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Abstract: The application of a catalytic membrane in the oxidative desulfurization of a multicom-
ponent model diesel formed by most refractory sulfur compounds present in fuel is reported here
for the first time. The catalytic membrane was prepared by the impregnation of the active lamellar
[Gd(H4nmp)(H2O)2]Cl·2H2O (UAV-59) coordination polymer (CP) into a polymethyl methacrylate
(PMMA, acrylic glass) supporting membrane. The use of the catalytic membrane in the liquid–liquid
system instead of a powder catalyst arises as an enormous advantage associated with the facility
of catalyst handling while avoiding catalyst mass loss. The optimization of various parameters
allowed to achieve a near complete desulfurization after 3 h under sustainable conditions, i.e., us-
ing an aqueous H2O2 as oxidant and an ionic liquid as extraction solvent ([BMIM]PF6, 1:0.5 ratio
diesel:[BMIM]PF6). The performance of the catalytic membrane and of the powdered UAV-59 catalyst
was comparable, with the advantage that the former could be recycled successfully for a higher
number of desulfurization cycles without the need of washing and drying procedures between
reaction cycles, turning the catalytic membrane process more cost-efficient and suitable for future
industrial application.

Keywords: catalytic membrane; layered coordination polymer; oxidative desulfurization; hydrogen
peroxide; lanthanides

1. Introduction

In spite of recent strides in the development of alternative energy sources, the con-
tribution of fossil fuels to global energy demand still remains at about 80% [1,2]. The
burning of these fuels leads to the concomitant emission of different pollutants, such as
carbon monoxide (CO) and sulfur or nitrogen oxides (SOx, NOx) [3,4]. Sulfur oxides in
particular tend to react with water in the atmosphere, producing harmful acids which have
several adverse effects on human health and the environment [5]. This has led to a strict
worldwide goal of limiting sulfur content in fuels [6]. Currently, hydrotreating processes
are the preferred industrial method for the removal of heterocyclic sulfur molecules from
fuels, having a remarkable efficiency in the removal of compounds such as mercaptans and
thiophene [7]. Hydrodesulfurization is not, however, as effective for the removal of heavier
sulfur-containing compounds such as dibenzothiophene (DBT) and its derivatives [8,9].
To achieve high desulfurization efficiency by this process, extreme reaction conditions are
required (temperatures >350 ◦C and pressures in the 20–130 atm H2 range) [10,11]. Alter-
native/complementary desulfurization methods have emerged as more cost-effective and
sustainable approaches [12–14]. Among these, catalytic oxidative desulfurization (ODS)
is particularly interesting, as it can be employed in tandem with liquid–liquid extraction
or adsorption processes, ensuring removal of refractory sulfur compounds from fuels
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under mild temperatures and atmospheric pressure [15]. The combination of extraction
and catalytic oxidative desulfurization (ECODS) was demonstrated to be a highly efficient
method for the production of sulfur-free fuels [16–19]. The oxidation of sulfur compounds
in ODS processes is usually carried out using hydrogen peroxide as the oxidant, an envi-
ronmentally benign oxidant with highly active oxygen content (47%) [15]. The preparation
of adequate ODS catalysts remains one of the main quests of researchers in this field, with
the requirements of high activity and ease of handling during recovery from the reaction
medium and during the recycling process.

Coordination Polymers (CPs) and Metal-Organic Frameworks (MOFs) are a class
of organic–inorganic hybrid materials formed by metallic centers (clusters or ions) co-
ordinated by organic bridging linkers, which have gained attention in several fields of
research because of their unique properties such as high porosity, tunable structure and
functionality, extensive surface areas, and remarkable thermal, chemical, and mechanical
stabilities [20]. Even though the main use of CPs/MOFs in catalysis has been as host
materials for homogeneous catalysts [21–25], some of these materials exhibit intrinsic cat-
alytic activity for ODS [26–31]. We have recently demonstrated that a positively charged,
robust, and dense lamellar CP based on the combination of a triphosphonic acid linker
[nitrilotri(methylphosphonic acid), H6nmp] and a rare-earth metal cation, Gd3+ (formu-
lated as [Gd(H4nmp)(H2O)2]Cl·2H2O and coined hereafter as UAV-59) [32], is capable of
catalyzing the complete removal of sulfur compounds from a model fuel comprised of
2000 ppm of highly refractory sulfur compounds, using an ECODS system under envi-
ronmentally friendly conditions [33]. Applicability in the industry is the main goal in the
development of ODS catalysts, and CPs/MOFs still have not found their footing for indus-
trial application as they suffer from the inconvenience of being powdered solids, which not
only hinders their ease of use, but can lead to deactivation via agglomeration or sintering,
ultimately reducing the number of available active sites. Recently, membrane-supported
CPs/MOFs have been reported, but their applications have mostly been centered on gas
separation [34–37].

