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Abstract

Industrial combustion of fuels containing sulfur is responsible for most of the greenhouse gases in the atmosphere. The
high impact of fuels is mainly on the content of aromatic S-compounds. These compounds are hard to remove through
conventional hydrodesulphurization (HDS) processes because of their refractory properties and high boiling points. In this
research, we are reporting the preparation, characterization, and evaluation of a cheap, regenerable and reusable composite
based on the ionic liquid 1-butyl-3-methylimidazolium chloride immobilized on a renewable matrix of natural cellulose
fibers. Characterization of the composite included FTIR, TGA, SEM, and XDR. The extraction capacity of thiophene and
benzothiophene of the synthesized material was evaluated in synthetic mixes in isooctane and monitored by GC-FID. We
achieved removal percentages of up to 62% of total sulfur from a model oil with an initial concentration of 458 mg S/L.
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Introduction

Air contamination is one of the most important
consequences of industrial development in the last
decades. Combustion of fuels has generated the acid rain
and greenhouse effect by conversion of sulfur
compounds into SO and SO; [1]. Those compounds in
the air cause environmental damages as well as
respiratory diseases, cancer, among others [2].
Hydrotreating, the conventional technology used at
industrial level require hydrogen, and catalysts under
aggressive conditions of pressure and temperature to
break carbon-sulfur bonds [3]. With the purpose of
contributing with a complementary and greener
technology for sulfur removal from fuels, we worked
with ionic liquids (IL) having good removal capacities of
saturated and aromatic S-compounds depending on the
used IL.

Nowadays, the focus of IL extraction processes for
fuels is on aromatic sulfur compounds, which are
difficult to remove, by common HDS. This kind of direct
extractive desulfurization based on IL has higher
percentages of removal than conventional organic
solvents but still low desulfurization efficiency
(10-40%) in a single extraction, so it requires several
continuous extraction steps to reach the ideal S-
concentrations. Study of oxidative methods based on IL
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technology started with systems using IL as extractant
[4-8], with acetic acid as a catalyst and H,O; as oxidant.
This kind of systems allow removal of up to 99%, but the
use of acetic acid make difficult the separation or
regeneration of the catalyst, and there is oil
contamination by dissolution of the catalyst at trace
levels. A better alternative is the use of Lewis and
Bronsted acidic ILs, which have a double function as
extractant and catalyst allowing removal percentages as
high as 100% with recycling of the IL up to six times;
however, there is no report about the properties of the
fuel oils after the oxidative extracting process.

Recently, the ILs are being supported on solid
materials like silica, polymers, graphite and activated
carbon (AC) to obtain materials easily removed from
the system and regenerable [9-14]. Oxidative
desulfurization in the solid state was reported with
graphene-hexagonal boron nitride (G-h-BN) used as a
support of tungsten ionic liquid. The synthesized
material showed to be thermos- and chemically stable;
reaction conditions were very mild, and sulfur removal
of DBT from model oil could reach up to 98.5% at
60 °C. The catalyst could be recycled five times without
significant loss of catalytic efficiency demonstrating a
new strategy of designing high activity heterogeneous
catalyst for organic reactions [12].
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We studied liquid-liquid extractions of sulfur
compounds achieving removal percentages of up to
61.2% y 69.8% for thiophene and dibenzothiophene
using the pure ionic liquid [BMIM][BF4]. To improve
this percentage of removal and to obtain a cheap solid
material, regenerable and reusable, then we prepared a
composite supporting this IL on oxidized activated
carbon. With this material, the extraction of thiophene
and benzothiophene model oil at the optimal conditions
was up to 80% using significantly less amount of IL [15].
In this research, we report a new composite material
based on the IL [BMIM][CI] immobilized on natural
cellulose fibers for the extraction of sulfur compounds.
To our knowledge, this is the first cellulose
biocomposites based on an IL immobilized on cellulose.
We characterized the composite material by TGA-DSC,
SEM, FTIR, and XRD and evaluated it to determine the
extraction capacity. The material extracted up to 72%
(mainly thiophene) from an isooctane solution with an
initial concentration of 458 mg S/L.

