 (Fe,Co) [Fe;Co(113-0)(CO0)4] ABDC 1400 [105]
PCN-333 (Fe) [Fes(u3-O)(COO)] TATB 2427 [90]
PCN-600 (Fe) [Fe3(u3-0)(CO0)4] TCPP 2270 [106]
Tb,(BDC)3 [Tb(H,0),(CO0)3]n BDC NA [107]
MIL-63 [Euy(u3-OH);(COO)]n BTC 15 [108]
MIL-83 [Eu(u3-0)3(CO0)3(COOH)3]n  1,3-ADC NA [109]
MIL-103 [Tb(H,0)(COO)4]n BTB 930 [110]
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Table 1. Cont.

MOFs @ Clusters/Cores Linkers P BET Surface Area (m? g1 Ref.
Y-BTC [Y(H,0)(COO)3]n BTC 1080 [111]
Tb-BTC [Tb(H,0)(COO0)3]n BTC 786 [111]
Y-FTZB [Y6(p3-OH)g(COO)6(CNy)g] FTZB 1310 [112]
Tb-FTZB [Tb6(13-OH)g(COO)6(CNy)s ] FTZB 1220 [112]
Y-FUM [Y6(13-OH)g(CO0)1,] FUM 691 [113]
Tb-FUM [Tb6(13-OH)8(CO0) 5] FUM 503 [113]
Ce-UiO-66 [Ceg(113-0)4(113-OH)4,(COO)5] BDC 1282 [114]
Ce-UiO-66-(CH3), [Ceb(113-0)4(13-OH)4(COO)2] BDC-(CH3), 845 [115]
MIL-125 [TigOg(OH)4(COO)5] BDC 1550 [116]
PCN-22 [TizOg(CO0)15] TCPP 1284 [117]
COK-69 [Ti303(CO0)4] CDC NA [118]
MOF-901 [TigOg(OMe)s(COO)4] AB, BDA 550 [119]
MOF-902 [TigOg(OMe)(COO)4] AB, BPDA 400 [120]
Ui0-66 [Zr6(113-0)4(113-OH)4(COO0)12] BDC 1187 [121]
Ui0-67 [Zr6(113-O)4(13-OH)4(COO)12] BPDC 3000 [121]
UiO-68 [Zr6(13-0)4(13-OH)4(COO) 5] TPDC 4170 [121]
PCN-94 [Zre(13-0)4(13-OH)4(COO) 5] ETTC 3377 [122]
PCN-222 [Zr6(113-0)4(13-OH) 4 (OH) 4, (H,0)4(COO)s] TCPP 2223 [123]
PCN-223 [Zr6(13-0)4(113-OH)4(COO) 1] TCPP 1600 [124]
PCN-224 [Zre(113-0)4(113-OH) 4 (OH) (H20) (COO)5] TCPP 2600 [125]
PCN-225 [Zre(13-0)4(113-OH) 4 (OH) 4 (H,0)4(COO)g] TCPP 1902 [126]
PCN-228 [Zr6(113-0)4(113-OH)4(CO0)15] TCP-1 4510 [127]
PCN-229 [Zr6(13-0)4(113-OH)4(COO) 1] TCP-2 4619 [127]
PCN-230 [Zr6(13-0)4(13-OH)4(COO) 5] TCP-3 4455 [127]
PCN-521 [Zrg(13-0)4(113-OH) 4 (OH) 4 (H,0)4(COO)g] MTBC 3411 [128]
PCN-700 [Zr6(113-0)4(13-OH) 4 (OH) 4 (H,0)4(COO)3]  Me2BPDC 1807 [129]
PCN-777 [Zr6(113-0)4(113-OH) 4 (OH) (H20) (COO)5] TATB 2008 [130]
PCN-133 [Zr6(13-0)4(13-OH)4(COO) 5] BTB, DCDPS 1462 [131]
PCN-134 [Zrg(143-0)4(113-OH) 4 (OH), (H,0)2(CO0)10]  BTB, TCPP 1946 [131]
MOEF-801 [Zr6(113-0)4(113-OH)4(COO0)15] FUM 990 [132]
MOF-802 [Zr6(13-0)4(n3-OH)4(OH), (H,0),(CO0)10]  PZDC NA [132]
MOF-808 [Zre(113-0)4(113-OH) 4 (OH) (H20) (COO)5] BTC 2060 [132]
MOF-812 [Zre(13-0)4(13-OH)4(COO) 5] MTB 2335 [132]
MOF-841 [Zr6(113-0)4(13-OH) 4 (OH) 4 (H,0)4 (COO)5] MTB 1390 [132]
MOF-525 [Zr6(113-0)4(113-OH)4(COO0)1] TCPP 2620 [133]
MOF-535 [Zre(13-0)4(13-OH)4(COO) 5] XF 1120 [133]
MOF-545 [Zrg(13-0)4(113-OH) 4 (OH) 4 (H,0)4(COO)g] TCPP 2260 [133]
DUT-51 [Zr6(113-0)4(13-OH) 4 (OH) 4 (H,0)4 (COO)s] DTTDC 2335 [134]
DUT-52 [Zr6(1153-0)4(13-OH)4(COO)12] 2,6-NDC 1399 [135]
DUT-84 [Zre(13-0)4(113-OH) 4 (OH) (H,0)6(CO0)s]  2,6-NDC 637 [135]
DUT-67 [Zrg(13-0)4(113-OH) 4 (OH) 4 (H,0)4(COO)g] TDC 1064 [136]
DUT-68 [Zr6(113-0)4(13-OH) 4 (OH) 4 (H,0)4(COO)5] TDC 891 [136]
DUT-69 [Zr6(113-0)4(n3-OH) 4 (OH), (H,0),(CO0)10] TDC 560 [136]
NU-1000 [Zre(113-0)4(113-OH) 4 (OH) 4 (H,0)4(COO)g] TBAPy 2320 [137]
NU-1100 [Zre(13-0)4(13-OH)4(COO) 5] PTBA 4020 [138]
NU-1101 [Zr6(113-0)4(113-OH)4(CO0)15] Py-XP 4422 [139]
NU-1102 [Zr6(u3-0)4(113-OH)4(COO)15] Por-PP 4712 [139]
NU-1103 [Zre(13-0)4(13-OH)4(COO) 5] Py-PTP 5646 [139]
NU-1104 [Zre(13-0)4(13-OH)4(COO) 5] Por-PTP 5290 [139]
MIL-140A [ZrO(COO),]n BDC 415 [140]
MIL-140B [ZrO(COO),]n 2,6-NDC 460 [140]
MIL-140C [ZrO(COO),]n BPDC 670 [140]
MIL-140D [ZrO(COO),]n CI2ABDC 701 [140]
BUT-12 [Zr6(13-0)4(13-OH) 4 (OH) 4 (H,0)4(COO)s] CTTA 3387 [141]
BUT-13 [Zr6(113-0)4(n3-OH) 4 (OH) 4 (H,0)4(COO)s] TTNA 3948 [141]
Zr-ABDC [Zre(13-0)4(13-OH)4(COO) 5] ABDC 3000 [142]
BUT-30 [Zre(13-0)4(13-OH)4(COO) 5] EDDB 3940 [143]
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Table 1. Cont.

MOFs @ Clusters/Cores Linkers P BET Surface Area (m? g1 Ref.
PIZOF [Zr6(113-0)4(pn3-OH) 4 (CO0)15] PEDC 2080 [144]
Zr-BTDC [Z16(113-0)4 (113-OH) 4 (COO)1,] BTDC 2207 [145]
Zr-BTBA [Zr6(1t3-O)4 (113-OH) 4 (COO)1, ] BTBA 4342 [146]
Zr-PTBA [Zre(113-0)4 (113-OH)4 (COO)12] PTBA 4116 [146]
Zr-BTB [Zre(13-0)4(13-OH) 4 (OH) (H20)6(COO)s ] BTB 613 [147]
hep UiO-67 [Hf1(113-0)g (13-OH)g (12-OFH) (COO) 1] BPDC 1424 [148]
Zr1,-TPDC [Z112(113-O)s (113-OH)g (11p-OH) (COO) 15] TPDC 1967 [149]
Hfy»-BTE [Hf12(13-0)s (13-OH)s (12-OH)6 (COO) 15] BTE NA [150]
Cu-BTPP [Cus(us-OH)(PZ)3] BTPP 660 [151]
Nis(BTP), [Niy(PZ)s] BTP 1650 [152]
Zn (1,4-BDP) [Zn(PZ),]n 1,4-BDP 1710 [153]
Zn (1,3-BDP) [Zn(PZ),1n 1,3-BDP 820 [153]
PCN-601 [Nig(OH)4(H20)(PZ)12] TPP 1309 [154]
ZIF-8 [ZnNy] mIM 1947 [155]
ZIF-11 [ZnNy] bIM 1676 [155]
ZIF-67 [CoNy] mIM 1587 [156]
ZIF-90 [ZnNy] ICA 1270 [157]
ZIF-68 [ZnNy] nIM, bIM 1220 [64]
ZIF-69 [ZnNy] nIM, 5cbIM 1070 [64]
ZIF-70 [ZnNy] IM, nIM 1970 [64]

a) These MOFs can be modified by functional organic comgounds such as amino, nitro, methyl, halogen, or hydroxyl
groups. These MOFs are not explained in this paper; ) All linkers name are abbreviations [68]; ¢ Langmuir
surface area.

2.2. Tetravalent Metal-Carboxylate Based MOFs

Tetravalent metals, such as Ce*t, Zr**, and Ti**, and carboxylate linker based MOFs are a
comparatively new field of study. Lillerud et al. and Férey et al. have reported on Zr-MOFs and
Ti-MOFs, respectively [116,121]. Both Zr- and Ti-MOFs have been applied in various fields because
of their high stability [68]. On the other hand, Ce-MOFs are fascinating materials due to their redox
properties and possible catalytic activity. For example, a Ce-MOF, which is composed of Ce3* and
Ce*t, exhibits unique oxidase-like catalytic performance [158].