In the present manuscript, we report the first use of a catalytic membrane in oxidative
desulfurization process. Polymethyl methacrylate (PMMA, acrylic glass), an organic
polymer, was employed as a supporting membrane for the immobilization of UAV-59,
with the intent of mitigating the easier handling of the powdered catalyst and to avoid
its deactivation. The PMMA membrane is employed for the first time in desulfurization
experiments because previously only molecular dynamic simulations were reported [38].
This membrane was chosen since it is catalytically inert, which allow for a better comparison
of UAV-59 in powder with its supported membrane. Also, PMMA is one of the most used
polymers in different industries, being thermally stable at the conditions used in this
work, as well as being light weight and resistant to impact. The prepared UAV-59@PMMA
catalytic membrane was tested as a catalyst in ECODS process to treat a multicomponent
fuel under sustainable conditions. The stability and recyclability of the catalytic membrane
was evaluated.

2. Results and Discussion
2.1. Membrane Preparation and Characterization

UAV-59 was supported into a PMMA matrix membrane using a simple casting method
as depicted in Figure 1. The CP in the powdered form was suspended in a PMMA solution
in dichloromethane and cast into a mold. After solvent evaporation at ambient temperature
the UAV-59@PMMA membrane was isolated and characterized.
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Figure 1. Schematic representation for the preparation of a membrane and a photograph of the
UAV-59@PMMA membrane used in the current studies.

Membrane preparation was optimized by testing different PMMA-to-UAV-59 ratios
and quantities. Higher UAV-59 quantities led to a lower mechanical stability with the
membranes breaking more easily. This limitation can be surpassed by maintaining the
amount of PMMA similar to or greater than UAV-59, with the optimal ratio being 1:1
(w/w). At this ratio, the amount of material used in the membrane preparation does not
influence its mechanical stability. Membrane homogeneity is however affected at lower
ratios with small pockets of material being observed in the membrane. For these reasons,
the optimal membrane conditions used in this work were a 1:1 ratio prepared with 0.6 g of
each component.

The incorporation success of UAV-59 into the PMMA matrix was accessed by powder
X-ray diffraction and SEM/EDS analysis. Incorporation is immediately visible to the naked
eye because of clear visual modification of the membrane aspect: pure PMMA membranes
are transparent, while the CP-supported membrane has a solid white coloration (the same
color as for UAV-59 crystals; Figure S1). UAV-59 crystallinity was not hindered during the
membrane preparation, with the material maintaining its structural crystalline features
(Figure 2). Regarding homogeneity, as referred before, though because of the typical
large crystal size of UAV-59 small pockets of material may appear during the membrane
preparation. The optimized conditions used for membrane preparation allowed UAV-59
to be uniformly dispersed as depicted in Figure 3. EDS mapping of the heavy elements
present in UAV-59 show an unequivocal uniform distribution of the material throughout
the membrane.
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Figure 2. Comparison of the powder X-ray diffraction patterns of powdered UAV-59 and supported
in the PMMA matrix

Figure 3. EDS mapping of UAV-59@PMMA of the membrane surface and of a cross section, showing
a uniform distribution of the coordination polymer throughout the polymeric matrix.

2.2. Desulfurization of a Model Fuel

We reported recently the high catalytic efficiency of the powdered layered coordination
polymer UAV-59 for the oxidative desulfurization of a multicomponent model fuel [33].
Even though the heterogeneous catalyst showed high performance, inherent mass loss
and extra laborious removing techniques (centrifugation or filtration) for catalyst re-use
are always associated at the end of the process or even during the recycling study. To
avoid these limitations, we found it to be crucial to convert the solid powder into a catalyst
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that could be more easily handled and re-used. We achieved this by the impregnating the
powdered UAV-59 into a PMMA membrane matrix, resulting in a new catalyst composite
that was easier to add and remove from the desulfurization system.

The catalytic performance of UAV-59@PMMA membrane was investigated for the
desulfurization of a model diesel containing four refractory sulfur compounds most com-
monly found in liquid fuels, namely 1-benzothiophene (1-BT), dibenzothiophene (DBT),
4-methyldibenzothiophene (4-MDBT), and 4,6-dimehtyldibenzothiophene (4,6-DMDBT).
The desulfurization process was performed in a biphasic system composed of the model
diesel and [BMIM]PF6 employed as extraction solvent and using H2O2 as oxidant. The
desulfurization occurred in two main steps: (i) an initial extractive desulfurization per-
formed by vigorously stirring for 10 min at 70 ◦C, where sulfur compounds are transferred
from diesel to the extraction solvent and (ii) oxidative desulfurization, started by the addi-
tion of the oxidant, where the sulfur compounds mainly present in the extraction solvent
phase are oxidized to the corresponding sulfones and/or sulfoxides. The oxidation of
the sulfur compounds occurred by the activation of the oxidant by the catalyst, i.e., the
UAV-59@PMMA membrane. This contrasts our previous studies which solely employed
the powdered catalyst which was spread among both the diesel and extraction solvent
phases. In the present work, the catalytic membrane was incorporated in a static reac-
tor compartment while in complete contact with the biphasic diesel/[BMIM]PF6 system
(Figure 4).

Figure 4. Schematic representation of the extraction and catalytic oxidative desulfurization process
and the catalytic membrane reactor.