Experimental
Materials

Pineapple (Ananas comosus MD?2) leaves collected
from a market in Bucaramanga, Colombia. Sodium
hydroxide, NaOH, (Leédn Laboratories Ltda) 1-butyl-3-
methylimidazolium  chloride  ([BMIM][CI], for
synthesis, Merck). Maleic Anhydride (Alpha Aesar),
Isooctane (Merck), Thiophene (Merck), THF (Merck),
DMF (Merck), HCI (Merck), Acetone (Merck). GC
gases (nitrogen, hydrogen, helium, and air (99.999%)
from Cryogas.

Pineapple leaves extraction, cleaning, and chemical
alkaline treatment

Fibers were manually obtained from pineapple leaves,
washed in an ultrasound bath for 1 hour at room
temperature and dried (60 °C, 24 hours). Alkaline
treatment on natural fibers disrupts hydrogen bonding in
the network structure, increasing surface roughness; it is
able of removing lignin, wax, and oils covering the
external surface, depolymerizes cellulose and exposes
the short length crystallites [16]. Also, aqueous sodium
hydroxide (NaOH) is capable of promoting the
ionization of the hydroxyl group to the corresponding
alkoxide [17, 18]. For alkaline treatment, we immersed
the raw fibers (RF) in 5% NaOH solution for 3h, then
washed and dried to obtain the alkaline fibers (AF).

Treatment of Alkaline Cellulose Fibers with Maleic
Anhydride and Immobilization of [BMIM][CI] on
treated fibers

Glucose is an aldohexose with a —CH; OH group in
position C6; with the purpose of generating more active
sites for the IL immobilization, the surface of the fiber
was chemically modified. We mixed 2g of alkaline fibers
were mixed in a solution of 2g of maleic anhydride
dissolved in 20 mL of acetone; the mix was under stirring
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for 1 hour at room temperature. Then, the fibers were
filtered, washed, and dried for 2 hours at 120 °C to obtain
maleated fibers (AMF) [19].

Acidic groups were calculated by acid/base titration
using the Boehm method to determine the effectiveness
of the maleation reaction [20]. 1 g of AMF fibers was set
in a beaker with 50 mL of NaOH 0,1 M (standardized
with a solution of potassium biphthalate) under stirring
at 30 °C for five days; after that, we performed the back
titration with HCI and phenolphthalein.

We performed the functionalization of AMF fibers
with the ionic liquid by setting 1 g of AMF, and 0.5 g of
the IL dissolved in 15 mL of DMF. The mix was under
reflux at constant stirring for 6 hours, 70 °C in inert
nitrogen atmosphere [21, 22]. Then the fibers were dried
at 55 °C for 24 hours to obtain AMF/IL fibers [23].

Evaluation of the chemical stability of the material,
AMF-IL

An important feature for the material is the chemical
stability against lixiviation with solvents of variable
polarity. There were tested three solvents: water,
tetrahydrofuran (THF) and isooctane; for each
experiment, we dried 0.1 g of the AMF/IL material in an
oven for 1 hour at 115 °C and then flushed it with
portions of 3 mL of the solvent. We dried the material
after each lixiviation for 1 hour at 115 °C. A qualitative
test with silver nitrate AgNO3 detected the presence of
chloride in the lixiviated. For quantification: the first
method was weight loss before and after each lixiviation-
drying process. The second one, by UV-Vis at 213 nm
which is the Amax absorption for this IL using a calibration
curve.

Materials characterization

For structural characterization, we used Fourier
Transform Infrared spectroscopy (FT-IR) using a
Perkin-Elmer Spectrum 100 spectrometer in ATR mode.
By thermogravimetric analysis we determined the
behavior and thermal stability of the composites;
measurements performed under nitrogen atmosphere
employing a TGA system from 40 to 600 °C at a heating
rate of 20 °C/min in SDT-Q600 (TA Instrument). Field
emission-SEM (FESEM) allowed determining the
biomaterials morphology by using an Inspect F50
equipment (FEI Instruments) on secondary electrons
mode. The materials crystallinity was calculated
according to the Segal method [24] by XRD using a dust
diffractometer BRUKER D8 ADVANCE with DaVinci
geometry.

