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Abstract: Porous metal-organic framework (MOF) materials UiO-66(Zr) obtained by solvothermal and
microwave advanced synthesis (MWAS) procedures were characterized, and their catalytic efficiency
was investigated for oxidative desulfurization (ODS) processes using a multicomponent model diesel
containing benzothiophene and dibenzothiophene derivatives. The preparation parameters as the
cooling time after oven use in the solvothermal procedure, and also the reaction time in the MWAS
method seemed to play an important role in the catalytic performance of the UiO-66(Zr) material,
as well as in its recycle capacity. The material prepared by the solvothermal procedure with a fast
cooling time showed the best catalytic performance (desulfurization efficiency of 99.5% after 3 h).
However, the application of the UiO-66(Zr) material prepared by the MWAS method (desulfurization
efficiency of 96% after 3 h) conciliated a higher number of advantages, such as shorter reaction time
preparation (15 min) and high catalytic activity for a higher number of reaction cycles. The UiO-66(Zr)
prepared by the MWAS method was used for the first time in an oxidative desulfurization process,
and according to the catalytic results obtained (high recycle capacity and stability) and shorter reaction
time preparation, seems to be a promising material for industrial application.

Keywords: porous metal-organic frameworks; UiO-66(Zr); solvothermal synthesis; microwave
assisted synthesis; heterogeneous catalysis; oxidative desulfurization

1. Introduction

The incessant need for energetic and environmental sustainable development has promoted high
attention to fossil fuel consumption and production, since it is still the main source of energy for
many purposes, namely transportation. The combustion of these fuels is associated with emissions
of different sulfur oxides and fine particles of metal sulfates to the atmosphere, originated from
sulfur content present in crude oil [1]. These emissions are responsible for many environmental
problems related to acid rain and associated with public health issues, which have stimulated
reasonable international legislative regulation over the petrochemical industry [2]. Furthermore, those
sulfur-containing compounds are also unwanted in industrial refining processes, since they induce
corrosion of equipment and catalyst deactivation. Nowadays, hydrodesulfurization (HDS) is the main
process used for sulfur removal from fuels in the industrial context [3]. HDS is an effective process
for the elimination of different types of sulfur content, such as mercaptans, sulfides, disulfides and
their derivatives. Unfortunately, this method is always associated with catalytic processes at high
temperatures and pressure conditions, which require great consumption of energy and expensive
hydrogen gas. Furthermore, HDS is not an effective method for the removal of heterocyclic sulfur
compounds such as thiophenes and its derivatives, which are the other main groups of sulfur content
present in fuels [4].
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The oxidative desulfurization process is a promising method for the desulfurization of diesel
fuels that has been the object of extensive research efforts in recent years as the answer for the
need of a more efficient and sustainable method for desulfurization [5]. Oxidative desulfurization
allows the removal of even the most refractory sulfur content present in fuels, namely thiophenes
and dibenzothiophene derivatives, under low conditions of temperature and pressure and without
requiring hydrogen consumption. An oxidative desulfurization process is carried in two steps: (i) the
oxidation of sulfur-containing compounds, during which an oxidizing agent, such as hydrogen
peroxide, donates one or two oxygen atoms to convert those compounds to their corresponding
sulfoxides or sulfones; (ii) and extraction, which can be done with an adequate extraction solvent [6].

The efficient oxidative desulfurization process is made possible while resorting on appropriate
catalysts to aid the oxidation step, and many different heterogeneous catalysts have been considered for
this purpose [6]. Curiously, only a limited number of metal-organic framework (MOF) materials have
been proved to be efficient and highly selective catalysts for oxidative desulfurization processes [7–9].
The MOFs are coordination polymers assembled by two different building blocks: Metal centers
and organic ligands. These hybrid materials, mostly crystalline and porous, can be uni-, bi- or
tridimensional and are very popular for their diverse structural arrangements and easily tunable
properties. The interest associated with these materials also comes from their wide range of potential
applications in gas storage and separation [10], as adsorbents [11], sensors [12] and catalysts [13].

The UiO-66(Zr) is a porous MOF based on [Zr6O4(OH)4(CO2)12] secondary building units,
prominent for high surface area and exceptional chemical, mechanical and thermal stability (Figure 1).
Furthermore, it is well-known by the ability to support structural defects around the metal cluster
centre without losing the framework integrity, enhancing its properties and potential applicability
as a sensor [14,15], adsorbent [16,17] and catalyst [18,19]. Following our interest in the development
of MOF-based materials as heterogeneous catalysts for oxidation reactions, [20–24] in particular
oxidative desulfurization processes of model and real diesel, [10,25–29] the distinct samples of the
MOF UiO-66(Zr) prepared by solvothermal and microwave assisted synthesis (MWAS), were applied
as catalysts in the oxidative desulfurization processes of model diesel. The influence of the preparation
method and procedure parameters in the oxidative desulfurization performance was evaluated.
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MOF UiO-66(Zr). H-atoms were omitted for clarity proposes. Images prepared from the CIF file 
obtained from CDS with code RUBTAK04 and reported by Trickett and co-workers [7]. 

2.3. Synthesis of UiO-66(Zr) Samples 

2.3.1. Solvothermal Syntheses, UiO-66(Zr)-S 

UiO-66(Zr)-S1 was prepared using an experimental procedure adapted from that previously 
reported [10]. An initial equimolar mixture of zirconium(IV) chloride (0.53 mmol) and 1,4-
benzenedicarboxylic acid (0.53 mmol) in DMF (15 mL) was prepared in an autoclave, at room 
temperature. The mixture was magnetically stirred for 10 min and then placed in the oven at 120 °C, 

Figure 1. (a) Defect-free [Zr6O4(OH)4] cluster centre coordinated by 12 benzenedicarboxylate (bdc)
ligands in the structure of Uio-66(Zr) and (b) the centre with a defect site; (c) 3D porous structure
of MOF UiO-66(Zr). H-atoms were omitted for clarity proposes. Images prepared from the CIF file
obtained from CDS with code RUBTAK04 and reported by Trickett and co-workers [7].