2.2.1. ECODS Process: Efficiency and Sustainability

An optimization study was performed to make the process more efficient, sustainable,
and cost effective. Three main parameters were investigated: number of catalytic centers
(Gd3+ content in the membrane), oxidant amount, and the ratio of model Fuel/[BMIM]PF6
solvent. The catalytic performance of the UAV-59@PMMA membrane was compared to
the powdered catalyst UAV-59 (prepared by a one-pot procedure, denominated as 1op
in reference [33]), using the same amount of Gd3+ active centers (0.04 mmol). Figure 5
depicts the results obtained, where it is possible to observe that after 4 h a near complete
desulfurization was achieved using the powdered materials and the catalytic membrane.
Using the powdered catalyst, the oxidative desulfurization is initiated practically after
the initial extraction step, in opposition to the catalytic membrane where an induction
period is observed between 1 and 3 h of reaction. Another important aspect is the superior
initial extractive desulfurization (before the addition of oxidant) observed in the presence
of a fixed catalytic membrane (an increase by c.a. 10%) when compared to the powdered
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catalyst. It is therefore crucial to improve the oxidative desulfurization efficiency of ECODS
systems by employing the catalytic membrane via optimization of the reaction parameters.

Figure 5. Desulfurization of a multicomponent model diesel catalyzed by the UAV-59 catalyst as a
powder and as the UAV-59@PMMA membrane (both catalysts containing 0.04 mmol of Gd3+), using
H2O2 as oxidant (0.64 mmol) and [BMIM]PF6 as the extraction solvent (1:1 diesel:solvent), at 70 ◦C.
The lines connecting experimental points are only for guidance.

The size of the catalytic membrane, i.e., the amount of active catalytic centers
(quantified as Gd3+ centers) present in the ECODS system was investigated by using
half the amount of that previously used in the comparative study with the powdered
catalyst. Figure 6 summarizes the desulfurization profile using 0.04 and 0.02 mmol of
Gd3+ showing a similar catalytic performance during the induction period, observed
between 1 and 3 h of reaction, with a near-complete desulfurization achieved just after
4 h. Experiments described hereafter were, therefore, performed using UAV-59@PMMA
membrane incorporating only 0.02 mmol of Gd3+.

Figure 6. Desulfurization of a multicomponent model diesel catalyzed by different amounts of
active centers, i.e., UAV-59@PMMA membrane containing 0.02 or 0.04 mmol of Gd3+, using H2O2 as
oxidant (0.64 mmol) and [BMIM]PF6 as the extraction solvent (1:1 diesel:solvent), at 70 ◦C. The lines
connecting experimental points are only for guidance.
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The oxidant amount is an important factor because, alongside with the catalyst itself,
it has a significant influence on the efficiency of the oxidative desulfurization step by
way of oxygen donation. Three different oxidant amounts were evaluated (100, 75, and
50 µL, corresponding to 0.86, 0.64, and 0.43 mmol, respectively). The desulfurization results
obtained using [BMIM]PF6 as extraction solvent at 70 ◦C are summarized in Figure 7. Similar
desulfurization profiles were observed between ECODS processes using 0.86 and 0.64 mmol
of H2O2, attaining a complete desulfurization of the model diesel after 4 h. The same
induction period was observed for up to 3 h of reaction using different oxidant amounts. In
the presence of a less quantity of H2O2, the extension of the oxidative desulfurization was
smaller, and the complete desulfurization could not be achieved under the 4 h time frame
observed for the other conditions. We infer, therefore, that an optimal H2O2 amount could
be considered to be 0.64 mmol.

Figure 7. Desulfurization of a multicomponent model diesel (2000 ppm in sulfur) catalyzed by
the UAV-59@PMMA membrane (containing 0.02 mmol Gd3+), using different amounts of H2O2 as
oxidant (0.86, 0.64, and 0.43 mmol) and [BMIM]PF6 as extraction solvent (1:1 diesel:solvent), at 70 ◦C.

Another important parameter that can have a remarkable influence in the ECODS
system is the ratio of the model diesel:[BMIM]PF6 solvent. The use of smaller amounts of
ionic liquids turns the ECODS process more sustainable and with higher economic viability.
Different ECODS systems were studied using 1:1 and 1:0.5 model diesel:[BMIM]PF6 ratios,
and under an extraction solvent-free system (Figure 8). The initial extractive desulfur-
ization between 1:1 and 1:0.5 was similar (around 40%). A remarkable difference in the
oxidative desulfurization profile was, however, observed between these ECODS systems.
This behavior was already reported before using the powdered UAV-59 catalyst [33] and it
is additionally observed when the same layered catalyst is incorporated into the PMMA
membrane. Using the 1:0.5 diesel:[BMIM]PF6 system, the concentration of sulfur com-
pounds present in the extraction phase was double compared to the 1:1 system, since sulfur
initial extraction was similar. Therefore, a higher contact between these and the H2O2
oxidant must be higher, what may promote the catalytic oxidative reaction, increasing
desulfurization efficiency (94% of desulfurization was registered after 3 h using the 1:0.5
system, instead of 65% achieved with 1:1). The resulting percentage of desulfurization ob-
tained without extraction solvent being used was 21% desulfurization after 4 h of reaction,
which indicates that the oxidative catalytic reaction may mostly occur in the [BMIM]PF6
phase (Figure 8). Without the presence of the catalyst in the ECODS process (Figure 8) or
the PMMA membrane without the layered UAV-59 polymeric catalyst (not shown), no
oxidative desulfurization occurred and the extraction of sulfur from model diesel is not
increased after the initial extraction step.
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Figure 8. Desulfurization of a multicomponent model diesel (2000 ppm S) catalyzed by UAV-
59@PMMA membrane (containing 0.02 mmol Gd), using 0.64 mmol of H2O2 as oxidant, different
volume of extraction solvent (1:1 and 1:0.5 diesel/[BMIM]PF6) and for a solvent-free system, at 70 ◦C.