2.3. Trivalent Metal-Carboxylate Based MOFs

MOFs that are composed of trivalent metal cations and carboxylate linkers have two main
secondary building units (SBUs): (1) The [M3(p3-O)(COO)¢] cluster, which includes a uz-oxo-centered
trimer of MOy, octahedra and (2) the [M(OH)(COO);], chain, which has a py-hydroxo corner sharing
MOg octahedral unit [68].

2.4. Divalent Metal-Azolate Based MIOFs

Another type of stable MOFs is composed of soft M+ ions and azolate-based ligands while using
hard soft acid base (HSAB) theory. Some of the organic reagents are in the form of azolate-based linkers
(Table 2) [159]. Azoles generally release a proton to coordinate with the M ions, similar to carboxylic
acids [68]. In addition, azoles display well-known coordination properties and the sp2 nitrogen donors
in pyridines and azoles are essentially alike, but different to carboxylic acids [68].
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Table 2. Structure and typical coordination modes of azolates.

Linker Structure Typical Coordination Modes
N\
Imidazole (HIM) NH NCN_
=
N J
Pyrazole (HPZ) E/\NH =\
=~ N—
=
i /
[\ fN\ _
N~/ N~/
Triazole (HTZ and HVTZ)
N /
N= \N " NZ N\
I~/ s’
" /
N="\ N =N
Tetrazole (HTTZ) | NH 1 N—
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3. Toxic Gas Sensors

The detection of toxic gases is important in environmental remediation and human health
problems. Accordingly, many groups have studied new sensing materials for latent modification.
Schroder et al. have reported several MOFs that are used for the reversible adsorption of nitrogen
dioxide [6]. The Dinca group have reported the use of microporous triazolate-based MOFs for the
detection of ammonia gas [7]. Salma et al. have studied the synthesis of a foremost chemical sensor for
the identification of sulfur dioxide at room temperature (RT) [12].

3.1. Robust Porous MOF for Reversible Adsorption of NO;

As one of the major air pollutants, nitrogen dioxide is fatal to the environment and it causes
serious health problems [75-78]. Decreasing NOy contamination is a difficult issue due to the
highly active atomic bond with oxygen and corrosive nature [79]. Therefore, various materials,
including metal oxides, mesoporous silica, zeolites, and activated carbons, have been studied as
NO; adsorbents. However, these materials show low adsorption capacities and irreversible uptake
due to the disproportionation of NO* and NO%~. MOFs have been used as solid adsorbents, but an
isothermal adsorption study on NO; has not been conducted to date. Therefore, Han et al. studied the
isothermal adsorption of MOFs and confirmed that MFM-300 (Al) can interact with highly reactive
NO,. Consequently, MFM-300 (Al) has great potential as a practical solid absorbent.

Figure 1 shows the adsorption isotherms that were obtained for MFM-300 (Al) in various
gases, including NO,, CO,, SO,, CO, CHy, Ny, Hj, O,, and Ar at room temperature and pressure.
The maximum NO; isotherm uptake was ~4.1 mmol g! at room temperature and pressure. This value
was much higher than modified Y zeolites [160], mixed oxides, such as Ce;_ZryO, [161], NH3
functionalized SBA-15 [162], urea-modified mesoporous carbons [163], and activated carbons [164].
Furthermore, the crystallinity and sorption capacity were not changed after the cycling of the sorption
and desorption steps.
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Figure 1. Gas uptake properties of MFM-300 (Al) in various gas environment such as NO,, CO,, SO,,
CHy, CO, Ny, Hy, Oy, and Ar (open symbol: adsorption, solid symbol: desorption). Reproduced and
adapted from Ref. [6]; Copyright (2018), Springer Nature.

3.2. Ammonia Sorption in MOFs

Ammonia (NHj3) is present in the atmosphere due to global agriculture and industry. The current
industrial standard sorbents show a low affinity and limited capacity for NH3. The heterogeneous pore
size in carbon-based materials has caused a fundamental problem in studies on ammonia sorption.
Recent studies have focused on sorbents containing Lewis or Bronsted acid sites that show a higher
affinity toward NHj3 molecules to solve this problem. In this study, Dinca et al. showed the static and
dynamic ammonia capacities of various microporous triazolate-based MOFs.

Dynamic breakthrough measurements using 0.1% NHj; showed that Co,Cl;BBTA and
Co,C1,BTDD have a NHj breakthrough capacity of 8.56 and 4.78 mmol g‘l, respectively (Table 3).
This is equal to 1.48 and 1.08 molecules of NHj per Co atom, respectively. The NHj breakthrough
capacity value is reduced in 80% relative humidity (RH), regardless of the pore size due to the
adsorption of water. The saturation value was 4.36 mol kg’1 for Co,CI,BBTA and 3.38 mol kg’1 for
Co,Cl,BTDD. These results indicate 0.76 and 0.77 NH3 molecules are absorbed per open metal site in
CoCI,BBTA and Co,Cl,BTDD, respectively.

Table 3. Saturation NHj breakthrough capacities value at 0.1% of MOFs.

Dry (0% RH) Wet (80% RH)
Co,ClL,BTDD 478 3.38
Co,ClL,BBTA 8.56 436
Cu,CL,BBTA 7.52 573

3.3. Highly Performance of SO, MOF Sensor

Although sulfur dioxide is one of the most toxic and serious air pollutants, consumption for fossil
fuel is increasing [10]. The main adverse health issues occur upon continuous exposure to SO,, with a
primary 1-h acceptable limit of 75 ppb. Thus, a sensitive sensor, which can detect even a small amount
of SO, gas, is necessary. However, the detection of SO, gas by chemical reaction from CaO to CaSO3;
has low efficiency and irreversibility [165,166]. Therefore, it is necessary to achieve the reversible
physisorption and selective interaction with SO,. Thus far, there are many studies that have been
conducted based on the metal oxide (SnO,, WO3, and TiO,) that show high- sensitivity, recover time,
and selectivity. However, a sensor based on metal oxide requires the high temperature (200-600 °C),
which means that it requires high energy and power.
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Recently, MOFs are attractive because of satisfying these requirements mentioned above. However,
one of the issues using MOFs in sensing devices is directly related to the fabrication as thin films form.
In this study, Salama et al. showed the fabrication of a MOF thin film on various supports and its
gas-sensing properties.

Among the various MOFs, such as MFM-300 (Al), MFM-202-a, Zn3[Co(CN)s]2, Co3[Co(CN)gl,
Mg-MOEF-74, and Ni(bdc)(ted)o 5, they have chosen the MFM-300 (In) MOF because of its high sorption
capacity. To confirm the sensing properties of MEM-300 (In) and measured the changing the capacitance.
In particular, MFM-30 (In) MOF was grown on a prefunctionallized IDE with an OH-terminated
self-assembled monolayer (SAM) under optimized conditions [167]. X-ray diffraction (XRD) and
scanning electron microscopy (SEM) confirmed the structural properties of the film.

The MFM-300 (In) MOF sensor showed exceptional performance. In addition, it can detect SO, in
the ppb range down to 75 ppb (Figure 2). The remarkable detection properties are related to the change in
the permittivity of the thin film, depending on the adsorption of SO, molecules. There are two types
of interaction in the adsorption process: (1) Analyte-framework interactions and (2) analyte-analyte
interactions. Changing these two interactions induce a change in the capacitance of the thin film. The MOF
sensor exhibited good stability over three weeks of operation.
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Figure 2. (a) Detection of SO, in the 75 to 1000 ppb concentration range (b) linear response for
MEFM-300 (In) MOF-sensor upon exposure to SO, for a 24-day (c) reproducibility cycles for the detection.
Reproduced and adapted from Ref. [12]; Copyright (2018), RSC Journal of Materials Chemistry A.

They also measured the sensing performance with relative humidity (RH) at 350 and 1000 ppb
of SO, gas. However, it does not show distinctive signals as compared to the “dry” condition
(Figure 3a). Therefore, it confirmed that the practical applicability of MFM-300 (in) MOF as SO, sensor
in humidity condition. The temperature dependent sensing properties from 22 °C to 80 °C showed
that the performance decrease up to 35% with increasing temperature (Figure 3b). Finally, selectivity
performance was conducted in various gases of MFM-300 (In) MOF. As a result, it showed good
selectivity for SO, gas when compared to others (Figure 3c).
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Figure 3. Environment effect of sensing performance with (a) relative humidity (b) temperature and
(c) selectivity performance in various gases of MEM-300 (In) MOF sensor. Reproduced and adapted
from Ref. [12]; Copyright (2018), RSC Journal of Materials Chemistry A.

4. Detection and Reduction of Toxic Water via MOFs

4.1. Detection of Toxic 4-Nitrophenol via AgPd Nanoparticles on Functionalized MOFs

Nitroaromatic compounds are continuous organic contaminants that originate from industrial
waste. 4-Nitrophenol (4-NP) is one of the harmful phenolic pollutants found in chemical waste [54],
which is due to its high polarity and subsequent high solubility in water.

4.1.1. Synthesis of UiO-66-L and AgPd Nanoparticles Embedded on UiO-66-L (L=NH; and NO,)

The synthesis of UiO-66-L was previously reported in the literature [168]. ZrCly was dispersed in
DMF and the resulting mixture activated with acetic acid at 55 °C. 2-NH,-H,BDC and 2-NO,-H,BDC
were used to functionalize UiO-66, respectively.

AgPd@UiO-66-L MOF was prepared via a reduction method while using sodium borohydride.
UiO-66-L MOFs were homogeneously dispersed in water, and AgNO3 and PdCl, were dispersed in the
resulting MOFs dispersion, respectively. An aqueous solution of NaBH, was added to the Ag*, Pd?*,
and MOFs mixture to reduce the Ag and Pd. The product was isolated via centrifugation, washing,
and drying (Scheme 2).

o DMF, H,0
OH
2+ T D
o]

CH,COOH
120 °C

H,BDC-NH, Ui0-66-NH,

Ag NPs Pd NPs

NH
+4e" +4H*

-H,0

oH

AgPd@Ui0-66-NH,

Scheme 2. Synthesis of AgPd@UiO-66-L and the electrochemical reduction mechanism of 4-nitrophenol.
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4.1.2. Characterization of UiO-66-L and AgPd@UiO-66-L

In this review, the characterization of UiO-66-L and AgPd@UiO-66-L while using SEM, TEM,
and XRD is described. The FE-SEM and TEM images show the good dispersion of metal NPs on the
AgPd@UiO-66-NH; MOF and its octahedral morphology (Figure 4a,b). The elemental distribution
of UiO-66-NH, was investigated while using HAADF and elemental mapping (Figure 4c—j), which
confirmed the bimetallic AgPd nanoparticles were loaded into both the bulk MOF and on its surface.