2. Experimental Section

2.1. Materials

All the reagents used in the preparation of the MOF materials [zirconium(IV) chloride
(Aldrich, St. Louis, MO, USA), titanium(IV) chloride (Aldrich), benzene-1,4-dicarboxylic acid
(Aldrich), N,N-dimethylformamide (DMF, Aldrich), and ethanol (Fisher, Hampton, NH, USA)
were used as received without further purification, and those employed in the desulfurization
studies [1-benzothiophene (1-BT, Merck, Kenilworth, NJ, USA), dibenzothiophene (DBT, Aldrich),
4-methyldibenzothiophene (4-MDBT, Aldrich), and 4,6-dimethyldibenzothiophene (4,6-DMDBT,
Alfa Aesar GmbH & Co KG, Haverhill, MA, USA), acetonitrile (MeCN, Panreac, Barcelona,
Spain), ethyl acetate (Fisher), hydrogen peroxide (H2O2 30%, Aldrich), n-octane (Acros Organic),
xylene (Aldrich), and tetradecane (Aldrich) were also used as received. The untreated diesel sample
was supplied by Galp containing approximately 2300 ppm of sulfur without any previous treatment.
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2.2. Characterization Methods

The Fourier transform infrared spectra were acquired on the attenuated total reflectance
operation mode (FTIR-ATR) on a Perkin Elmer FT-IR System Spectrum BX spectrometer (typically:
range 4000–400 cm−1, 2 cm−1 resolution and 32 scans), and all the representations are shown in arbitrary
unities of transmittance.

The powder X-ray diffraction (PXRD) patterns were obtained at room temperature on a Rigaku’s
Smartlab diffractometer working with a Cu radiation source (λ = 1.540593 Å) and in a Bragg-Brentano
θ/2θ configuration (45 kV, 200 mA). The intensity data were collected by a step-counting method
(step 0.01◦), in continuous mode, in the ca. 3 ≤ 2θ ≤ 60◦ or 3 ≤ 2θ ≤ 90◦ range, and all the representations
are shown in arbitrary unities of intensity.

The scanning electron microscopy (SEM) images and electron dispersive X-ray spectroscopy (EDS)
analysis were performed at the Centro de Materiais da Universidade do Porto (CEMUP, Porto, Portugal)
on a FEI Quanta 400 FEG ESEM high resolution scanning electron microscope equipped with an EDAX
Genesis X4M spectrometer working at 15 kV. The samples were coated with an Au/Pd thin film by
sputtering using a SPI module sputter coater equipment.

The catalytic reactions were periodically monitored by GC-FID analysis carried out in a Bruker
430-GC-FID chromatograph. The hydrogen was used as a carrier gas (55 cm · s−1) and fused silica
Supelco capillary columns SPB-5 (30 m × 0.25 mm i. d.; 25 µm film thickness) were used.

2.3. Synthesis of UiO-66(Zr) Samples

2.3.1. Solvothermal Syntheses, UiO-66(Zr)-S

UiO-66(Zr)-S1 was prepared using an experimental procedure adapted from that previously
reported [10]. An initial equimolar mixture of zirconium(IV) chloride (0.53 mmol) and
1,4-benzenedicarboxylic acid (0.53 mmol) in DMF (15 mL) was prepared in an autoclave, at room
temperature. The mixture was magnetically stirred for 10 min and then placed in the oven at 120 ◦C,
for 24 h, and immediately removed from the oven to cool (fast cooling) to room temperature. The white
solid was isolated by centrifugation, washed two times with DMF and ethanol, and dried overnight.
The UiO-66(Zr)-S2 material was prepared and handled following the previously described steps,
but the reaction mixture was left to cool in the oven for two days after the reaction was completed
(slow cooling).

2.3.2. Microwave Assisted Synthesis, UiO-66(Zr)-MW

The UiO-66(Zr)-MW samples were prepared by an experimental procedure adapted from that
described by Vivani and co-workers. The initial equimolar solutions of zirconium(IV) chloride
(0.53 mmol) and 1,4-benzenedicarboxylic acid (0.53 mmol) in DMF (15 mL) were prepared in 30 mL
glass vessels, at room temperature. The mixtures were magnetically stirred for 10 min, after which
the stir bar was recovered and the vessel properly caped. The mixtures were taken to the microwave
synthesizer (CEM discovery SP) set at 60 W, 120 ◦C and 100 psi, for 60 min [UiO-66(Zr)-MW1] and
15 min [UiO-66(Zr)-MW2]. The UiO-66(Zr)-MWmod material was prepared by a similar procedure,
however AcOH (2.1 mL) and deionized water (0.13 mL) were also added to the mixture, which reacted
in the microwave synthesizer for 60 min with magnetic stirring. After cooling to room temperature,
the three distinct solids were isolated by centrifugation, washed two times with DMF and ethanol,
and dried overnight.