2.2.2. Membrane Recycling

Recycling of the UAV-59@PMMA catalyst was investigated by using the same piece of
composite membrane in various consecutive ECODS cycles. For all cycles the optimized
ECODS conditions were maintained (1:0.5 model diesel:[BMIM]PF6, 0.64 mmol of oxidant,
membrane containing 0.02 mmol of Gd3+, 70 ◦C). During the recycling process two different
procedures were performed: (i) the membrane was separated from the reaction medium
after each cycle and washed with acetonitrile and water and then dried in a desiccator and
(ii) the membrane was removed from the ECODS system and used directly in the next cycle
without any treatment.

Figure 9 summarizes the results obtained using both procedures showing that the
washing practice between cycles leads to partial deactivation of the membrane: the catalytic
performance decreases immediately from the first to subsequent cycles. It was noteworthy
that using the catalytic membrane directly between cycles promotes catalytic stability and
the concomitant near complete desulfurization for at least six consecutive ECODS cycles.
This behavior must be related to the high permeability of this membrane, mainly after its
washing with acetonitrile and water, which causes a loss of stiffness and partial winding
that probably can contribute to a diffusion decrease of compounds through the membrane,
and a lower accessibility to the active catalytic centers (see next section for further details).
The usage of extra solvents should, in this way, be avoided during ECODS processes.
Moreover, from a technological viewpoint, this is an important advantage for any future
and potential industrial application.
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Figure 9. Desulfurization results obtained (after 4 h) for consecutive recycling ECODS cycles,
catalyzed by the UAV-59@PMMA membrane (containing 0.02 mmol Gd), using 0.64 mmol of H2O2

oxidant, 1:0.5 model diesel:[BMIM]PF6, at 70 ◦C.

2.3. Membrane Stability

The membrane stability was accessed in different conditions: temperature and solvent
immersion. The prepared membrane is stable up to 150 ◦C without modifications on the
structural integrity of the coordination polymer. While the membrane shows signs of a
decrease in mechanical stability (i.e., more easily broken) the overall stability is maintained
(Figure S2). The solvent in which UAV-59@PMMA is immersed influences the membrane
stability. For this, UA-59@PMMA was immersed for 24 h in 5 mL of water, acetone,
ethanol, methanol, hexane, acetonitrile, or toluene. In general, the structural integrity of
the membrane and the structure of the supported CP remain unaltered (Figure S3) except
when immersed in acetone, toluene, or acetonitrile. UAV-59@PMMA completely dissolves
in acetone after only 15 min, and the membrane integrity greatly decreases in the presence
of toluene and acetonitrile. Although the membrane is not completely dissolved in the
presence of these two solvents, a partial dissolution occurs with the membrane resembling
a wet piece of paper.

These studies help to better understand the recyclability studies described above. As
observed in Figure 9, the membrane catalytic activity decreases after the first cycle when the
membrane is washed. Because the washing process was performed with acetonitrile (which
permits a much better removal of the chemical components of the catalytic system) the
membrane stability was compromised, leading to both a decrease in mechanical stability
and to a partial dissolution. It is, thus, necessary to optimize this step in the near future to
employ a friendlier solvent in the case for the need to wash the catalytic membrane.

The same structural change of the CP previously reported by us, when the catalytic
studies were performed with UAV-59 in the powdered form [33] were observed for the
material supported in the membrane, with this being the active catalytic species. In
the present work, the same transformation is visible once again in the first catalytic cycle
(Figure S4). This transformation is not, however, complete during the first cycle (most likely
due to the PMMA barrier), occurring during the second one. Despite this transformation,
the material crystallinity and structural features remain unchanged during the remaining
catalytic cycles (Figure 10). Membrane stability and homogeneity are maintained as well
during the performed studies. As depicted in Figure 11, the transformed material maintains
its homogeneous distribution at the surface and throughout the membrane. The sole visible
modification concerns the crystal morphology the catalytic reaction tends to break apart
the crystallites with the plate-like morphology of the parent material being modified to a
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more rounded and uncharacteristic shape, in line with that previously observed for the
powdered form of the catalyst [33].

Figure 10. Powder X-ray diffraction of UAV-59@PMMA after the first and sixth catalytic cycles. The
asterisks indicate the two main reflections from the parentUAV-59 material still present after the first
catalytic cycle.

Figure 11. EDS mapping of UAV-59@PMMA at the membrane surface and a cross section after the
catalytic studies.