Figure 4. Scanning electron microscopy (SEM) image (a), TEM image (b), HAADF image (c), total
element (d), and elemental mapping (e—j) of AgPd@UiO-66-NHj;. The bar indicate 100 nm (a), 50 nm (b),
and 40 nm (c—j). Reproduced and adapted from Ref. [11]; Copyright (2018), Elsevier Sensors and
Actuators B: Chemical.

The XRD spectra showed the crystallinity and structural aspects of the as-synthesized materials
(Figure 5). The XRD spectra that were recorded for UiO-66-NH, and UiO-66-NO, were similar and in
good agreement with AgPd and bare UiO-66 (Figure 5a—c). This shows that the materials crystallinity
was not changed after functionalization of the -NH; and -NO, groups (Figure 5d,e). The characteristic
peaks for Ag and Pd were observed at 20 = 38.03° and 40.01°, respectively. Moreover, the existence of
both Ag and Pd peaks in Figure 5f,g, respectively, show the obvious crystallinity of the AgPd alloy.

4.1.3. A Comparison of the Catalytic Performance by the Detection and Reduction of 4-Nitrophenol

In this paper, 0.5 mM of 4-nitrophenol was detected while using AgPd@UiO-66-L by cyclic
voltammetry. The sharp reduction peak at -0.7 V vs. Ag/AgCl shows the reduction of 4-nitrophenol
to 4-hydroxyaminophenol by AgPd@UiO-66-NH,/GCE (Figure 6a). In addition, a quasi-reversible
anodic peak was observed at ~0.1 V vs. Ag/AgCl, due to the oxidation of 4-hydroxyaminophenol to
4-nitrosophenol. In this result, AgPd@UiO-66-NH, showed improved performance when compared to
the other materials studied. Figure 6b shows the cyclic voltammograms for the sensing of various
concentrations of 4-nitrophenol (0.25-400 pum) by the AgPd@UiO-66-NH,/GCE electrode in 0.1 M
phosphate buffered saline (PBS) at pH 7. Increasing the concentration of 4-nitrophenol from 0.25 uM to
400 uM exhibited a linear increase in the cathodic reduction peak due to the beneficial electrocatalytic
reduction of 4-nitrophenol to 4-hydroxyaminophenol.
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Figure 5. PXRD pattern of UiO-66 (a), UiO-66-NH, (b), UiO-66-NO, (c), Ag@UiO-66-NH, (d),
Pd@UiO-66-NHj; (e), AgPd@UiO-66-NHj (f), and AgPd@UiO-66-NO; (g). Reproduced and adapted
from Ref. [11]; Copyright (2018), Elsevier Sensors and Actuators B: Chemical.
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Figure 6. (a) CVs of the identical electrodes in 0.1 M PBS solution including 0.5 mM of 4-nitrophenol,
(b) CVs of AgPd@UiO-66-NH,/GCE in 0.1 M PBS at various concentration 4-nitrophenol (0.25 utM—400 uM),
(c) UV-VIS absorption spectra of 4-nitrophenol before addition of NaBH, solution as compared to after, and
(d) Intensity of absorbance peak change detection via UV-VIS spectra for the reduction of 4-nitrophenol
within NaBHy in AgPd@UiO-66-NH; during the time-dependent. Reproduced and adapted from Ref. [11];
Copyright (2018), Elsevier Sensors and Actuators B: Chemical.
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The catalytic activities of the as-synthesized products were also studied while using this catalytic
reduction reaction using UV-Vis spectroscopy. 4-Nitrophenol shows an absorption peak at ~317 nm in
an aqueous medium. Upon the addition of NaBH4 powder to the solution, a new peak was detected at
400 nm (Figure 6c¢). The resulting thick yellow mixture and shift in the absorption peak was due to the
generation of p-nitrophenolate [169]. Figure 6d showed catalytic activity by AgPd@UiO-66-NH, in the
mixed solution of sodium borohydride and 4-nitrophenol. The color of mixed solution altered from
yellow to colourless because of the activation of 4-nitrophenolate ion to 4-aminophenol.

4.2. Detection of Antibiotics in Water Using Cd-MOF as a Fluorescent Probe

Antibiotics are used to treat bacterial infections in animals and humans, but they are an important
organic pollutant [170,171]. The abuse of antibiotics has led to extreme residues in subsoil water
and surface water [172-177]. Therefore, luminescent MOFs have been synthesized and applied in
the detection of antibiotics in water as an alternative to liquid chromatography (LC) combined with
UV-Vis spectroscopy, capillary electrophoresis, Raman spectroscopy, mass spectroscopy, and ion
mobility spectroscopy [141,178-193]. In this paper, the reported Cd-MOF material was used toward
the detection of the antibiotic, ceftriaxone sodium (CRO).

4.2.1. Synthesis and Detection of Cd-MOF

The synthesis of Cd-MOF while using 1,4-bis(2-methyl-imidazole-1-yl)butane (bbi) was carried out
while using a literature process [194]. The detection of antibiotics was achieved using UV spectroscopy
in the wavelength range of 270-350 nm.

4.2.2. Characterization of Cd-MOF

The Cd-MOF was analyzed in terms of its thermal and chemical stability under harsh conditions.
Figure 7a exhibited no weight loss in the temperature range of 35-300 °C due to the absence of water in
the Cd-MOFE. The framework started to decompose at temperatures >300 °C. Meanwhile, the Cd-MOF
was stored in aqueous solutions of the antibiotic and distilled water under various pH conditions
for 24 h (Figure 7b). The PXRD spectra of the treated samples are in good agreement with the base
simulated data. In these results, the Cd-MOF exhibited high physical and chemical stability in alkaline,
acidic, and antibiotic solutions, respectively.
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Figure 7. (a) Thermal gravity analysis graph of Cd-MOF and (b) PXRD spectrum of Cd-MOF neglected
in various pH aqueous solution and water for 24 h. Reproduced and adapted from Ref. [54]; Copyright
(2019), RSC Analyst.

The MOF candidates used as luminescent materials are often constructed from conjugated organic
ligand linkers and d'% metal ions [195-200]. Therefore, the Cd-MOF shows enhanced fluorescence
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intensity when compared to those that are constructed from organic ligands, such as bbi and H,L
(Figure 8).

e Cd-MOF
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Figure 8. The fluorescence spectra of solid samples of Cd-MOF, bbi, and H, L organicligand. Reproduced
and adapted from Ref. [54]; Copyright (2019), RSC Analyst.

4.2.3. Chemical Sensors for Antibiotic Detection

The application of Cd-MOF as a fluorescent sensor for detecting antibiotics in water was
investigated because of its robust luminescence properties in water. Cd-MOF was dispersed in
antibiotic solutions containing LIN, AZL, PEN, AMK, ERY, AMX, AZM, GEN, ATM, FOX, CSU, CEC,
CED, CEM, MTR, SXT, and CRO (LIN: Lincomycin hydrochoride, AZL: Azithromycin latobionate,
PEN: Penicillin, AMK: Amikacin, ERY: Erythromycin ethylsuccinate, AMX: Amoxicillin, AZM:
Azithromycin, GEN: Gentamicin, ATM: Aztreonam, FOX: Cefoxitin, CSU: Cefathiamidine, CEC:
Cefaclor, CED: Cefradine, CFM: Cefixime, MTR: metronidazole, SXT: Sulfamethoxazole, and CRO:
Ceftriaxone sodium, respectively). As a result, the effective fluorescence quenching of Cd-MOF by
these antibiotics follows the order of AZL < GRN < LIN < AMK < ERY < PEN < AZM < AMX < FOX
< CEC < CSU < MTR < CFM < ATM < SXT < CRO (Figure 9a). In particular, the efficient detection
of CRO via fluorescence quenching was ~90% in this study. Figure 9b shows the distinction of the
Cd-MOF sensor for quantitative analysis while using a fluorescence titration experiment. This graph
shows the straightforward and dramatic trend in the fluorescence intensity of Cd-MOF that was
detected from 0 to 70 puL. Cd-MOF is an effective probe used to detect CRO. The Cd-MOF sensor in an
aqueous solution of CRO exhibits highly sensitive fluorescence intensity under various pH conditions
(Figure 9¢, pH = 4-11). From this graph, Cd-MOF can be used under various pH conditions with no
effect on the experimental results. In particular, Cd-MOF shows high performance and stability at pH
= 6-7. Figure 9d shows that the rapid detection of various concentrations of CRO can be achieved
when an aqueous solution of CRO was added to the Cd-MOF suspension.
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Figure 9. (a) Comparison of various antibiotics quenching efficiency using Cd-MOF at room temperature.
(b) Dispersed in aqueous solution of CRO for fluorescence spectra (c¢) CRO aqueous solution tested
in various pH aqueous solution using Cd-MOF, and (d) Fluorescence intensity of CRO solution in
Cd-MOF suspensions in time dependent. Reproduced and adapted from Ref. [54]; Copyright (2019),
RSC Analyst.

5. Filtration of Water and Air Pollutants Using Nanofibrous MOFs Prepared via
Electrospinning Methods

5.1. Nanofiber MOF Filter for Particulate Matter

Serious threats to human health have been arisen due to the rapid development of the economy
and industry, with the most dangerous of them being air pollution [201,202]. In practice, air pollutants
are very diverse and are typically composed of particulate matter (PM) and toxic gases. PM is harmful
to the environment affecting human health, air quality and the climate. Particulate matter whose
aerodynamic diameters are <2.5 um (PM;5) and <10 pm (PM;j) can penetrate the respiratory system
and cause health problems upon prolonged exposure [203,204]. A lot of attention has been focused on
researching PM filters to solve these problems. Among them, research on filters made using MOFs via
electrospinning methods is a major factor.