Evaluation of the material AMF-IL for desulfurization
of model oil solutions

An experimental setup as shown in Figure S1 was used
to evaluate the composite for removal of S-compounds
from the model oil (MO) composed of thiophene (T)
(415 mg S/L) and benzothiophene (BT) (43 mg S/L) for
a total of 458 mg S/L dissolved in isooctane. For the
experiments, we put the composite (0.15, 0.23, 0.37 and
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0.71 g (£0.01 g)) in a fix bed quartz reactor with an
internal diameter of 4 mm. The reactor temperatures
evaluated were 25, 45, 65 and 75 °C (1 °C) (Lindberg
Blue Tube Furnace, Thermo Scientific). We pumped
10 mL of MO with a peristaltic pump (Masterflex easy-
load) at a feed flow of 0.2 mL/min (x0.01 mL/min),).
To determine reusability capacity of the spent composite,
we used thermal desorption at 100 °C (0.2 °C) for 24
hours after three cycles of extraction as regeneration
process. The regenerated material was re-tested under
the same experimental conditions.

Results and discussion
Chemical and spectroscopic characterization

The natural fibers are composed of cellulose, lignin,
hemicellulose, pectins, and chlorophyll, among others
[25]. The number of acidic groups on the fibers surface
increased from 56.40 mg NaOH/g for RF, to 86.79 and
103.19 mgNaOH/g for AF and AMF, respectively. As
stated, alkaline treatment removes lignin and
hemicellulose leaving the cellulose exposed and the
anhydride maleic treatment anchors carboxylate groups
to the cellulose surface on natural fibers.

We wused Infrared Spectroscopy to monitor
chemical changes on fibers after the chemical treatments
and the IL support (Fig. 1). The infrared spectrum of
raw fibers, showed typical cellulose, lignin, and
hemicellulose signals [25-27]. As expected after
alkaline treatment, spectra showed the disappearance of
the signals at 1730 cm™* from C=0 stretching of
hemicellulose, at 1242 cm™* from the C-O bond in lignin,
and the typical bands of components such as lignin
and pectins between 1650-1450 cm™ [28]. Bands at
1029 and 1157 ¢cm originating from C-O and C-O-C
bonds stretching in cellulose appear more intense,
confirming that after the treatment the cellulose is
exposed. The alkaline treatment also reduced the
intensity of the OH band at 3311 cm™ by removal of
hydroxyl groups present in hemicellulose and lignin
[26]. We also monitored the maleic reaction treatment by
FTIR-ATR (Fig. 1).

[BMIM][CI]

Y ™

TAMF/[BMIM][CI]
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>
=
T
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Wavenumber (cm™)
Fig. 1. FTIR spectra of raw fibers (RF), alkaline fibers (AF), maleate

fibers (AMF), the pure IL [BMIM][CI] and the composite material
AMF/IL.
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The spectrum of AMF shows how the broad O-H
signal at 3345 cm? diminishes from the alcoholic
groups that have been replaced by carboxylate groups
after the maleation reaction; the small band above
3000 cm? are assigned to double bond from
maleic anhydride. The carbonyl groups stretching
vibrations appear at 1855 cm®. Bands at 1776 cm™ and
1711 cm! are the “ceto” groups both symmetrical and
anti-symmetrical vibrations, and the absorption at
1629 cm corresponds to C=C [29-32]. Fig. 1 also
shows the spectra of the IL and the composite
AMF/[BMIM][CI] for comparison purposes. The peaks
at wavenumbers 2973 cmland 2870cmtare the
aliphatic asymmetric and symmetric (C—H) stretching
vibration due to methyl groups. A broad peak in the
range 3330-3450 cm™ is due to quaternary amine salt
formation with chlorine. Peaks from 3000 to
3200 c¢cm? are due to H-C4 and H-C5 stretching
vibrations in the imidazolium ring. However, there is a
shift of one of these bands concerning the pure IL also
reported by [33]. Wavenumbers at 1636 cm™and
1600 cm™ are due to C=C and C=N stretching. The peak
at wavenumber 840 cm™tis due to C-N stretching
vibration. In the composite material spectrum appears
the corresponding bands to the matrix, but the signal
corresponding to maleic anhydride carbonyl group
disappeared and there is also a shift of carbonyl “ceto”
groups indicating interaction of these groups from the
fibers with the IL. The spectrum of composite shows the
presence of the ionic liquid on the fibers and that
interaction occurs through the formation of hydrogen
bonds [34].