3. Experimental Section
3.1. Materials and Methods

The following chemicals and reagents were purchased from Sigma-Aldrich (unless oth-
erwise indicated) and used as received: 1-benzothiophere (98%), dibenzothiophene (98%),
4-methyldibenzothiophene (96%), 4,6-dimethyldibenzothiophene (97%), n-octane (98%),
1-butyl-3-methylimidazolium hexafluorophosphate (97%), tetradecane (99%), and 30 wt.%
hydrogen peroxide; gadolinium(III) oxide (at least 99.99%, Jinan Henghua Sci. & Tec. Co.
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Ltd., Jinan, China); nitrilotris(methylenephosphonic acid) [H6nmp, N(CH2PO3H2)3, 97%,
Fluka]; hydrochloric acid (HCl, 37% Analytical Reagent Grade, Fisher Chemical), and
Methyl Methacrylate Polymer (TCI).

Inductively Coupled Plasma—Optical Emission Spectrometry (ICP-OES) analyses
were registered with a spectrometer Optima 4300 DV (Perkin Elmer, Waltham, MA, USA)
with a plasma source (RF generator of 40 Hz) and automatic sampler (PerkinElmer AS93-
plus). ICP-OES analyses were performed at “Centro de Apoyo Científico-Tecnológico
(CACTUS) de la Universidad de Santiago de Compostela, USC (Galicia, Spain)”. SEM
(Scanning Electron Microscopy) images were acquired using either a high-resolution Hi-
tachi SU-70 working at 4 kV, or performed in a FEI Quanta 400 FEG ESEM high-resolution
scanning electron microscope equipped with an EDAX Genesis X4M spectrometer working
at 15 kV. Samples were prepared by deposition on aluminum sample holders followed
by carbon coating using an Emitech K950X carbon evaporator or coated with an Au/Pd
thin film by sputtering using an SPI Module Sputter Coater equipment. Routine Pow-
der X-Ray Diffraction (PXRD) data for all materials were collected at ambient tempera-
ture on a Empyrean PANalytical diffractometer (Cu Kα1,2 X-radiation, λ1 = 1.540598 Å;
λ2 = 1.544426 Å), equipped with an PIXcel 1D detector in transmission mode in a Bragg–
Brentano para-focusing optics configuration (45 kV, 40 mA). Intensity data were collected
by the step-counting method (step 0.04◦), in continuous mode, in the c.a. 5 ≤ 2 θ ≤ 50◦

range. Catalytic reactions were periodically monitored by GC-FID analysis carried out in a
Bruker 430-GC-FID chromatograph (Bruker Daltonik GmbH, Bremen, Germany). Hydro-
gen was used as 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.

3.2. UAV-59 and UAV-59@PMMA Membrane Preparation

The preparation and scale-up of [Gd(H4nmp)(H2O)2]Cl·2H2O (UAV-59) was done as
previously reported [33].

For the membrane preparation, c.a. 600 mg of PMMA was dissolved in 5 mL of
dichloromethane (Note: slow addition of PMMA is needed to prevent agglomeration).
UAV-59 was added to the solution and was stirred for 20 min. UAV-59 was slightly grinded
prior to the addition to PMMA to separate some crystals agglomeration and increase the
material dispersion. The resulting suspension was cast to a petri dish (c.a. 5-cm diameter)
and stirred until a more consistent suspension was present, and then it was left unstirred
overnight. The resulting UAV-59@PMMA membrane was removed from the petri dish and
washed with copious amounts of distilled water.

3.3. Extractive and Oxidative Desulfurization Process (ECODS)

Desulfurization studies were performed using a model diesel containing a total sulfur
concentration of 2000 ppm composed of equal amounts of refractory sulfur compounds,
namely: 1-benzothiophene (1-BT), dibenzothiophene (DBT), 4-methyldibenzothiophene (4-
MDBT), and 4,6-dimehtyldibenzothiophene (4,6-DMDBT) in n-octane. These experiments
were carried out under air (atmospheric pressure) in a closed borosilicate 5-mL reaction
vessel, equipped with a magnetic stirring bar and immersed in a paraffin bath heated to
70 ◦C. Processes were performed in a biphasic system composed by the ionic liquid (1-
butyl-3-methylimidazolium hexafluorophosphate, [BMIM]PF6), and the multicomponent
model diesel in the presence of a membrane used as the catalyst and H2O2 (30% wt. aq.)
as oxidant. In a typical experiment, 0.75 mL of model diesel and the extraction solvent
(0.75 and 0.38 mL) were added to the catalytic membrane (containing 0.02 and 0.04 mmol
of Gd). An initial extraction of sulfur compounds from model diesel to the ionic liquid
phase occurred by only stirring both immiscible phases for 10 min at 70 ◦C. The oxidative
catalytic step of the process is then initiated by the addition of H2O2 oxidant (0.86, 0.64, and
0.43 mmol). The sulfur content in the model diesel phase was periodically quantified by GC
analysis using tetradecane as standard. The recycling capacity of the heterogeneous catalyst
was investigated using the same portion of membrane in consecutive desulfurization
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cycles. New portions of model diesel, oxidant, and extraction solvent were added to the
used membrane at the end of each desulfurization cycle. Between cycles, the membrane
was washed with ethanol. All recycling cycles were performed under the same initial
experimental conditions.