5.1.1. Basic Theory of Electrospinning

Electrospinning is the most facile way to make nanofiber membranes containing organic and
inorganic components while using polymer melts and solutions [205]. The basic principle of
electrospinning is to apply a strong electric field using a high voltage power supply and drawing the
fabricated fiber as they solidify (Scheme 3) [206]. It is easy to install and produce, so this method
enables mass production at a low cost. Although the basic principle of electrospinning is simple, its
mechanism is very complicated, because there are many factors that affect the process. Among them,
the process parameters include the nozzle diameter, applied voltage, and tip-to-collector distance
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(TCD) [207]. In addition, it is also influenced by the solution characteristics and physical properties,
such as the concentration, viscosity, surface tension, and vapor pressure. In particular, there are many
advantages that affect performance of filter, such as specific surface area, alterable fiber diameter, and
pore size.

Scheme 3. Electrospinning Setup.

5.1.2. Detail Mechanism of Electrospinning

Electrospinning is the simplest way for producing micro or nanoscale fibers [208-210]. Although
the basic theory of this process is uncomplicated, its detail mechanism is so complicated. Many
conditions, such as solution terms and experimental environment, affect the electrospinning process.

In the case of solution term, viscosity, surface tension, vapor pressure and solution conductivity
have a major influence on electrospinning. The most important of these is viscosity, which can vary
greatly with electrospinning. If all conditions are the same, except for the viscosity, it will affect the
thickness and formation of the fibers. If the viscosity of the solution is too high, since the drop for
electrospinning is not formed, electrospinning itself might be disrupted. On the other hand, if it is
considerably low, the fibers are not able to withstand the tension caused by stretching in the process of
drawing fibers, so that the fiber are broken. At the optimum viscosity for electrospinning, generally, if
the viscosity increases, the stretching proceeds relatively slowly, and the fibers may become thick and
vice versa. Similarly, vapor pressure also affects the thickness of the fiber. The vapor pressure of the
solution has an intuitive effect on the evaporation rate of the interpolation solvent, so that adjusting
the vapor pressure can control the thickness of the fiber.

Surface tension is thought to influence jet formation after drop formation. If the surface tension is
too high, drops are formed, but it is difficult to form a jet. This is because the surface tension of the
solution is higher than the high voltage applied and, thus, the jet is not formed. In general, it is a good
idea to consider the surface tension of the solution if a drop is formed but no jet is formed.

Electrospinning is basically a process for very low conductivity solutions. Electrospinning on
conductive solutions is a very difficult process. The reason is that when the conductivity of the
solution is high, the drop itself is not formed, and charge is directly discharged from the solution
to the collector, which makes it difficult to form electrospinning. It might be possible to spinning a
conductive solution by applying a very high voltage, so that the amount of charge applied is greater
than that discharged, in order to spinning a conductive solution. The experimental environmental
factors affecting electrospinning include TCD, voltage, nozzle size, and temperature and humidity.
In the case of temperature and humidity, it is difficult to control these, which is one of the main reasons
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why the reproducibility of electrospinning result is different every day. Conditions that are related to
electrospinning settings, such as TCD voltage and nozzle size, have a relatively small impact. During
the electrospinning experiment, the TCD and voltage can be changed in real time, so it is relatively easy
to know the optimal conditions for spinning. In this context, the detailed mechanisms and conditions
of electrospinning are very diverse and complex, but, if the optimum conditions are found, then a fiber
that has high propulsion can be obtained.

5.1.3. Characterization of MOF@PAN, PS (Polystyrene)

A high ratio of MOFs can be loaded into polymer composites without agglomeration by adjusting
the morphology and particle size of dissimilar MOF crystals. Figure 10 shows the SEM images of
polymer and various MOF non-woven fabrics. By controlling the electrospinning conditions, such as
voltage, flow rate of the solution, and TCD, four MOFs can be formed into fiber materials. Figure 10
shows that the MOF nanoparticles are well dispersed in the polymer fibers without any apparent
agglomeration, despite a high loading of 60 wt%.

N

Ui0-66-NH /PAN

104m

Mg-MOF-74/PAN Mg-MQE-74/P§

10 pm ; 40 pmy

Figure 10. SEM images of polymer and various MOFs loaded nonwoven fabrics. Reproduced and
adapted from Ref. [58]; Copyright (2016), ACS Journal of American Society.

5.1.4. Filtration of Particle Matter Using ZIF-8@PAN

Generally, MOF filters can capture pollutants, including particulate matter via three mechanisms:
(1) Pollutants can be bound to the OMSs, (2) interaction with the functional groups in the MOF filters,
and (3) electrostatic interactions with the MOF filter. Figure 11 shows the particulate matter removal
efficiency that was observed for MOFs@PAN filters. Figure 11a shows that the ZIF-8@PAN filter has the
highest removal efficiency for PM; 5 and PM;( among the various MOFs studied. Particulate matter is
very polar because of the presence of water vapor and various ions. MOFs, which have unbalanced
defects and metal ions on the surface, offer positive charge. This is why the surface of PM can be
polarized enhancing the electrostatic interactions. The zeta potential represents these electrostatic
interactions. Among the MOFs studied, ZIF-8 exhibited the highest zeta potential of 47.5 mV. In this
context, the ZIF-8@PAN filter displayed higher removal efficiency than the other filters studied and its
efficiency was maintained after 48 h of exposure to polluted air (Figure 11b).
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Figure 11. (a) Particulate matter removal efficiencies of polyacrylonitrile (PAN) filter, Al,O;@PAN
filter and MOF@PAN filter (b) Long term PM, 5 removal efficiencies of PAN filter and ZIF-8@PAN filter.
Reproduced and adapted from Ref. [58]; Copyright (2016), ACS Journal of American Society.

5.2. Nanofiber MOF Filter for Water Pollutants

Water contamination has become an important issue in environmental remediation due to the
increase of urban areas and industrialization. Domestic wastewater is continuously discharged into the
environment. Generally, the major pollutants in food wastewater are soluble organic food additives and
insoluble organic compounds. Many methods have been used to treat these types of pollutants, such
as advanced oxidation, adsorption, and photocatalytic membrane technology [211-215]. Among these
methods, membrane technology is preferred due to its facile operation. However, research studies mainly
concentrate on the removal of one type of pollutant, either soluble or insoluble pollutants. Recently, porous
materials, such as MOFs, have been applied to water filtration to treat these contaminants [211-219]. It is
necessary to use an electrospinning process to obtain superhydrophilic-underwater superoleophobic
properties. In this context, an electrospun polyacrylonitrile (PAN) and MIL-100 (Fe) composite filter
(PAN@ MIL-100(Fe)) have been fabricated to treat domestic wastewater.

5.2.1. Schematic of the PAN@MIL-100 (Fe) Filter

Scheme 4 shows the process that is used to prepare the PAN@MIL-100 (Fe) filter. In view of the
facile electrospinning process, a HsBTC/PAN electrospun fiber filter was prepared as the precursor to
load MIL-100 (FE), where the PAN fiber is used as a polymer frame and trimesic acid used as the initial
reaction site for MIL-100 (FE) growth. As the hydrothermal reaction proceeds, trimesic acid acts as a
nucleation site for the growth of MIL-100 (Fe) on the PAN fibers.

Hydrotherml reaction

COOH

metal: Fe*  linker: Q &=
HOOC OOH

H,BTC/PAN FM PAN@MIL-100(Fe) FM

Scheme 4. (a) Schematic illustration of fabricating the PAN@MIL-100 (Fe) filter. Reproduced and adapted
from Ref. [59]; Copyright (2019), RSC Journal of Materials Chemistry A.
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5.2.2. Characterization of the PAN@MIL-100 (Fe) Filter

Figure 12a and b show that the H3BTC/PAN fiber filter has a smooth surface without any beads.
The average diameter is 110 nm. After the growth process, the PAN@MIL-100 (Fe) filter has a rough
fiber surface with lots of particles. Many particles are covered on the PAN fibers with an average
diameter of 211 nm, which is increased during the coating process. This indicates that the MOFs are
successfully coated onto the PAN fibers without any aggregation.

Figure 12. SEM image of (a) H3BTC/PAN filter and (b) PAN@MIL-100 (Fe) filter. Reproduced and
adapted from Ref. [59]; Copyright (2019), RSC Journal of Materials Chemistry A.

5.2.3. Filtration of the Wastewater with Soluble Pollutants Using PAN@MIL-100 (Fe) Filter

The electrospun fiber filter that was prepared without MOFs has macro-size pores, so it is difficult
to effectively separate the pollutants. The adsorption interactions between the fibers and pollutants is
major factor in the filtration performance of the filter. In this context, Figure 13 shows the results of
filtering amaranth red (AR) and vanillin (VA) as soluble pollutants. AR and VA are approximately 99%
removed and the removal efficiencies were both >95% after 10 adsorption-desorption cycles.

(c)
1004
_o—a—a—o | 2
M a;:ﬂﬂ
Q
c
2 60
°
&
9
—--AR |8
VA | 8 5
£
3
L3 0 A A4
0 i ] 3 0 H 12 3 4 5 6 7 8 10
Time (h) Time (h) Cycle times

Figure 13. (a) Removal efficiency and (b) adsorption kinetic curves toward AR and VA by PAN@MIL-100
(Fe)filter. (c) Adsorption-desorption cycles. Reproduced and adapted from Ref. [59]; Copyright (2019),
RSC Journal of Materials Chemistry A.

5.2.4. Filtration of Wastewater Containing Insoluble Pollutants Using the PAN@MIL-100 (Fe) Filter

In the removal of oil, an important parameter is the surface wettability. To treat insoluble (oil)
pollutants, it is essential that the filter has the property of selective wettability (superhydrophilicity and
underwater superoleophobicity), which allows for water to pass through filter, but not oil. The selective
wettability is that the filter can wet both water and oil in air, but in water has only hydrophilicity. Its
basic mechanism is that water around the filter acts as a barrier to prevent oil from passing through.
Figure 14a,b show that the PAN@MIL-100 (Fe) filter has selective wettability and the underwater

oil pollutants contact angles are 151° and 154°. After five cycles, the oil removal efficiency is only
slightly changed.
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Figure 14. (a) Contact angles of water and oil in air and under water. (b) Separation efficiency versus
the recycling number. Reproduced and adapted from Ref. [59]; Copyright (2019), RSC Journal of
Materials Chemistry A.