Evaluation of the chemical stability of the
composite with the addition of different volumes of
water, isooctane, and THF (aprotic polar) showed
that the material is non-stable in water with a
mass loss of 19.15% after four extraction processes
(Fig. 2). Confirming the H-bonding formation
the material is stable against THF and isooctane
which indicates that it will work fine for fuels
desulfurization.
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Fig. 2. Chemical stability of AMF/IL against solvents lixiviation.
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Fig. 3. SEM of cellulose fibers. A) RF; b) AF c) AMF d) AMF/IL
e) AMF/IL after desulfurization.

Morphological characterization and crystallinity index

We monitored the changes in the fibers morphology by
FESEM; Fig. 3 shows the micrographs of fibers before
and after chemical treatments, as well as, with IL and
after the desulfurization process. Fig. 3a shows raw
fibers image with a solid structure joined by lignin and
hemicellulose components since these substances
provide a firmer structure to the fiber [17]. For fibers
with surface treatments, the SEM images showed a micro
fibrillated structure which is related to the removal of
lignin and hemicellulose, leaving free cellulose
microfibrils and decreasing their thickness [16, 34], for
raw fibers, the average diameter is 186.5 pm, while for
alkaline fibers is 87.42 um [36].

After the anhydride maleic treatment, the
morphology of the surface of the fibers changed
drastically as the average diameter was around 115.8 um
with small solid particles observed on the surface (see
Fig. 3c). Fig. 3d shows a smoother surface of the final
composite, which is related to the coating of the fibers
with IL. A layer is covering the surface of the fiber and
therefore decreasing the porosity of the material. Fig. 3e
shows the fibers after the desulfurization process, the
spectrum shows small particles adhered to the surface of
the fiber [36, 37].

The diffraction patterns of RF, AF and AMF/IL are
shown in Fig. 4, in which one are observable signals
corresponding to crystalline and amorphous regions of
the cellulose. From these diffraction patterns were
calculated the crystallinity index with base in Segal
method [24]. The crystallinity indexes of fibers increase
with all the chemical treatments performed and were
0.80, 0.92 and 095 for RF, AF, and AMF/IL,
respectively. These results indicate that regions of
crystalline cellulose are greater than the amorphous ones.
Additionally, different crystalline zones given by other
peaks in the diffractogram are identified, for example for
26 values between (14.5° - 15.3°) and (15.7° - 16.3°)
[38]. Materials prepared with alkaline fibers showed
higher crystallinity indexes than RF, indicating removal
of lignin and hemicellulose. For the composite material,
the IL seems to promote rearrangement of the amorphous
fibers, increasing the crystallinity index [38].
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Fig. 4. XRD patterns of RF, AF and AMF/ILs.

Thermal characterization

Fig. 5 shows the thermograms of raw fibers, where the
different stages of degradation occur between 0° to
800 °C. During the first stage, there was a mass loss of
5, 7% between 0 and 123 °C, attributed to dehydration of
the fibers [39]. A mass loss of 68.31 % occurred during
the second stage from 123 °C to 381 °C; assigned to
degradation of holocellulose, hemicellulose, and lignin
still present in the fibers. The third stage with a lost mass
of 7,04% from 381 °C to 782 °C, corresponds to the
degradation of cellulose due to depolymerization for
glycosidic bonds breaking the chains of the natural
polymer [40].