4. Conclusions

This manuscript reports for the first time the application of a catalytic membrane for
oxidative desulfurization process using a multicomponent model diesel. This catalytic
membrane was prepared by using a simple casting approach using the catalytically ac-
tive coordination polymer (CP) [Gd(H4nmp)(H2O)2]Cl·2H2O (UAV-59) in a polymethyl
methacrylate (PMMA) support membrane. This preparative method allowed for the
preparation of a homogeneous membrane UAV-59@PMMA, with UAV-59 being dispersed
in a uniform way throughout the membrane. After the optimization study, a complete
desulfurization was achieved after 2 h using the ratio of 1:0.5 diesel/extraction solvent
([BMIM]PF6), H2O2 as oxidant, at 70 ◦C. The powdered catalyst under similar reaction
conditions achieved near complete desulfurization after 1 h. However, the use of a one-
piece membrane catalyst presents a large advantage avoiding catalyst mass loss and also
the absence of extra laborious procedures in catalyst recovery. The recycle capacity of the
catalytic membrane was confirmed for six consecutive ECODS without loss of activity. A
substantial advantage of using catalytic membrane instead of powdered catalyst was the
facility of handling the catalyst between cycles without mass loss during consecutive reac-
tion cycles and without need for catalyst recovery and post-catalytic use treatment (such
as washing and drying). Therefore, the successful application of catalytic membrane in
ECODS process will increase the feasibility of this technology in an industrial environment.

Supplementary Materials: The following are available online, Figure S1: Picture of PMMA mem-
brane (left) and UAV-59@PMMA membrane (right). Figure S2: Powder X-ray diffraction of UAV-
59@PMMA after 24 h at 150 ◦C (black) and in a chamber with 98% relative humidity (RH, red), with
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Author Contributions: Conceptualization, S.S.B. and R.F.M.; Data curation, F.M., R.F.M. and R.G.F.;
Formal analysis, F.M., R.F.M. and R.G.F.; Funding acquisition, S.S.B. and F.A.A.P.; Investigation,
F.M. and R.G.F.; Project administration, S.S.B. and F.A.A.P.; Supervision, S.S.B., F.A.A.P. and L.C.-S.;
Validation, S.S.B., R.F.M. and F.A.A.P.; Visualization, F.M. and L.C.-S.; Writing—original draft, R.F.M.,
F.M. and R.G.F.; Writing—review & editing, R.F.M., S.S.B. and L.C.-S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research work received financial support from Portuguese national funds (FCT/MCTES,
Fundação para a Ciência e a Tecnologia and Ministério da Ciência, Tecnologia e Ensino Superior)
through the strategic projects UIDB/50006/2020 (for LAQV-REQUIMTE) and UIDB/50011/2020
and UIDP/50011/2020 (for CICECO). Parts of this work were performed with funds from the Euro-
pean Union (FEDER funds through COMPETE POCI-01-0145-FEDER-031983) and FCT/MCTES by
National Funds to the R&D project GlyGold (PTDC/CTM-CTM/31983/2017).

Data Availability Statement: More data can be obtained by request from the authors.

Acknowledgments: FCT/MCTES is gratefully acknowledged for the Junior Research Position
CEECIND/00553/2017 (to R.F.M), the Auxiliary Research Position CEECIND/00793/2018 (to
L.C.-S.) and the Auxiliary Research Position CEECIND/03877/2018 (to S.S.B.) attributed through
the Individual Calls to Scientific Employment Stimulus.

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

Sample Availability: Samples of the compounds can be available by request from the authors.



Molecules 2021, 26, 2404 13 of 14

References
1. Johnsson, F.; Kjärstad, J.; Rootzén, J. The threat to climate change mitigation posed by the abundance of fossil fuels. Clim. Policy

2019, 19, 258–274. [CrossRef]
2. Abas, N.; Kalair, A.; Khan, N. Review of fossil fuels and future energy technologies. Futures 2015, 69, 31–49. [CrossRef]
3. Kopel, J.; Brower, G.L. Impact of fossil fuel emissions and particulate matter on pulmonary health. Bayl. Univ. Med Cent. Proc.

2019, 32, 636–638. [CrossRef] [PubMed]
4. Perraud, V.; Horne, J.R.; Martinez, A.S.; Kalinowski, J.; Meinardi, S.; Dawson, M.L.; Wingen, L.M.; Dabdub, D.; Blake, D.R.;

Gerber, R.B.; et al. The future of airborne sulfur-containing particles in the absence of fossil fuel sulfur dioxide emissions. Proc.
Natl. Acad. Sci. USA 2015, 112, 13514. [CrossRef]

5. Koolen, C.D.; Rothenberg, G. Air Pollution in Europe. ChemSusChem 2019, 12, 164–172. [CrossRef]
6. Shiroyama, H. The harmonization of automobile environmental standards between Japan, the United States and Europe: The

‘depoliticizing strategy’ by industry and the dynamics between firms and governments in a transnational context. Pac. Rev. 2007,
20, 351–370. [CrossRef]

7. Hossain, M.N.; Park, H.C.; Choi, H.S. A Comprehensive Review on Catalytic Oxidative Desulfurization of Liquid Fuel Oil.
Catalysts 2019, 9, 229. [CrossRef]

8. Lamonier, C. Transportation fuels: Desulfurizing diesel. Nat. Energy 2017, 2, 17019. [CrossRef]
9. Chandra Srivastava, V. An evaluation of desulfurization technologies for sulfur removal from liquid fuels. RSC Adv. 2012, 2,

759–783. [CrossRef]
10. Stanislaus, A.; Marafi, A.; Rana, M.S. Recent advances in the science and technology of ultra low sulfur diesel (ULSD) production.