2.4. Oxidative Desulfurization Studies

The oxidative desulfurization studies were performed using a model diesel containing
the most representative refractory sulfur-compounds in diesel, namely 1-benzothiophene (1-BT),
dibenzothiophene (DBT), 4-methyldibenzothiophene (4-MDBT) and 4,6-dimethyldibenzothiophene
(4,6-DMDBT), in n-octane (with a concentration of 500 ppm of sulfur from each compound).
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The reactions were performed under air in a closed borosilicate reaction vessel with a magnetic
stirrer and immersed in a thermostatically controlled liquid paraffin bath at 50 ◦C. The oxidative
desulfurization reactions were performed in a biphasic system composed by the model diesel and
acetonitrile (MeCN) as the extraction solvent. In a typical experiment, the catalyst (15 mg, 9 µmol of
Zr6O4(OH)4(CO2)12) was added to MeCN (0.75 mL), followed by the model diesel (0.75 mL) and the
resulting mixture was stirred for 10 min. The catalytic step was then initiated with the addition of
aqueous hydrogen peroxide 30% (75 µL, H2O2/S ratio of 13) to the reaction mixture. Tetradecane was
used as a standard in the periodical quantification of the sulfur content by GC analysis. The UiO-66
samples were tested as heterogeneous catalysts in the extractive and oxidative desulfurization (ECODS)
process. After each reaction, the solid catalyst was recovered by centrifugation, washed thoroughly
with MeCN and ethanol, dried in a desiccator over silica gel and recycled. The consecutive ECODS
catalytic reaction cycles were performed maintaining the reaction conditions, and preceding each one
of the reactions all the materials were carefully activated by the same procedure (activation at 60 ◦C
under vacuum for 12 h).

3. Results and Discussion

3.1. MOF Materials Characterization

Five distinct samples of the porous MOF material UiO-66(Zr) were prepared by distinct
synthetic methods, namely solvothermal synthesis [UiO-66(Zr)-S1 and UiO-66(Zr)-S2] and MWAS
[UiO-66(Zr)-MW1, UiO-66(Zr)-MW2 and UiO-66(Zr)-MWmod] (see details about the synthetic
procedures in the experimental section). All the isolated materials were characterized by PXRD
(Figure 2a), FTIR-ATR (Figure 2b), SEM and EDS (Figure 3), allowing the confirmation of the
preparation of crystalline pure phases of the porous MOF UiO-66(Zr).
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Figure 2. (a) powder X-ray diffraction (PXRD) patterns and (b) attenuated total reflectance operation
mode (FTIR-ATR) spectra of the UiO-66(Zr) materials isolated by different synthetic methods, shown in
the 2θ range 5–40◦ and in the wavenumber region 1800–400 cm−1, respectively.
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Figure 3. Electron dispersive X-ray spectroscopy (EDS) spectra and SEM images for the (a) UiO-66(Zr)-S1
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The PXRD patterns are comparable with that obtained by simulation of the single-crystal X-ray
diffraction data of the UiO-66(Zr) structure, both in terms of the position and relative intensities of
the bands, corroborating the synthesis of this MOF by the distinct methods / conditions employed.
In fact, the main diffraction peaks characteristics of the UiO-66 crystalline structure, namely at 2θ ≈ 7.4◦

(h, k, l = 1, 1, 1), 8.5◦ (2, 0, 0), 14.9 (2, 2, 2), 17.2◦ (4, 0, 0), 25.8◦ (4, 4, 2) and 31.1 (4, 4, 0) are evident in all
the difractograms, even those probably less crystalline.

The FTIR-ATR spectra of the five UiO-66(Zr) samples exhibit similar characteristic peaks of this
porous MOF (Figure 2b), and support their structural features namely the coordination modes of the
benzecarboxylate ligand (bdc2−). The two intense bands in the wavenumber values at approximately
1600 and 1400 cm−1 are assigned to the asymmetric and symmetric stretching modes of the carboxylate
group, respectively [νasym(–CO2

−) and νasym(–CO2
−)], in agreement with those values expected for

the syn,syn-chelating coordination mode. The small band around 1510 cm−1 can be attributed to
stretching modes of the C=C bonds in the aromatic ring, while at the lower wavenumber, the band
around 740 cm−1 can be associated with the C–H bending mode. Furthermore, the considerable strong
band around 545 cm−1 is consequence of the Zr–(OC) asymmetric stretching mode, and the bands
around 660 and 475 cm−1 are most probably due to the stretching in the µ3-O and µ3-OH groups,
respectively [30].

The SEM images support the evidences of the PXRD data about the preparation of crystalline
materials, since all the samples prepared by solvothermal synthesis and MWAS reveal microcrystalline
particles (Figure 3; for practical reasons, only SEM images for UiO-66(Zr)-S1 and UiO-66(Zr)-MW2 are
shown). As expected, the materials obtained by the solvothermal method have particles considerable
bigger than those of the MWAS materials. On the other hand, the EDS analysis confirms the occurrence
of the predictable elements Zr and O, but also Cl in all the materials (Figure 3). The presence of Cl in
the UiO-66(Zr) samples, even after the materials being meticulously washed and dried, is an apparent
indication of structural defect sites in the MOF framework (Cl/Zr ratio is 0.20 for UiO-66(Zr)-S1, 0.04 for
UiO-66(Zr)-S2, 0.10 for UiO-66(Zr)-MW1 and 0.07 for UiO-66(Zr)-MW2). The random absence of
organic ligands (bdc2−) throughout the framework of materials results in charge and coordination
deficiencies (open zirconium sites), which can be compensated by Cl anions [10,31]. Both the materials
UiO-66(Zr)-S1 and UiO-66(Zr)-MW2 seem to have structural defects.