6. Conclusions

The application of various MOFs materials was reviewed with a focus on toxic sensor, reduction
catalyst, hydrogen storage, and filter, which act as successful functional materials. We reviewed
all of the materials while using MOFs that exhibited good performance and various application.
The application of MOF material for toxic sensor, such as NO,, SO,, and ammonia gas, showed high
performance via MFM-300 (Al), Co based MOFs (Co,Cl,BTDD and Co,Cl,BBTA), and MFM-300
(In). Our previous catalyst e.g., PdAg@UiO-66-L for the detection and reduction of 4-nitrophenol
also showed good catalytic activity. Moreover, a new Cd-MOF as a fluorescent detect exhibited
high sensitivity and selectivity in CRO. Various MOFs for hydrogen adsorption, such as MOF-177,
SNU-6, and MOF-74 composited by Co/Ni mixed-material, exhibited good performance while using
physisorption analysis method. Filtration for particle matters and wastewater using organic fiber
modified as MOF-based material showed good adsorption in polluted condition. In summary, MOFs
can be expected one of the best candidate to solve environmental pollution and energy storage in the
near future.
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Abbreviations

BDC terephthalate

FUM fumarate

2,6-NDC naphthalene-2,6-dicarboxylate

BTC benzene-1,3,5-tricarboxylate
BDC-NH, 2-aminoterephthalate

BTEC 1,2,4,5-benzenetetracarboxylate
NTC 1,4,5,8-naphthalenetetracarboxylate
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BPDC
BPTA
BTB
BeDC
1,3-BDC
BTTB
TCPP
TATB
TCPT
TMQPTC
ABDC
1,3-ADC
FTZB
CDC
AB
BDA
BPDA
TPDC
ETTC
MTBC
PZDC
MTB

XF

DTTDC
TDC
TBAPy
PTBA

Py-XP

Por-PP
Py-PTP
Por-PTP
EDDB
CTTA
TTNA
PEDC
BTDC
BTBA
PTBA
BTE
BTPP
BTP
1,4-BDP
1,3-BDP
TPP
mIM
bIM
nIM
5cbIM
ICA
5-mTz
2-mbIM

biphenyl-4,4’-dicarboxylate

biphenyl-3,3’,5,5’-tetracarboxylate

1,3,5-benzenetrisbenzoate

4,4’ -benzophenonedicarboxylate

isophthalate

4,4’ 4"’-[benzene-1,3,5-triyl-tris(oxy)]tribenzoate
meso-tetrakis(4-carboxylatephenyl)porphyrin

4,4’ 4"-s-triazine-2,4,6-triyl-tribenzoate
3,3”,5,5”-tetrakis(4-carboxyphenyl)-p-terphenyl

2/,3",5" 6'-tetramethyl-[1,1":4",1"":4"" ,1"""-quaterphenyl]-3,3""" 5,5""/-tetracarboxylate
4,4-azobenzenedicarboxylate

1,3-adamantanedicarboxylate

2-fluoro-4-(tetrazol-5-yl)benzoate

trans-1,4-cyclohexanedicarboxylate

4-aminobenzoate

benzene-1,4-dialdehyde

4,4’ -biphenyldicarboxaldehyde

[1,17:4’,1”-terphenyl]-4,4”-dicarboxylate

4,47 4" 4""-(ethene-1,1,2,2-tetrayl)tetrabiphenyl-4-carboxylate

44" 4" 4""-methanetetrayltetrabiphenyl-4-carboxylate
1H-pyrazole-3,5-dicarboxylate

4,4’ 47 4'"-methanetetrayltetrabenzoate
4,4'-((1E,1"E)-(2,5-bis((4-carboxylatephenyl)ethynyl)-1,4-phenylene)bis(ethene-2,1-
diyl))dibenzoate

dithieno[3, 2-b;2’,3’-d]-thiophene-2,6- dicarboxylate
2,5-thiophenedicarboxylate

1,3,6,8-tetrakis(p-benzoate)pyrene
4-[2-[3,6,8-tris[2-(4-carboxylatephenyl)-ethynyl]-pyren-1-yl]ethynyl]-benzoate
yu A" A -(pyrene-1,3,6,8-tetrayl)
tetrakis(2’,5’-dimethyl-[1,1’-biphenyl]-4-carboxylate
meso-tetrakis-(4-carboxylatebiphenyl)- porphyrin

4,4’ 47 4'"~((pyrene-1,3,6,8-tetrayltetrakis(benzene-4,1-diyl))tetrakis(ethyne-2,1-diyl) tetrabenzoate
meso-tetrakis-(4-((phenyl)ethynyl)benzoate)porphyrin
4,4’-(ethyne-1,2-diyl)dibenzoate
5’-(4-carboxyphenyl)-2’,4’,6’-trimethyl-[1,1":3",1”-terphenyl]-4,4”-dicarboxylate
6,6,6”- (2,4,6-trimethylbenzene-1,3,5-triyl)tris(2-naphthoate))
4,4'-(1,4-phenylenebis- (ethyne-2,1-diyl))dibenzoate
2,2’-bithiophene-5,5'-dicarboxylate

4,4’ 47 4'"-(biphenyl-3,3’ 5,5 -tetrayltetrakis(ethyne-2,1-diyl))tetrabenzoate
4-[2-[3,6,8-tris[2-(4-carboxylatephenyl)-ethynyl]-pyren-1-yl]ethynyl]-benzoate
4,4’ 4”-(benzene-1,3,5-triyl-tris(ethyne-2,1-diyl))tribenzoate
1,3,5-Tris((1H-pyrazol-4-yl)phenyl)benzene
1,3,5-tris(1H-pyrazol-4-yl)benzene

1,4-benzenedi(4’-pyrazolyl)

1,3-benzenedi(4’-pyrazolyl)

10,15,20-tetra(1H-pyrazol-4-yl)-porphyrin

2-methylimidazolate

benzimidazolate

2-nitroimidazolate

5-chlorobenzimidazolate

imidazolate-2-carboxyaldehyde

5-methyltetrazolate

2-methylbenzimidazolate
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Abstract: The conversion of CO, to valuable substances (methane, methanol, formic acid, etc.) by
photocatalytic reduction has important significance for both the sustainable energy supply and clean
environment technologies. This review systematically summarized recent progress in this field
and pointed out the current challenges of photocatalytic CO, reduction while using metal-organic
frameworks (MOFs)-based materials. Firstly, we described the unique advantages of MOFs based
materials for photocatalytic reduction of CO, and its capacity to solve the existing problems.
Subsequently, the latest research progress in photocatalytic CO, reduction has been documented
in detail. The catalytic reaction process, conversion efficiency, as well as the product selectivity of
photocatalytic CO; reduction while using MOFs based materials are thoroughly discussed. Specifically,
in this review paper, we provide the catalytic mechanism of CO, reduction with the aid of electronic
structure investigations. Finally, the future development trend and prospect of photocatalytic CO,
reduction are anticipated.

Keywords: Metal-organic frameworks (MOFs); photocatalysis; carbon dioxide reduction; renewable energy

1. Introduction

Energy shortages and environment issues are global problems and challenges that are faced
by human beings today [1-6]. The development of renewable energy technologies to reduce the
pollutants emission has become an important research topic to maintain the sustainable development
of our planet [7-12]. Artificial photosynthesis is an ideal way to effectively solve the energy and
environmental problems by decomposing water to produce hydrogen or reducing CO, to high
value-added chemicals or fuels [13-16]. Accordingly, searching for highly efficient materials that can
convert solar energy and store it in chemicals is desired. Metal-organic frameworks (MOFs), which
are known as coordination porous polymer, is a class of crystalline porous materials constructed by
the coordination bond between metal ions or metal cluster nodes [17-21]. These materials have been
widely used in gas separation/storage, catalysis, sensing, proton conductors, and drug delivery because
of their structural diversity, design/modification, and ultra-high specific surface areas [22-25]. Based on
the previous results, it is proven that the multifunctional organic ligands in the MOFs structure can
play the role of “light capture antenna” [26,27]. It can effectively accept photons, generate band gap
transition, and transfer electrons to metal center units. Thus, MOFs are usually used as efficient
photocatalysts [28-30]. When comparing to other photocatalytic materials, MOFs exhibit big specific
surface area, high porosity, and supervised capturing capability of CO, molecules, which endows
them with great application prospect in the field of photocatalysis for CO, reduction. In recent years,
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MOFs and their composite materials are widely used in water decomposition, hydrogen production,
CO; reduction, and photocatalytic organic conversion [31].

Yaghi group first proposed the concept of the metal-organic frameworks in 1995, and MOFs
materials were then intensively explored as new functional materials [32]. In 1997, Kitagawa group
reported a three-dimensional MOF material and found its ability to adsorb gas at room temperature [33].
After that, two landmark cases of MOFs, MOF-5 and HKUST-1, were reported by Yaghi group and
Williams group in 1999 [34-36]. Among them, MOF-5 is a three-dimensional skeleton that formed
by coordination of ZnyO(CO,)e clusters and terephthalic acid ligands. Through the gas adsorption
experiments, the authors found that MOFs-5 showed high specific surface area, large pore size, and a
certain adsorption capacity for hydrogen. HKUST-1, as reported, is a three-dimensional skeleton that
is formed by the coordination of Cuy(CO,)4 clusters with benzotriformic acid ligands [37]. The authors
found that HUKST-1 with unsaturated ligand sites can be obtained by heating water molecules that
can be removed and coordinated on metal clusters [38]. Jinhee et al. report the the OCS-activation
ability of chloromethanes to remove precoordinated solvent molecules from open coordination sites
(OCSs) in MOFs [39]. A water molecule in HKUST-1 can easily access open metal site (OMS)with high
coordination strength due to the specific coordination geometry around Cu?* [40]. In particular, MOFs
with OCSs have potential applications in chemical separation, molecular sorption, catalysis, ionic
conduction, and sensing areas [39,41]. Since these two MOF structures were reported, the synthesis
and potential applications of MOFs in gas separation, storage, catalysis, sensing, drug transportation,
and so on have become hot research topics [42,43].