Catal. Today 2010, 153, 1–68. [CrossRef]
11. Mochida, I.; Choi, K.-H. An Overview of Hydrodesulfurization and Hydrodenitrogenation. J. Jpn. Pet. Inst. 2004, 47, 145–163.

[CrossRef]
12. Lee, K.X.; Valla, J.A. Adsorptive desulfurization of liquid hydrocarbons using zeolite-based sorbents: A comprehensive review.

React. Chem. Eng. 2019, 4, 1357–1386. [CrossRef]
13. Nuhu, A.A. Bio-catalytic desulfurization of fossil fuels: A mini review. Rev. Environ. Sci. Bio/Technol. 2013, 12, 9–23. [CrossRef]
14. Abro, R.; Abdeltawab, A.A.; Al-Deyab, S.S.; Yu, G.; Qazi, A.B.; Gao, S.; Chen, X. A review of extractive desulfurization of fuel oils

using ionic liquids. RSC Adv. 2014, 4, 35302–35317. [CrossRef]
15. Rajendran, A.; Cui, T.-Y.; Fan, H.-X.; Yang, Z.-F.; Feng, J.; Li, W.-Y. A comprehensive review on oxidative desulfurization catalysts

targeting clean energy and environment. J. Mater. Chem. A 2020, 8, 2246–2285. [CrossRef]
16. Diana, J.; Susana, R.; Baltazar de, C.; Luís, C.-S.; Salete, S.B. Polyoxometalates-Based Nanocatalysts for Production of Sulfur-Free

Diesel. In Applying Nanotechnology to the Desulfurization Process in Petroleum Engineering; Tawfik, A.S., Ed.; IGI Global: Hershey,
PA, USA, 2016; pp. 426–458. [CrossRef]

17. Lü, H.; Li, P.; Deng, C.; Ren, W.; Wang, S.; Liu, P.; Zhang, H. Deep catalytic oxidative desulfurization (ODS) of dibenzothiophene
(DBT) with oxalate-based deep eutectic solvents (DESs). Chem. Commun. 2015, 51, 10703–10706. [CrossRef]

18. 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]

19. Julião, D.; Gomes, A.C.; Pillinger, M.; Valença, R.; Ribeiro, J.C.; Gonçalves, I.S.; Balula, S.S. Desulfurization of model and real
fuels by extraction and oxidation processes using an indenylmolybdenum tricarbonyl pre-catalyst. Appl. Organomet. Chem. 2020,
34, e5490. [CrossRef]

20. Howarth, A.J.; Liu, Y.; Li, P.; Li, Z.; Wang, T.C.; Hupp, J.T.; Farha, O.K. Chemical, thermal and mechanical stabilities of
metal–organic frameworks. Nat. Rev. Mater. 2016, 1, 15018. [CrossRef]

21. Julião, D.; Gomes, A.C.; Pillinger, M.; Cunha-Silva, L.; de Castro, B.; Gonçalves, 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]

22. Julião, D.; Gomes, A.C.; Pillinger, M.; Valença, R.; Ribeiro, J.C.; de Castro, B.; Gonçalves, I.S.; Cunha Silva, L.; 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]

23. Granadeiro, C.M.; Nogueira, L.S.; Julião, 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]

24. Wu, J.; Gao, Y.; Zhang, W.; Tan, Y.; Tang, A.; Men, Y.; Tang, B. Deep desulfurization by oxidation using an active ionic liquid-
supported Zr metal–organic framework as catalyst. Appl. Organomet. Chem. 2015, 29, 96–100. [CrossRef]

25. Ribeiro, S.; Granadeiro, C.M.; Silva, P.; Almeida Paz, F.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]

26. Granadeiro, C.M.; Ribeiro, S.O.; Karmaoui, M.; Valença, 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]

27. Viana, A.M.; Ribeiro, S.O.; Castro, B.D.; Balula, S.S.; Cunha-Silva, L. Influence of UiO-66(Zr) Preparation Strategies in Its Catalytic
Efficiency for Desulfurization Process. Materials 2019, 12, 3009. [CrossRef]