3.2. Extractive and Oxidative Desulfurization

The catalytic performance of the UiO-66(Zr) materials prepared by distinct methods and conditions
[UiO-66(Zr)-S1, UiO-66(Zr)-S2, UiO-66(Zr)-MW1, UiO-66(Zr)-MW2 and UiO-66(Zr)-MWmod] was
analyzed for oxidative desulfurization of a high-sulfur model diesel containing refractory sulfur
compounds usually found in real diesel, namely 1-benzothiophene (1-BT), dibenzothiophene
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(DBT), 4-methyldibenzothiophene (4-MDBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT),
with approximately 500 ppm of each sulfur compound (in n-octane). The desulfurization studies
were performed in a biphasic extractive and oxidative desulfurization (ECODS) system, composed by
equivalent volumes of model diesel and extraction solvent (MeCN), using a H2O2/S ratio of 13 at
50 ◦C. The desulfurization process initiates with a liquid-liquid extraction for 10 min at 50 ◦C, in which
non-oxidized sulfur compounds are transferred from the model diesel to the polar solvent MeCN.
After this time, the reaching transfer equilibrium was achieved and the oxidant is then added to the
ECODS system in order to proceed the sulfur removal from model diesel by an oxidative catalytic
step. The results obtained for the ECODS systems catalysed by the different UiO-66(Zr) catalysts are
shown in Figure 4. The initial extraction that occurred before the addition of the oxidant was similar
between the different catalytic systems, achieving near 50% of extractive desulfurization just in 10 min.
After this stage, the incessant desulfurization only occurs while performing the oxidative catalytic step,
i.e., the sulfur compounds already present in the MeCN phase need to be oxidized to sulfide and/or
sulfone, and consequently more sulfur compounds are relocated from the model diesel to the MeCN
extraction phase.
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Figure 4. The desulfurization profiles using a biphasic model diesel/MeCN (1:1) system and H2O2 as
an oxidant (H2O2/S = 13), at 50 ◦C: using UiO-66(Zr) catalysts prepared by the solvothermal method
UiO-66(Zr)-S1 and S2 (a) and by MWAS UiO-66(Zr)-MW1, MW2 and MWmod (b). The vertical dashed
lines indicate the beginning of the catalytic step in the extractive and oxidative desulfurization (ECODS)
process by adding the oxidant.

The two catalysts prepared by the solvothermal method revealed different behaviour, with the
UiO-66(Zr)-S1 revealing a considerable superior catalytic efficiency than the UiO-66(Zr)-S2. Using the
first catalyst, near complete desulfurization was attained after just 3 h (99.5% of efficiency; only 10 ppm
of sulfur from 1-BT remains in the model diesel). The utilization of the UiO-66(Zr)-S2 catalyst was not
allowed ultra-deep desulfurization (S < 10 ppm) even at 4 h of reaction (80% of efficiency). These results
suggest that the cool time of the prepared material in the oven may have an important influence in its
catalytic performance, probably caused by the small structural differences that can occur and these
play an important role in its catalytic efficiency for ECODS processes.

The desulfurization profiles obtained with the three UiO-66(Zr) catalysts prepared by MWAS
are similar, and only a slightly higher catalytic efficiency has been observed for the UiO-66(Zr)-MW1
material during the first 1.5 h of reaction (94% of desulfurization efficiency). After 2 h of reaction,
all the UiO-66(Zr)-MW samples revealed near 96% of desulfurization efficiency. After this time the
desulfurization efficiency of MWAS catalysts did not increase appreciably (108 ppm of sulfur to 1-BT).
These results indicate that the time of MWAS preparation of UiO-66(Zr) (60 or 15 min) and also the
use of the modulator agent as AcOH, do not have a relevant influence in the catalytic efficiency of the
obtained material. As previously reported in the literature, a faster preparation of UiO-66(Zr) may
result in more defects in the MOF framework that may promote a higher catalytic efficiency [32].



Materials 2019, 12, 3009 8 of 13

From all the catalytic ECODS systems, the 1-BT was the most difficult sulfur compound to remove
from model diesel and consequently, the most difficult to oxidize. The oxidative reactivity order
observed, i.e., DBT > 4-MDBT > 4,6-DMDBT > 1-BT is well described in the literature and is related to
the electronic density at the sulfur atom and some steric hindrance [33–35]. The possible mechanism
involved in the oxidation of these sulfur compounds using the H2O2 oxidant, catalyzed by UiO-66(Zr),
has been previously reported in the literature [10,36]. The active centers in UiO-66(Zr) framework
are formed by the interaction of the oxidant with the Zr(IV) metal centers, originating Zr(IV)-peroxo
groups on the surface of the material. In the next step, sulfur compounds are oxidized by the transfer of
the oxygen atom from the Zr(IV)-peroxo group. More recently, Zheng et al. proposed the formation of
active •OH and •O2

− radicals by the cleavage of O–O peroxo groups using temperature reaction [36].
The recycle capacity of solid UiO-66(Zr) catalysts was investigated for the most active catalyst,

i.e., the UiO-66(Zr)-S1 and the material prepared by MWAS by the most sustainable and cost-effective
procedure, i.e., UiO-66(Zr)-MW2. After each ECODS cycle, the desulfurized model diesel was removed
and the solid catalyst was separated from the MeCN phase by centrifugation, washed with ethanol
and dried at room temperature. The recovered catalyst was then used in a new ECODS cycle,
using the same experimental conditions. The desulfurization results obtained for three consecutive
cycles using the solvothermal UiO-66(Zr)-S1 (Figure 5a) indicate that the catalytic activity of this
catalyst decreased drastically after the 2nd consecutive cycle. This catalyst presented a desulfurization
efficiency of 99.5% for the 1st cycle, 95% for the 2nd cycle and 54% for the 3rd cycle, after 3 h of reaction.
Interestingly, the recyclability studies using the UiO-66(Zr)-MW2 only revealed smaller differences of
desulfurization profiles between ECODS consecutive cycles, mainly for reaction times inferior to 2 h
(Figure 5b). After 3 h of reaction, the desulfurization efficiency is practically maintained for the three
consecutive cycles (96% for the 1st cycle, 91% for the 2nd cycle and 85% after the 3rd cycle). In fact,
using this MWAS catalyst, the deactivation observed for the 3rd ECODS cycle was minor, which may
indicate a higher structural stability of the UiO-66(Zr) prepared by the MWAS processes, and can be
promoted by the smaller particle size and the potential higher surface area of the MWAS samples.
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Figure 5. The desulfurization profile obtained the three ECODS cycles, catalyzed by UiO-66(Zr)-S1
(a) and UiO-66(Zr)-MW2 (b), using the biphasic system model diesel/MeCN (1:1) and H2O2/S=13,
at 50 ◦C. The vertical dashed lines indicate the beginning of the catalytic step in the ECODS process by
adding oxidant (H2O2).