MOFs are extensively studied for the capture and conversion of CO, due to their high porosity
and strong interaction with CO, molecules. At present, some MOFs have already been explored for
their high catalytic performance in the field of photocatalysis for CO, reduction [44]. As photocatalysts,
MOFs exhibit the following advantages. Firstly, the high specific surface area of MOFs is helpful
for the gas reactants adsorption around the active site. This is beneficial to the molecule activation
and catalytic transformation in the subsequent process [45,46]. Secondly, the metal-oxygen units in
MOFs exhibit semiconductor-like structure due to the existence of organic ligands. MOFs with larger
energy than the band gap can be excited by photons to create electron and hole pairs [47,48]. Through
selectively choosing different organic ligands and metal centers, one can improve the absorption and
utilization efficiency of sunlight via MOFs as light absorbing agents [49]. Besides, the separation and
transfer of electrons can be promoted by changing the crystal structure, thereby which thereby inhibits
the recombination of photo-induced electrons and holes [50]. In addition, MOFs, as heterogeneous
catalysts, can be easily separated and recycled from the reaction system, which is beneficial for
prolonging the service life of the catalyst and avoiding any pollution to the environment [51-53].

In this paper, the advances of MOFs materials for photocatalytic CO, reduction is systematically
reviewed. This review paper starts from the research background why CO, reduction is important,
and the mechanism studies on the photocatalytic CO, reduction process were then summarized. After
that, the research progress of photocatalytic CO, reduction using MOFs were reviewed, followed by
the summary of the applications of MOFs-based composite materials for photocatalytic reduction
of CO,. Finally, the current challenges and future development trend of MOFs-based materials for
photocatalytic CO; reduction are anticipated.

2. Necessity

A large amount of fossil fuels has been combusted since the eighteenth century, so that the
atmospheric CO, concentration increased gradually. According to the data of the National Oceanic
and Atmospheric Administration (NOOA), the CO, concentration has exceeded 400 ppm in May, 2013,
and it reached 402 ppm in May 2014 [54]. It is believed that the atmospheric CO, concentration will
exceed 550 ppm at the end of this century [55,56]. The sudden increase of CO, concentration in the
atmosphere can be attributed to the over-use of the fossil fuels. Currently, more than 80% of the global
energy supply origins from fossil fuels, which generates a large amount of CO; in the atmosphere.
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A hundred years ago, Arrhenius suggested that CO, emissions from the burning of fossil raw
materials would lead to an increase in global temperatures [57,58]. Today, CO, has been widely accepted
as the chief culprit causing global warming, climate upheaval, and many other environmental problems.
Various environmental problems will become much sharper if there are no effective measures are taken
to curb CO, emissions [59]. When the atmospheric CO, content rises to 450 ppm, the accompanying
increase in global temperature will seriously aggravate the cessation of the hot salt circulation, and
environmental problems, like melting of glaciers, will take place [60].

In the 21st century, in addition to serious environmental problems, the energy crisis is also a global
issue affecting human society. In 2008, the total global energy consumption was 132,000 megawatts.
According to the U.S. [61] Energy Information Administration, this number will continuously grow,
and the total energy consumption in 2040 is expected to be twice of that in 2020. Although the over
exploitation and use of fossil energy has caused global warming and energy crisis, we can still find
some opportunities and challenges to debate these issues [62]. For example, while using a suitable
method to convert CO, into energy materials or valuable industrial raw materials is a promising
solution to close the carbon loop, and can alleviate the dependence of human beings on fossil energy
and solve environmental problems that are caused by CO, emissions [63,64].

3. Mechanisms

Photocatalytic CO; reduction involves three basic processes. Under light irradiation, the electron-hole
pairs could be generated in semiconductor materials upon the absorption of photons with larger
energy than the forbidden band gap [65]. Subsequently, the photoexcited electron-hole pairs separate
and migrate to the active sites on the surface of the semiconductor. In this process, it is necessary to
reduce the bulk phase and surface recombination of photogenerated electron-hole pairs. This is the
major factor limiting the efficiency of photocatalytic reduction of CO; [66,67]. After that, oxidation
and reduction reactions occur on the surface of the semiconductor. At this time, electrons with
strong enough reducing ability can reduce CO, molecules into hydrocarbons, such as CO, CHy,
and CH30H, and holes with oxidizing ability oxidize H,O molecules to release Oy, 0%, and other
substances [68]. The conversion efficiency of photocatalytic CO, reduction depends on the capacity
of the light-trapping ability of the semiconductor material, the efficiency of photo-generated carrier
generation and separation, and the thermodynamic equilibrium of the surface catalytic reactions.
From the kinetic point of view, the effective absorption of light, the efficient separation and migration
of photo-generated electron-hole pairs, and the sufficient reactive sites on the catalyst surface are
an important prerequisite for the high-efficiency photocatalytic conversion of CO, while using
semiconductor materials [69].

The detailed mechanisms for photocatalytic CO, reduction process have not been discovered so far.
However, mechanism studies in recent years provide valuable information to unravel this process [70].
At present, it is commonly accepted that photocatalytic CO, reduction is a multi-electron reduction
process, as described in the Equations (2)—-(8). It can be seen that the reaction process is accompanied by
some unstable substances, namely intermediates. The corresponding products are different due to the
specific reaction route and the number of electrons obtained during the reaction [71,72]. According to
the number of electrons that were obtained by C atom, the products can be carbon monoxide, methane,
formic acid, methanol, etc. [73]. In some special reaction system, some multi-carbon compounds
such as ethane, acetic acid, and other compounds can also be obtained. From the perspective of
Gibbs free energy, photocatalytic reduction of CO; is an uphill reaction, that is AG > 0. If the reaction
proceeds, a large amount of energy injection (such as incident photons) is required.
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Reaction Eredox/ (V vs NHE,PH=7)

CO, + e —CO~ -1.90 (1)
CO, + HY + 2" —HCO,~ -0.49 )
CO, +2H* + 2" —CO + H,0 -0.53 (3)
CO, + 4H* + 4e”—HCHO + H,0 -0.48 4)
CO, + 6H* + 6e”—CH30H + H,0 -0.38 (5)
CO, + 8H" + 8e”—CHj + 2H,0 -0.24 (6)
2H" + 2e”—H, -0.41 @)
H,0—0.50, + 2H" + 2¢~ 0.82 8)

Hendon et al. [74] elucidated the electronic structure of MIL-125 with aminated linkers through a
combination of synthesis and computation. They also discussed the band gap modification of MIL-125,
a TiOy/1,4-benzenedicarboxylate (bdc) MOF, and the possible mechanism for the photocatalytic CO,
reduction was proposed (Figure 1).
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Figure 1. (a) the valence band is composed of the bdc C 2p orbitals (shown on the right), making
these favorable for linker-based band gap modifications; (b) the conduction band is composed ofO
2p orbitals and Ti 3d orbitals (shown on the right). (¢) PBEsol band structures for synthetic MIL-125
(black), 10%-MIL-125-NH2 (blue), 10%-MIL-125-(NH2)2/90%-MIL-125-NH2 (orange) and the theoretical
10%-MIL-125-(NH2)2 (green). (d) HSEO6-calculated VB and CB energies of MIL-125-NH2 models
containing increasing numbers of bdc-NH2 linkers [i.e. 0 (MIL-125) to 12 (100%-MIL-125-NH2)] per
unit cell. MOFs materials for photocatalytic CO, reduction. Reprinted from ref. 74 with permission by
the American Chemical Society.

Photocatalytic CO, reduction using MOFs-based materials as catalysts has drawn dramatic
research interests in recent years. Itis easy to design MOFs materials with accessible metal sites, specific
hetero-atoms, and the ordered structure of functionalized organic ligands. This can effectively improve
the efficiency of electron-hole separation and the photocatalytic performance. Porosity can make MOFs
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expose more active sites and channels for reactant adsorption. This can improve the charge transfer
efficiency as well as improve its utilization efficiency of solar energy while inhibiting the recombination
of the photo-induced electron-hole pairs in the bulk phase. Based on the above merits, people try to
use different MOFs for photocatalytic CO, reduction. In the following text, we will introduce three
typical MOFs for photocatalytic CO, reduction and their catalytic performances. New insights for the
dominating factors on activity and selectivity of product will also be discussed. Table 1 summarizes the
research progress of several typical MOF materials for photocatalytic CO, reduction in recent years.

Table 1. the research progress of several typical metal-organic frameworks (MOF) materials for
photocatalytic CO, reduction.

Sample Light Source Product Productivity Ref.
Conditions

Zrs04(OH)4(bpdc)e Visible light cO - 75
MIL-101(Fe) Visible light HCOO~ 7.375umol/h 76
PCN-222 Visible light HCOO~ 3.12umol/h 77
NNU-28 Visible light dicarboxylic acid 183.3pumol/h 78
ZrsO4(OH)4(L)e6DMF Visible light HCOO~ 96.2umol/ h 79
NH,-Uio-66(Zr) Visible light HCOO~ 1.32umol/h 80
Ag-Ren-MOF Visible light cO - 81
UiO-66-CAT Visible light HCOOH 9umo/h 82
MOE-525-Co Visible light CcO 36.67umol/h 83
Cdy2ZngsS@UIO-66-NH, Visible light CH;0H - 84
Co-ZIF-9 Visible light CO 28.54pumol/h 85
ZIF-67 Visible light cO 3.89umol/h 86
Ag@Co-ZIF-9 Visible light cO 28.4pmol/h 87
Zn-MOF nanoliths Visible light cO - 88
ZnyGeO4/Mg-MOEF-74 Visible light CcO 1.43umol/h 89
TiO,-ZIF-8 Visible light MeOH 1.21pmol/h 90
Zn/PMOEF Visible light CHy 10.43umol/h 91
Co-ZIF-9/TiO, Visible light CHy - 92
Cu-TiO,/ZIF-8 UV-light cO - 93
CsPbBr3;@ZIFs Visible light CcO 29.630umol/h 94
TigOg(OH),(bdc)g(MIL-125(Ti))  365nm UV-light HCOO™ 0.814pmol/ h 95

3.1. Zr MOFs

In 2011, Wang et al. [75] chelated metal ions (such as Ir, Re, and Ru) with 4,4-biphenyldicarboxylic
acid derivatives as organic ligands to construct MOFs, and the Zr-based MOF (UiO-67) systems with
different metal doping were obtained. A similar synthesis strategy has also been adopted by Wang et al.
who used ligand H,L4 for photocatalytic reduction of CO, to CO [76]. The total conversion number
(TON) of CO, reduction can reach 10.9. The photocatalytic activity can be improved by doping a variety
of photoactive metal nanoparticles inside MOFs. Subsequently, the authors observed a significant
decrease in photocatalytic activity through a series of comparison experiments, which proved that the
metal nanoparticles themselves are the real active sites that are involved in the photocatalytic reaction.