http://doi.org/10.1080/14693062.2018.1483885
http://doi.org/10.1016/j.futures.2015.03.003
http://doi.org/10.1080/08998280.2019.1641367
http://www.ncbi.nlm.nih.gov/pubmed/31656449
http://doi.org/10.1073/pnas.1510743112
http://doi.org/10.1002/cssc.201802292
http://doi.org/10.1080/09512740701461462
http://doi.org/10.3390/catal9030229
http://doi.org/10.1038/nenergy.2017.19
http://doi.org/10.1039/C1RA00309G
http://doi.org/10.1016/j.cattod.2010.05.011
http://doi.org/10.1627/jpi.47.145
http://doi.org/10.1039/C9RE00036D
http://doi.org/10.1007/s11157-012-9267-x
http://doi.org/10.1039/C4RA03478C
http://doi.org/10.1039/C9TA12555H
http://doi.org/10.4018/978-1-4666-9545-0.ch014
http://doi.org/10.1039/C5CC03324A
http://doi.org/10.1002/jctb.2371
http://doi.org/10.1002/aoc.5490
http://doi.org/10.1038/natrevmats.2015.18
http://doi.org/10.1016/j.fuproc.2014.10.030
http://doi.org/10.1002/ejic.201600442
http://doi.org/10.1039/C5CY01110H
http://doi.org/10.1002/aoc.3251
http://doi.org/10.1039/c3cy00287j
http://doi.org/10.1039/C5CC03958D
http://doi.org/10.3390/ma12183009


Molecules 2021, 26, 2404 14 of 14

28. Viana, A.M.; Julião, D.; Mirante, F.; Faria, R.G.; de Castro, B.; Balula, S.S.; Cunha-Silva, L. Straightforward activation of
metal-organic framework UiO-66 for oxidative desulfurization processes. Catal. Today 2020. [CrossRef]

29. McNamara, N.D.; Neumann, G.T.; Masko, E.T.; Urban, J.A.; Hicks, J.C. Catalytic performance and stability of (V) MIL-47 and (Ti)
MIL-125 in the oxidative desulfurization of heterocyclic aromatic sulfur compounds. J. Catal. 2013, 305, 217–226. [CrossRef]

30. Li, X.; Gu, Y.; Chu, H.; Ye, G.; Zhou, W.; Xu, W.; Sun, Y. MFM-300(V) as an active heterogeneous catalyst for deep desulfurization
of fuel oil by aerobic oxidation. Appl. Catal. A Gen. 2019, 584, 117152. [CrossRef]

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

32. Mendes, R.F.; Antunes, M.M.; Silva, P.; Barbosa, P.; Figueiredo, F.; Linden, A.; Rocha, J.; Valente, A.A.; Almeida Paz, F.A. A
Lamellar Coordination Polymer with Remarkable Catalytic Activity. Chem. Eur. J. 2016, 22, 13136–13146. [CrossRef]

33. Mirante, F.; Mendes, R.F.; Paz, F.A.A.; Balula, S.S. High Catalytic Efficiency of a Layered Coordination Polymer to Remove
Simultaneous Sulfur and Nitrogen Compounds from Fuels. Catalysts 2020, 10, 731. [CrossRef]

34. Li, Y.-S.; Liang, F.-Y.; Bux, H.; Feldhoff, A.; Yang, W.-S.; Caro, J. Molecular Sieve Membrane: Supported Metal–Organic Framework
with High Hydrogen Selectivity. Angew. Chem. Int. Ed. 2010, 49, 548–551. [CrossRef]

35. Figueira, F.; Mendes, R.F.; Domingues, E.M.; Barbosa, P.; Figueiredo, F.; Paz, F.A.A.; Rocha, J. Easy Processing of Metal–Organic
Frameworks into Pellets and Membranes. Appl. Sci. 2020, 10, 798. [CrossRef]

36. Wang, H.; Zhao, S.; Liu, Y.; Yao, R.; Wang, X.; Cao, Y.; Ma, D.; Zou, M.; Cao, A.; Feng, X.; et al. Membrane adsorbers with ultrahigh
metal-organic framework loading for high flux separations. Nat. Commun. 2019, 10, 4204. [CrossRef]

37. Mazani, M.; Aghapour Aktij, S.; Rahimpour, A.; Tavajohi Hassan Kiadeh, N. Cu-BTC Metal−Organic Framework Modified
Membranes for Landfill Leachate Treatment. Water 2020, 12, 91. [CrossRef]

38. Ling, C.; Liang, X.; Fan, F.; Yang, Z. Diffusion behavior of the model diesel components in different polymer membranes by
molecular dynamic simulation. Chem. Eng. Sci. 2012, 84, 292–302. [CrossRef]

http://doi.org/10.1016/j.cattod.2020.05.026
http://doi.org/10.1016/j.jcat.2013.05.021
http://doi.org/10.1016/j.apcata.2019.117152
http://doi.org/10.1039/C5GC00862J
http://doi.org/10.1002/chem.201602157
http://doi.org/10.3390/catal10070731
http://doi.org/10.1002/anie.200905645
http://doi.org/10.3390/app10030798
http://doi.org/10.1038/s41467-019-12114-8
http://doi.org/10.3390/w12010091
http://doi.org/10.1016/j.ces.2012.08.035

	Introduction 
	Results and Discussion 
	Membrane Preparation and Characterization 
	Desulfurization of a Model Fuel 
	ECODS Process: Efficiency and Sustainability 
	Membrane Recycling 

	Membrane Stability 

	Experimental Section 
	Materials and Methods 
	UAV-59 and UAV-59@PMMA Membrane Preparation 
	Extractive and Oxidative Desulfurization Process (ECODS) 

	Conclusions 
	References