Figure 6 compares the desulfurization efficiency to treat distinct model diesels containing
different sulfur compounds: A single DBT model diesel [37] and two multicomponent model
diesel, one formed by only DBT derivatives [9] and the other containing 1-BT and DBT derivatives
(results of this work). All the treatments were performed using UiO-66(Zr) catalysts under similar
ECODS experimental conditions (biphasic model diesel/MeCN system, H2O2 as oxidant and at
50 or 60 ◦C [37]). Approximately complete desulfurization was found after 0.5 h using model diesels
without 1-BT. When this compound is present, near complete desulfurization is only achieved after
3 h. This important correlation is in accordance to the higher difficulty of oxidizing 1-BT than DBT
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derivatives. Furthermore, the loss of catalytic activity verified after the 2nd consecutive ECODS cycle
with UiO-66(Zr)-S1 is promoted by the higher difficulty to desulfurize 1-BT and consequently to oxidize
this compound.
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Figure 6. Desulfurization efficiency of UiO-66(Zr) catalysts used in different model diesel sulfur
contents under similar experimental conditions (biphasic system model diesel/MeCN system, and H2O2

as oxidant at 50–60 ◦C [9,37].

The catalytic desulfurization efficiency of the UiO-66(Zr) catalyst prepared in this work by
the solvothermal procedure (UiO-66(Zr)-S1) and by the fast preparation procedure using MWAS
(UiO-66(Zr)-MW2) to treat the multicomponent model diesel with 1-BT and DBT derivatives is also
compared in Figure 6. Only a slight difference of efficiency is observed after 0.5 h, having the MWAS
catalyst 85% of efficiency instead of 93% obtained with the solvothermal material. This difference of
activity observed is negligible when correlated to the advantage that the MWAS preparation procedure
presents (only 15 min of reaction to prepare the catalyst). This result of the MWAS catalyst could not be
directly compared with literature results since this is the first work reporting the application of MWAS
UiO-66(Zr) in oxidative desulfurization systems.

3.3. Catalysts Stability

The structural robustness and chemical stability of the UiO-66(Zr)-S1 and UiO-66(Zr)-MW2
catalysts was evaluated by complementary characterization methods. The materials were recovered
after the third ECODS catalytic cycle, UiO-66(Zr)-S1_ac and UiO-66(Zr)-MW2_ac (ac stands for after
catalysis), and characterized by FTIR-ATR, PXRD and SEM / EDS (Figure 7). The PXRD patterns of both
the materials after catalytic use exhibit indistinguishable profiles relative to the corresponding ones
before catalysis (Figure 7a). All the main peaks remain practically unchanged regarding its positions
and relative intensities, pointing to the maintenance of the MOF framework after the three ECODS
catalytic cycles. This evidence is further supported by the FTIR-ATR data and SEM images, since the
vibrational spectra of UiO-66(Zr)-S1_ac and UiO-66(Zr)-MW2_ac are similar to the respective before
catalysis (Figure 7b), and significant morphologic changes are not observed in the MOF materials after
their utilization in the catalytic reactions (Figure 8).
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The apparent decrease in the catalytic performance of both materials UiO-66(Zr)-S1 and
UiO-66(Zr)-MW2, particularly observed in the third ECODS cycle, cannot be attributed to the
collapse of the crystalline structure or drastic structural changes in the framework of the MOF materials.
Instead, this reduction of activity can be associated with the loss of the Cl from the MOF structure,
since after catalytic use this element could not be identified by EDS spectrum of UiO-66(Zr)-S1_ac
(Figure 8a). On the other hand, the Cl element is still presented in the EDS spectrum of the catalytic
used UiO-66(Zr)-MW2_ac (Figure 8b). This also can explain the higher recycle capacity of the MWAS
catalyst (Cl/Zr = 0.078 and 0.047 before and after three ECODS consecutive processes) compared to
the solvothermal prepared material. As mentioned before, the potential existence of structural defect
sites in the MOF framework results in charge and coordination deficiencies (open zirconium sites),
which can be apparently compensated by Cl anions [10,31].

4. Concluding Remarks

The influence of the preparation method of the porous metal-organic framework (MOF) UiO-66(Zr)
in their catalytic performance for the extractive and oxidative desulfurization system (ECODS)
was evaluated. Two distinct samples of the porous MOF material UiO-66(Zr) were prepared
by solvothermal synthesis [UiO-66(Zr)-S1 and UiO-66(Zr)-S2] and three different samples were
isolated by microwave advanced synthesis (MWAS) [UiO-66(Zr)-MW1, UiO-66(Zr)-MW2 and
UiO-66(Zr)-MWmod], following different preparation procedures. All these samples were
structurally characterized and applied in the ECODS of a multicomponent model diesel containing
1-benzothiophene, dibenzothiophene, 4-methyldibenzothiophene and 4, 6-dimethyldibenzothiophene.
A significant difference of catalytic activity was found between UiO-66(Zr) samples prepared by the
solvothermal method, indicating that a fast cooling after the oven use is preferred than a slower cooling.
The difference of Cl/Zr ratio found for these MOF structures indicates that a faster cooling probably
promotes a higher incorporation of Cl anions in UiO-66(Zr) framework, what seems to suggest the
presence of a higher number of defects in the structure and a higher catalytic activity. On the other hand,
the UiO-66(Zr) materials prepared by MWAS using various reaction times (15 and 60 min) produced
catalysts with similar Cl/Zr ratios and also particle sizes, which resulted in materials with identical
catalytic efficiency. Furthermore, the addition of AcOH as a modular agent in the preparation procedure
did not improve the material catalytic activity. Slightly higher oxidative desulfurization efficiency
was found using the UiO-66(Zr)-S1 than the UiO-66(Zr)-MW2 material (99.5% of desulfurization
was achieved after 3 h using UiO-66(Zr)-S1 catalyst, instead of 96% found for UiO-66(Zr)-MW2).
However, the material prepared using the MWAS method showed higher recycle capacity in consecutive
cycles. The loss of activity observed after the second cycle associated to the solvothermal material
was not due to apparent structural modification or decomposition. However, this must be related to
the loss of Cl content in the UiO-66(Zr)-S1 structure after catalytic use. Therefore, the preparation of
UiO-66(Zr) material by the MWAS method conciliates various advantages associated with the shorter
reaction time preparation and also higher catalytic stability.