In 2015, Xu et al. [77] chose Zr-MOF (PCN-222) containing porphyrin as catalysts and found
that it could be used as a stable photocatalyst to reduce CO, to formate ion under visible light.
It was found that PCN-222 exhibited broad-spectrum absorption properties. There existed a series
of extremely long lifetime electron trap states in the material, which could inhibit the recombination
of photogenerated charge carriers and improve the photoreduction efficiency of CO,. In 2016,
Chen et al. [78] synthesized a new microporous stable zirconium-based metal organic skeleton
(NNU-28) from 4,4’-(anthracene-9,10-bis (2,1-ethynylphenyl) dicarboxylic acid, which was used
to reduce CO; to formate while using triethanolamine as the sacrifice agent. Under visible light
irradiation, the rate of catalytic conversion of CO; to formate ion was 183.3 pmol/h. It was found
that, in the catalytic reaction, the ligands produced about 27.3% formate ions, while the metal clusters
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produced about 77.7% formate ions. Under light irradiation, anthracene derivative ligands not only
acted as an effective light collector, but it also sensitized Zrs oxygen clusters through the LMCT
(linker-to-metal charge transfer) process. At the same time, the ligand itself can also be stimulated to
form free radicals and produce photogenerated electrons. Figure 2 shows two catalytic pathways for
the reduction of CO; to formate. This strategy is helpful for the design and development of MOFs
materials with efficient visible light response [78].

visible light  CO, HCOO"

~ - -TEQOA--"~

Figure 2. Two catalytic pathways for the reduction of CO, to formate. Reprinted from ref. 78 with
permission by the Royal Society of Chemistry.

In 2018, Sun et al. [79] synthesized a porous zirconium based metal-organic framework
[(ZrsO4(OH)4(L)-6DMF) while using dicarboxyl ligands (HpL=2,2"-diamino -4,4’-stilbene dicarboxylic
acid, DMF) with conjugated imine function. The materials showed high chemical stability and
remarkable visible light absorption properties. The average rate of HCOO" formation of MOFs is about
96.2 umol/h.

Sun et al. [80] compared the activity of NH,-UiO-66(Zr) and NH,-MIL-125(Ti) for photocatalytic
reduction of CO, under visible light. The results showed that the catalytic performance of NH,-UiO-66(Zr)
was higher than that of NH,-MIL-125(Ti) under the same reaction conditions. This is ascribed to the
effective transfer of photogenerated electrons from ATA to Zr-O clusters, and made Zr-O clusters efficient
photocatalytic active sites. Furthermore, some ATA ligands were replaced by 2,5-diamino terephthalic
acid (DTA) and the mixed ligand NH,-UiO-66(Zr) was obtained. It was found that the CO, conversion
of mixed NH,-UiO-66(Zr) was 50% higher than that of pure NH,-UiO-66(Zr). This may be because the
mixed NH,-UiO-66(Zr) showed strong photoabsorption capacity and large CO, adsorption capacity,
so its photocatalytic activity is obviously improved.

Choi et al. [81] reported the synthesis of composited catalysts by covalently binding
Rel(CO)5 (bpydc)Cl(as Re TC) to UiO-67 to Re,-MOFs (n is the density of Re TC in the pores of MOF).
Subsequently, the MOF was further modified with cubic silver nanoparticles to obtain Ag-Re,-MOEF,
thus the photocatalytic activity of CO, conversion was significantly improved (Figure 3A, [81]).
The PXRD (powder X-ray diffraction) patterns showed that the single crystal Re3-MOF structure is
preserved when different amount of Re TC is introduced into Re,-MOF (Figure 3B, [81]). By studying
the process of photocatalytic conversion of CO, by Re;-MOF (Figure 3C, [81]), it was found that the
catalytic activity of Re3-MOF was the highest. In addition, under visible light irradiation, the activity
of AgRe3-MOF was five times higher than that of Re3-MOF, and the conversion efficiency of CO; to
CO was increased by seven times. This is mainly because MOF has large porosity and CO, adsorption
capacity, which is conducive to the occurrence of catalytic reduction reaction. On the other hand,
precious metals have a wide range of photo absorption and are easier to trap photogenerated electrons
due to the lower Fermi levels. At the same time, their stability could be further improved due to the
strong covalent bond between Re TC and MOEF.
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Figure 3. Structures of Ren-MOF and Ag Ren-MOF based catalysts (A), PXRD of Ren-MOFs (B), and
the photocatalytic activity of Ren-MOF (C). Reprinted from ref. 81 with permission by the American
Chemical Society.

Lee et al. [82] used UiO-66 (Zirconium 1,4-Carboxybenzene) as a precursor to obtain UiO-66-CAT
with Cr®* or Ga3" sites as catalysts for photocatalytic CO, reduction. In the presence of TEOA and
BNAH, the TON (turnover number) values of UiO-66-Cr CAT and UiO-66- Ga CAT are 11.22 +0.37 and
6.14+0.22, and the amount of HCOOH that is produced by catalytic reduction of CO; after visible light
irradiation for 6h were (51.73+2.64) and (28.78 +£2.52) umol, respectively. The activity of UiO-66-Cr
CAT is about twice higher than that of UiO-66-Ga CAT, which is mainly attributed to the fact that Cr3+
is more efficient than Ga3* for the rapid transfer of electrons. At the same time, Cr derivatives show
higher reduction efficiency than Ga derivatives due to their open shell structure.

Zhang et al. [83] reported Zr- porphyrin MOF (MOF-525-Co) as efficient catalysts for CO,
conversion. Using TEOA as a sacrificial agent, MOF-525-Co could efficiently catalyze the reduction of
CO; to CO and CH4 under visible light irradiation. When compared with Zn-MOF-525 and MOF-525,
MOF-525-Co showed the highest catalytic activity and CO, adsorption capacity. The metallized
MOFs is obviously improved, and exhibited strong charge separation ability and energy conversion
efficiency. The highest catalytic performance of cobalt metallized MOFs is mainly due to the fact
that the introduction of monoatomic Co into MOF-525 can significantly improve the electron-hole
separation efficiency in porphyrin ligands. At the same time, the photogenerated electrons rapidly
migrated from the porphyrin center to the surface of the catalyst, thus the electrons with long lifetime
were obtained, which effectively activated the CO, molecules that were adsorbed on the Co center.

Su et al. [84] prepared a series of CdgZng sS@UiO-66-NH, composites with different UiO-66-NHy
content by solvothermal method, which were used for photocatalytic reduction of CO, to CH30H.
The results showed that the single UiO-66-NH, showed no activity for photocatalytic CO, reduction,
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but Cd,Zn;.,S with adjustable composition and band gap could be efficiently excited by visible light.
All of the Cdg2Zn( gS@UiO-66-NH; samples showed excellent photocatalytic activity when compared
with CdgZng gS. When the content of UiO-66-NH; was 20% (mass fraction), the catalyst showed the
best photocatalytic activity, and the formation rate of CH3OH is 3.4 times higher than that of single
structure Cdg »Zn( gS. This is mainly due to the effective charge separation and transfer at the interface
between CdyZny S and UiO-66-NH;. Thus, the photogenerated electrons that were absorbed by
Cdp2Zng gS and UiO-66-NH; can be quickly transferred to the surface for CO, reduction. In addition,
Cd2Zn(§S@UiO-66-NH, photocatalyst showed excellent stability in the process of photocatalytic
reduction of CO,.

3.2. Zn MOFs

In 2015, Wang et al. [85] reported the establishment of CO, photoreduction system while using
the CdS semiconductor and Co-ZIF-9 as catalyst and co-catalyst, respectively. Under mild reaction
conditions, the reaction system of bipyridine and triethanolamine showed high catalytic activity when
CO, was deoxidized to CO under visible light irradiation. Under the irradiation of monochromatic
light at a wavelength of 420 nm, the quantum efficiency could reach 1.93%.

In 2018, Wang et al. [86] synthesized a series of ZIF-67 nanocrystals with a different morphology
by the solvent induction method. Taking the advantages of MOF, the capture of CO, was controlled by
controlling its morphology, and their photocatalytic performance was further improved. In the same
year, Chen [87] and co-workers fabricated the Ag-Co-ZIF-9 nanocomposited materials with different
Ag loading by the photo deposition method to study the effect of Ag NPs on the reaction performance
of Co-ZIF-9 in CO, photo reduction reaction. In this study, Co-ZIF-9, with a rod structure was
obtained by the reflux method, and ultra-small Ag nanoparticles (< 5 nm) were doped into Co-ZIF-9 by
photodeposition. With the help of photosensitizer, the Ag@Co-ZIF-9 composite showed the catalytic
performance of converting CO, to CO under the irradiation of visible light. With the increase of Ag
nanoparticles, the formation of CO obviously increased while the amount of H, decreased. When
compared with pure Co-ZIF-9, the photocatalytic activity of Ag@Co-ZIF-9 can be improved by two
times (about 28.4 umol CO), and selectivity about 20% (22.9 umol Hj). The experimental results
showed that Ag NPs in Co-ZIF-9 could act as an electron trap and active site for CO, reduction, thus
the efficiency and selectivity of MOF materials in CO, photo reduction were improved.