Author Contributions: Conceptualization, L.C.-S.; Funding acquisition, B.d.C.; Investigation, A.M.V. and S.O.R.;
Project administration, S.S.B. and L.C.-S.; Supervision, B.d.C., S.S.B. and L.C.-S.; Writing—original draft, L.C.-S.,
S.S.B.; Writing—review & editing, L.C.-S., S.S.B.

Funding: This work was partly funded through the project REQUIMTE-LAQV (Ref. UID/QUI/50006/2019) and
the project GlyGold, PTDC/CTM-CTM/31983/2017, financed by national funds through the FCT/MCTES and when
appropriate co-financed by FEDER (Fundo Europeu de Desenvolvimento Regional) under the PT2020 Partnership
Agreement. This work is funded by national funds (OE), through FCT in the scope of the framework contract
foreseen in the numbers 4, 5 and 6 of the article 23, of the Decree-Law 57/2016, of August 29, changed by Law
57/2017, of July 19 (to LCS).

Acknowledgments: The FCT and the European Union are acknowledged for the post-graduation grant
SFRH/BD/95571/2013 (to SOR) co-funded by Ministério da Ciência, Tecnologia e Ensino Superior (MCTES)
and the European Social Fund through the program POPH of QREN.

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



Materials 2019, 12, 3009 12 of 13

References

1. Fox, E.B.; Liu, Z.-W.; Liu, Z.-T. Ultraclean fuels production and utilization for the twenty-first century:
Advances toward sustainable transportation fuels. Energy Fuels 2013, 27, 6335–6338. [CrossRef]

2. Srivastava, V.C. An evaluation of desulfurization technologies for sulfur removal from liquid fuels. RSC Adv.
2012, 2, 759–783. [CrossRef]

3. Babich, I.V.; Moulijn, J.A. Science and technology of novel processes for deep desulfurization of oil refinery
streams: A review. Fuel 2003, 82, 607–631. [CrossRef]

4. Ibrahim, M.H.; Hayyan, M.; Hashim, M.A.; Hayyan, A. The role of ionic liquids in desulfurization of fuels:
A. review. Renew. Sustain. Energy Rev. 2017, 76, 1534–1549. [CrossRef]

5. Campos-Martin, J.M.; Capel-Sanchez, M.C.; Perez-Presas, P.; Fierro, J.L.G. Oxidative processes of
desulfurization of liquid fuels. J. Chem. Technol. Biotechnol. 2010, 85, 879–890. [CrossRef]

6. Wei, S.N.; He, H.J.; Cheng, Y.; Yang, C.P.; Zeng, G.M.; Qiu, L. Performances, kinetics and mechanisms of
catalytic oxidative desulfurization from oils. RSC Adv. 2016, 6, 103253–103269. [CrossRef]

7. Zhang, Y.; Li, G.; Kong, L.H.; Lu, H. Deep oxidative desulfurization catalyzed by Ti-based metal-organic
frameworks. Fuel 2018, 219, 103–110. [CrossRef]

8. Gomez-Paricio, A.; Santiago-Portillo, A.; Navalon, S.; Concepcion, P.; Alvaro, M.; Garcia, H. MIL-101 promotes
the efficient aerobic oxidative desulfurization of dibenzothiophenes. Green Chem. 2016, 18, 508–515.
[CrossRef]

9. Granadeiro, C.M.; Ribeiro, S.O.; Karmaoui, M.; Valenca, R.; Ribeiro, J.C.; de Castro, B.; Cunha-Silva, L.;
Balula, S.S. Production of ultra-deep sulfur-free diesels using a sustainable catalytic system based on
UiO-66(Zr). Chem. Commun. 2015, 51, 13818–13821. [CrossRef]

10. Li, H.; Wang, K.; Sun, Y.; Lollar, C.T.; Li, J.; Zhou, H.-C. Recent advances in gas storage and separation using
metal–organic frameworks. Mater. Today 2018, 21, 108–121. [CrossRef]

11. Jiang, D.; Chen, M.; Wang, H.; Zeng, G.; Huang, D.; Cheng, M.; Liu, Y.; Xue, W.; Wang, Z. The application of
different typological and structural MOFs-based materials for the dyes adsorption. Coord. Chem. Rev. 2019,
380, 471–483. [CrossRef]

12. Yi, F.-Y.; Chen, D.; Wu, M.-K.; Han, L.; Jiang, H.-L. Chemical sensors based on metal–organic frameworks.
ChemPlusChem. 2016, 81, 675–690. [CrossRef]

13. Liu, J.; Chen, L.; Cui, H.; Zhang, J.; Zhang, L.; Su, C.-Y. Applications of metal–organic frameworks in
heterogeneous supramolecular catalysis. Chem. Soc. Rev. 2014, 43, 6011–6061. [CrossRef]

14. Dong, Y.; Zhang, H.; Lei, F.; Liang, M.; Qian, X.; Shen, P.; Xu, H.; Chen, Z.; Gao, J.; Yao, J.
Benzimidazole-functionalized Zr-UiO-66 nanocrystals for luminescent sensing of Fe3+ in water.
J. Solid State Chem. 2017, 245, 160–163. [CrossRef]

15. Wu, L.; Zhang, X.-F.; Li, Z.-Q.; Wu, F. A new sensor based on amino-functionalized zirconium metal-organic
framework for detection of Cu2+ in aqueous solution. Inorg. Chem. Commun. 2016, 74, 22–25. [CrossRef]

16. Zhuang, S.; Cheng, R.; Wang, J. Adsorption of diclofenac from aqueous solution using UiO-66-type
metal-organic frameworks. Chem. Eng. J. 2019, 359, 354–362. [CrossRef]

17. Chen, C.; Chen, D.; Xie, S.; Quan, H.; Luo, X.; Guo, L. Adsorption behaviors of organic micropollutants on
zirconium metal–organic framework uio-66: Analysis of surface interactions. ACS Appl. Mater. Interfaces
2017, 9, 41043–41054. [CrossRef] [PubMed]

18. Pu, S.; Xu, L.; Sun, L.; Du, H. Tuning the optical properties of the zirconium–UiO-66 metal–organic framework
for photocatalytic degradation of methyl orange. Inorg. Chem. Commun. 2015, 52, 50–52. [CrossRef]

19. Dhakshinamoorthy, A.; Santiago-Portillo, A.; Asiri, A.M.; Garcia, H. Engineering UiO-66 Metal Organic
Framework for Heterogeneous Catalysis. ChemCatChem 2019, 11, 899–923. [CrossRef]

20. Barbosa, A.D.S.; Juliao, D.; Fernandes, D.M.; Peixoto, A.F.; Freire, C.; de Castro, B.; Granadeiro, C.M.;
Balula, S.S.; Cunha-Silva, L. Catalytic performance and electrochemical behaviour of Metal-organic
frameworks: MIL-101(Fe) versus NH2-MIL-101(Fe). Polyhedron 2017, 127, 464–470. [CrossRef]

21. Juliao, D.; Barbosa, A.D.S.; Peixoto, A.F.; Freire, C.; de Castro, B.; Balula, S.S.; Cunha-Silva, L.
Improved catalytic performance of porous metal-organic frameworks for the ring opening of styrene
oxide. CrystEngComm 2017, 19, 4219–4226. [CrossRef]

http://dx.doi.org/10.1021/ef401094t
http://dx.doi.org/10.1039/C1RA00309G
http://dx.doi.org/10.1016/S0016-2361(02)00324-1
http://dx.doi.org/10.1016/j.rser.2016.11.194
http://dx.doi.org/10.1002/jctb.2371
http://dx.doi.org/10.1039/C6RA22358C
http://dx.doi.org/10.1016/j.fuel.2018.01.050
http://dx.doi.org/10.1039/C5GC00862J
http://dx.doi.org/10.1039/C5CC03958D
http://dx.doi.org/10.1016/j.mattod.2017.07.006
http://dx.doi.org/10.1016/j.ccr.2018.11.002
http://dx.doi.org/10.1002/cplu.201600137
http://dx.doi.org/10.1039/C4CS00094C
http://dx.doi.org/10.1016/j.jssc.2016.10.019
http://dx.doi.org/10.1016/j.inoche.2016.10.031
http://dx.doi.org/10.1016/j.cej.2018.11.150
http://dx.doi.org/10.1021/acsami.7b13443
http://www.ncbi.nlm.nih.gov/pubmed/29077388
http://dx.doi.org/10.1016/j.inoche.2014.12.015
http://dx.doi.org/10.1002/cctc.201801452
http://dx.doi.org/10.1016/j.poly.2016.10.032
http://dx.doi.org/10.1039/C7CE00528H


Materials 2019, 12, 3009 13 of 13

22. Granadeiro, C.M.; Barbosa, A.D.S.; Ribeiro, S.; Santos, I.; de Castro, B.; Cunha-Silva, L.; Balula, S.S.
Oxidative catalytic versatility of a trivacant polyoxotungstate incorporated into MIL-101(Cr). Catal. Sci. Technol.
2014, 4, 1416–1425. [CrossRef]

23. Granadeiro, C.M.; Silva, P.; Saini, V.K.; Paz, F.A.A.; Pires, J.; Cunha-Silva, L.; Balula, S.S. Novel heterogeneous
catalysts based on lanthanopolyoxometalates supported on MIL-101(Cr). Catal. Today 2013, 218, 35–42.
[CrossRef]

24. Granadeiro, C.M.; Barbosa, A.D.S.; Silva, P.; Paz, F.A.A.; Saini, V.K.; Fires, J.; de Castro, B.; Balula, S.S.;
Cunha-Silva, L. Monovacant polyoxometalates incorporated into MIL-101(Cr): Novel heterogeneous catalysts
for liquid phase oxidation. Appl. Catal. A Gen. 2013, 453, 316–326. [CrossRef]

25. Juliao, D.; Gomes, A.C.; Pillinger, M.; Valença, R.; Ribeiro, J.C.; de Castro, B.; Gonçalves, I.S.; Silva, L.C.;
Balula, S.S. Zinc-Substituted Polyoxotungstate@amino-MIL-101(Al)—An Efficient Catalyst for the Sustainable
Desulfurization of Model and Real Diesels. Eur. J. Inorg. Chem. 2016, 2016, 5114–5122. [CrossRef]

26. Granadeiro, C.M.; Nogueira, L.S.; Juliao, D.; Mirante, F.; Ananias, D.; Balula, S.S.; Cunha-Silva, L. Influence of a
porous MOF support on the catalytic performance of Eu-polyoxometalate based materials: Desulfurization of
a model diesel. Catal. Sci. Technol. 2016, 6, 1515–1522. [CrossRef]