Subsequently, Ye et al. [88] developed and used the ultra-thin two-dimensional Zn-MOF nanoliths
to reduce CO; to CO. They firstly tried to establish two novel non-precious metal mixed photocatalytic
systems. The catalyst showed excellent photocatalytic activity and selectivity under mild reaction
conditions. It was confirmed that the Zn-MOF nanoparticles show better charge transfer ability than
the Zn-MOF bulk materials via electrochemical impedance and PL (photoluminescence) spectroscopy
analysis, thus stronger photocatalytic efficiency and selectivity were obtained. This provides feasibility
for the application of photocatalysis in the development of various two-dimensional (2D) MOF materials.

In 2018, Zhao et al. [89] prepared Zny;GeO,/Mg-MOF-74 composites by the hydrothermal method
(Figure 4). When the water was used as agent, the photocatalytic activity of Zn,GeO4/Mg-MOF-74 for
CO, reduction reaction is higher than that of pure Zn,Ge4 nanorods or the physical mixture of Zn,GeOy
and Mg-MOF-74. This is mainly due to the stronger CO, adsorption performance of Mg-MOF-74,
the lower recombination probability of photogenerated electron-hole pair and more alkali metal sites
on the surface of Mg-MOF-74. In addition, the effect of H,O on the reaction was also studied and the
results show that H,O is the reducing agent and hydrogen source involved in the reaction. In the
process of reduction, the photogenerated electrons from the conduction band reduce CO; to CO and
HCOOQH, by the reaction of CO,+2e +2H*—-HCOOH and CO,+2¢e +2H*—CO+H,0O, in which the
content of HCOOH is very small.
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Figure 4. Schematic illustration of the synthesis of the Zn,GeO4/Mg-MOEF-74 composites. Reprinted
from ref. 89 with permission by the Royal Society of Chemistry.

In 2018, Cardoso et al. [90] modified TiO, nanotubes and formed a core-shell structure by layer
growth of ZIF-8 nanoparticles on the surfaces. The FT-IR spectra show that the host-guest interaction
depends on the pore structure and chemical properties of MOF connectors. Under UV irradiation
at room temperature, CO, can be photocatalyzed to methanol and ethanol fuel on the electrode of
composited materials. Zinc-based MOF not only provided the adsorption/activation of CO,, but also
acted as a light absorber to transfer excited electrons for photocatalytic reduction.

Sadeghi et al. [91] synthesized zinc-based porphyrin (Zn/PMOF), which could catalytically reduce
CO; to CHy under light irradiation. The results showed that the yield of CHy was 10.43 pmol when
Zn/PMOF was used as photocatalyst. After 4h irradiation, Zn/PMOF was much higher than that of
CHj when ZnO was used as photocatalyst. At the same time, Zn/PMOF as photocatalyst showed high
selectivity for CO, reduction, and it has better stability and repeatability when comparing to ZnO.

Yan et al. [92] loaded different amounts of TiO, on Co-ZIF-9 to construct Co-ZIF-9/TiO,
nanostructure composites (ZIFx/T, x is the mass ratio of Co-ZIF-9 in the composites, T is TiOy).
The results showed that ZIF0.03/ T showed the best catalytic conversion efficiency of CO,, and the
yield of Ti/T is 2.1 times higher than that of pure TiO, catalyst after irradiation for 10h. Linear sweep
voltammetry in CO, saturated solution further reveals that Co-ZIF-9 can effectively activate CO, and
reduce the CO; reduction initiation potential of ZIFx/T (x < 0.10). In addition, the photoluminescence
spectra show that the ZIFx/T composites that were prepared by in-situ synthesis showed higher
charge separation efficiency. Therefore, better CO, adsorption capacity and charge separation rate are
beneficial to the high activity of ZIFx/T nanostructures in photocatalytic transformation.

Maina et al. [93] designed a catalytic system based on membrane reactor. The controllable
encapsulation of TiO, and Cu?* doped TiO, nanoparticles (Cu-TiO,) in ZIF-8 film was realized by the
rapid thermal deposition (RTD) method (Figure 5A, [93]). Under ultraviolet irradiation, the Cu-TiO,/
ZIF-8 hybrid film showed high photocatalytic activity. The results show that, when compared with
the amount produced by the original ZIF-8 film alone, the yields of CO and CH3OH increased by
188% and 50%, respectively (Figure 5B, [93]). Further studies showed that the yields of photocatalytic
reduction of CO, to CH3OH and CO depend on the content of Cu-TiO, nanoparticles that are loaded
on MOF films (Figure 5C, [93]). When the loading of Cu-TiO, nanoparticles is 7 pg, Cu-TiO,/ZIF-8
exhibited the best catalytic efficiency. When compared with the original ZIF-8 film, the yields of CO
and CH3OH increased by 23.3% and 70%, respectively. The sharp increase of product originated from
the synergistic effect between the ability of semiconductor nanoparticles to produce photoexcited
electrons under light irradiation and the high CO, adsorption capacity of MOFE.
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Figure 5. Fabrication of Cu-TiO,/ ZIF-8 membranes (A), effect of membrane composition (B) and
Cu-TiOynanoparticles loading on the product yields (C). Reprinted from ref. 93 with permission by the
American Chemical Society.

Kong et al. [94] prepared CsPbBr;@ ZIFs composites by in-situ synthesis used as CO, reduction
photocatalyst with reinforcing activity (Figure 6A, [94]). The electron consumption rates of CsPbBr;@ZIF-8
and CsPbBr;@ZIF-67 are 15.498 and 29.630 umol-g-h"!, which is 1.39 and 2.66 times higher than that
of pure CsPbBr3, respectively. The comparison of photocatalytic CO, reduction performance using
CsPbBr3 and CsPbBr;@ZIFs showed that the ZIF coating greatly improved the catalytic activity of
CsPbBr3 (Figure 6B, [94]). In addition, six cycle experiments have been carried out on CsPbBr;@ZIF, and
it was found that the electron consumption rate suffered from negligible decrease. This indicates that it
possessed good stability (Figure 6C, [94]). The synergistic effect of CsPbBr3 and ZIF coating improved the
stability of CsPbBr; to water molecules and enhanced the CO, capture ability and the charge separation
efficiency. All of these lead to a higher conversion efficiency. Moreover, the catalytic active center Co in
ZIF-67 could further accelerate the process of charge separation, activate CO, molecules, and improve
the catalytic activity of CO, reduction.
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Figure 6. Schematic illustration of the fabrication process and CO, photoreduction process of CsPbBr3/
ZIFs (A) and photocatalytic CO, reduction performances of CsPbBr; and CsPbBr3@ZIFs (B,C). Reprinted
from ref. 94 with permission by the American Chemical Society.
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3.3. Ti MOFs

In 2012, Fu et al. [95] reported a photosensitive MOF TigOg(OH)4(bdc)s(MIL-125(Ti)) for
photocatalytic CO; reduction. The photocatalytic activity evaluation indicated that Ti-MOF could
efficiently reduce CO, to HCOO™ under 365 nm UV irradiation. When comparing to other MOFs,
MIL-125(Ti) showed slightly higher activity. The photocatalytic results of NH,-MIL-125 showed that
the concentration of HCOO" increased in the reaction system with the extension of irradiation time,
and the formation of HCOO- reached 8.14 umol within 10 hours. On one hand, the introduction of
NH, can promote the rapid transfer of electrons from O to Ti, in TiO5(OH) metal cluster. On the other
hand, NH; can significantly improve the adsorption capacity of NH,-MIL-125 (Ti) to CO,, which is
beneficial for the adsorption and activation of CO, in the process of photocatalytic reaction. In 2018,
He [96] designed an MOF-based ternal-composite photocatalyst (TiO,/Cu;O/Cus(BTC);) to increase the
density of charge carrier and promote the activation of CO, molecules to improve the photoreduction
capacity of CO,. The experimental results showed that the addition of Cup,O and Cuz(BTC); not only
significantly improved the light conversion efficiency of CO,, but also facilitated the formation of CHy.
The increase of charge carrier density improved the overall performance of the catalyst. The PL, XPS,
and DRIFT analysis verified that the coordination of unsaturated metal sites were helpful in activating
COs,. This study provides a new way to solve the problems of low charge density and efficiency CO,
activation, and it also provides a reasonable design for in-depth understanding of CO, photoreduction
and other applications of mixed nanomaterials based on MOF.

4. Prospect of Photocatalytic CO, Reduction

The advantages of MOFs-based photocatalytic materials are obvious when comparing to
conventional semiconductor materials. Thus, they have attracted more and more research attentions
in photocatalysis. However, the low efficiency of this technology still hinders its wide applications
in industry. The following problems should be addressed in the future. Firstly, researchers need
to put forward effective strategies to improve the light absorption properties and charge separation
performances. Secondly, most MOFs are not as metal oxide for semiconductor photocatalysts, especially
in water or under ultraviolet light, which ultimately leads to the decreased catalyst life; hence, how to
enhance their robustness is another important topic. Thirdly, there are few studies on the mechanism
of photocatalytic CO, reduction in MOFs, especially the current understanding of the catalytic reaction
path is still blurred. In addition, most of the reported photocatalytic CO, reduction reactions are
carried out in organic solvents, requiring additional sacrificial agents. The future materials for catalytic
reduction of CO, should be economical and environmentally friendly. Therefore, it is urgent to solve
the above problems of MOFs materials for photocatalytic CO, reduction.

5. Conclusions

Artificial photosynthesis using catalysts to convert CO, to high value-added chemicals or fuels is
an ideal way to effectively solve energy and environmental problems. The MOFs materials exhibit great
application prospects in the field of photocatalysis, due to its ultra-high specific surface area, porous
properties, modified/regulated textures, and high capture capability for CO, molecules. The advantages
and significance of MOFs materials in CO, catalytic reduction are described in detail. Meanwhile,
the application of typical MOFs in CO, photoreduction, for example, Zr-MOFs, Zn-MOFs, and Ti-MOFs,
were introduced and summarized. Finally, the future development trend and prospect of photocatalytic
CO; reduction are anticipated in this review.
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