27. Juliao, D.; Gomes, A.C.; Pillinger, M.; Cunha-Silva, L.; de Castro, B.; Goncalves, I.S.; Balula, S.S.
Desulfurization of model diesel by extraction/oxidation using a zinc-substituted polyoxometalate as catalyst
under homogeneous and heterogeneous (MIL-101(Cr) encapsulated) conditions. Fuel Process. Technol. 2015,
131, 78–86. [CrossRef]

28. Ribeiro, S.; Granadeiro, C.M.; Silva, P.; Paz, F.A.A.; de Biani, F.F.; Cunha-Silva, L.; Balula, S.S. An efficient
oxidative desulfurization process using terbium-polyoxometalate@MIL-101(Cr). Catal. Sci. Technol. 2013,
3, 2404–2414. [CrossRef]

29. Balula, S.S.; Granadeiro, C.M.; Barbosa, A.D.S.; Santos, I.; Cunha-Silva, L. Multifunctional catalyst based on
sandwich-type polyoxotungstate and MIL-101 for liquid phase oxidations. Catal. Today 2013, 210, 142–148.
[CrossRef]

30. Han, Y.T.; Liu, M.; Li, K.Y.; Zuo, Y.; Wei, Y.X.; Xu, S.T.; Zhang, G.L.; Song, C.S.; Zhang, Z.C.; Guo, X.W.
Facile synthesis of morphology and size-controlled zirconium metal-organic framework UiO-66: The role of
hydrofluoric acid in crystallization. CrystEngComm 2015, 17, 6434–6440. [CrossRef]

31. Vermoortele, F.; Bueken, B.; le Bars, G.; van de Voorde, B.; Vandichel, M.; Houthoofd, K.; Vimont, A.;
Daturi, M.; Waroquier, M.; van Speybroeck, V.; et al. Synthesis modulation as a tool to increase the catalytic
activity of metal-organic frameworks: The unique case of UiO-66(Zr). J. Am. Chem. Soc. 2013, 135,
11465–11468. [CrossRef] [PubMed]

32. Xiao, W.M.; Dong, Q.L.; Wang, Y.; Li, Y.; Deng, S.J.; Zhang, N. Time modulation of defects in UiO-66 and
application in oxidative desulfurization. CrystEngComm 2018, 20, 5658–5662. [CrossRef]

33. Xu, J.H.; Zhao, S.; Chen, W.; Wang, M.; Song, Y.F. highly efficient extraction and oxidative desulfurization
system using Na7H2LaW10O36.32H2O in [bmim]BF4 at room temperature. Chem. A Eur. J. 2012, 18, 4775–4781.
[CrossRef] [PubMed]

34. Ribeiro, S.; Barbosa, A.D.S.; Gomes, A.C.; Pillinger, M.; Goncalves, I.S.; Cunha-Silva, L.; Balula, S.S.
Catalytic oxidative desulfurization systems based on Keggin phosphotungstate and metal-organic framework
MIL-101. Fuel Process. Technol. 2013, 116, 350–357. [CrossRef]

35. Zhu, W.S.; Huang, W.L.; Li, H.M.; Zhang, M.; Jiang, W.; Chen, G.Y.; Han, C.R. Polyoxometalate-based ionic
liquids as catalysts for deep desulfurization of fuels. Fuel Process. Technol. 2011, 92, 1842–1848. [CrossRef]

36. Zheng, H.Q.; Zeng, Y.N.; Chen, J.; Lin, R.G.; Zhuang, W.E.; Cao, R.; Lin, Z.J. Zr-based metal-organic
frameworks with intrinsic peroxidase-like activity for ultradeep oxidative desulfurization: Mechanism of
H2O2 decomposition. Inorg. Chem. 2019, 58, 6983–6992. [CrossRef] [PubMed]

37. Ye, G.; Qi, H.; Zhou, W.; Xu, W.; Sun, Y.Y. Green and scalable synthesis of nitro- and amino-functionalized
UiO-66(Zr) and the effect of functional groups on the oxidative desulfurization performance.
Inorg. Chem. Front. 2019, 6, 1267–1274. [CrossRef]

© 2019 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/).

http://dx.doi.org/10.1039/c3cy00853c
http://dx.doi.org/10.1016/j.cattod.2013.03.042
http://dx.doi.org/10.1016/j.apcata.2012.12.039
http://dx.doi.org/10.1002/ejic.201600442
http://dx.doi.org/10.1039/C5CY01110H
http://dx.doi.org/10.1016/j.fuproc.2014.10.030
http://dx.doi.org/10.1039/c3cy00287j
http://dx.doi.org/10.1016/j.cattod.2012.12.003
http://dx.doi.org/10.1039/C5CE00729A
http://dx.doi.org/10.1021/ja405078u
http://www.ncbi.nlm.nih.gov/pubmed/23875753
http://dx.doi.org/10.1039/C8CE00795K
http://dx.doi.org/10.1002/chem.201102754
http://www.ncbi.nlm.nih.gov/pubmed/22374858
http://dx.doi.org/10.1016/j.fuproc.2013.07.011
http://dx.doi.org/10.1016/j.fuproc.2011.04.030
http://dx.doi.org/10.1021/acs.inorgchem.9b00604
http://www.ncbi.nlm.nih.gov/pubmed/31041865
http://dx.doi.org/10.1039/C9QI00172G
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	Materials 
	Characterization Methods 
	Synthesis of UiO-66(Zr) Samples 
	Solvothermal Syntheses, UiO-66(Zr)-S 
	Microwave Assisted Synthesis, UiO-66(Zr)-MW 

	Oxidative Desulfurization Studies 

	Results and Discussion 
	MOF Materials Characterization 
	Extractive and Oxidative Desulfurization 
	Catalysts Stability 

	Concluding Remarks 
	References