Fig. 5 also shows the thermograms of the fibers after
the alkaline treatment, the maleic reaction treatment and
after immobilization of the ionic liquid. As observed,
these fibers showed similar thermal behavior. In addition
to dehydration, three degradation steps occurred for all
of them. After dehydration the next stage showed the
highest mass loss, corresponding to depolymerization of
the glycosidic bonds of the components such as
cellulose, and lignin as well as, residual waxes, sugars,
starches, pepsins and chlorophylls that were not removed
by the manual extraction of the fibers. The next stage
around 340 °C corresponds to the degradation of
hemicellulose. Subsequently, the last stage starting at
390 °C corresponds to the degradation of cellulose and
lignin, whose degradation occurs over a broader
temperature range (250-900 °C) [17, 38].
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Fig. 5. TGA curves of RF, AF, AMF and AMF/IL.
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As observed in Fig. 5, degradation of the material
containing the ionic liquid occurs at a lower temperature,
due to the thermal sensibility of the IL [BMIM][CI]; In
this material, the stage between 205 °C — 394 °C, with a
higher mass loss of 69, 14%, is due to the breaking of
intra and intermolecular bonds of the IL. The last stage
for this material exhibited a low mass loss of 5.39%,
from 394 °C to 578 °C as a result of the decomposition
of the [BMIM][CI] and the calcination of the remnant
vegetable material [41, 42].

Desulfurization of model samples containing
thiophene and benzothiophene

Variables studied included composite amount and
temperature of extraction. From our expertise, the lower
the flow, the higher the contact time, so we worked with
the lower flow allowed by the pump, 0.2 mL/min.

Evaluation of the amount of composite and number of
extraction cycles

The model oil sample consisted of a mix of 415.13 mg
S/L (from thiophene) and 43.30 mg S/L (from
benzothiophene) for a total S concentration of 458.43
mg/L. The amount of composite material changes the
removal percentage as seen in Fig. 6. By increasing the
number of cycles, the removal percentage increased until
cycle 3, above that cycle the material was saturated.
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Fig. 6. Desulfurization of the model sample by changing the amount of
composite material. *Experimental conditions: flow 0.2 mL/min,
ambient temperature, initial concentration 458 mg S/L, three cycles of
desulfurization.

The removal percentage of S-compounds is directly
proportional to the amount of material used, however, by
going from 0,379 to 0,71g of material in 3 cycles, it did
not generate a significant increase in the removal
percentage that was the reason to use 0.37 g of the
composite for the next experiments using three cycles of
extraction. The cost of the process changes by using just
1 or more cycles of extraction; in this experiment, we
evaluated the effectiveness of using 1 cycle with more
material against 3 cycles with a lower amount of
material. This test showed that using 0.37 g of the
material in 3 cycles of extraction allowed to obtain a
removal percentage of 60.18% equivalent to use 1.123 g
of the material in just one cycle of extraction (60.77%).
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By increasing the amount of composite 2.07 g with just
one cycle of extraction, increased the removal
percentage up to 72.25%, which was the higher removal
obtained in this investigation.

Evaluation of temperature

We performed tests at four different temperature 25, 45,
65 and 75 °C, results showed in Fig. S2 indicated that by
increasing the temperature from ambient to 75 °C, the
removal percentages decreased. The higher Kinetic
energy of the molecules diminished the interaction
between the S-compounds and the active sites of the
material. Experimenting at ambient temperature
diminishes the process costs [43].

Discrimination of removal percentage by type of
aromatic compound

The previous assays studied a mix of aromatic
compounds (thiophene and benzothiophene) but the
removal percentage was always expressed as total mg
S/L. Several researchers stated that the extraction of
aromatic compounds with imidazolium-based ionic
liquids occurs by H-bonding (between the cation of the
IL and the S atom of the sulfur compound) as proposed
by Nie et al.[44] However, a good number of researchers
concluded that the interaction between the IL and the
S-compounds are n-m type between the m-electrons
of imidazolium cation and the =-electrons of the
S-compounds  [45-48]. Using the experimental
conditions established in the previous assays we
determined the final concentration of each aromatic
compound after each cycle of extraction by GC-FID and
calibration curves for each compound.

Anantharaj and Banerjee et al. [49-51] stated that the
volume and shape of the IL determined the type of
interactions between the cation of the IL and the aromatic
ring of the S-compound based on steric hindrance. In this
research, we found that by supporting the IL on the
cellulose fibers, there is selectivity toward thiophene (as
shown in Table 1). Using pure IL for S-compounds
extraction, it showed selectivity of the active sites toward
compounds with the greater number of & electrons (in
this case benzothiophene) however, in this case, it seems
that the steric hindrance favored interaction between the
IL and the smaller S-compound as stated by Su et al. [52,
53].

Table 1. Desulfurization of a model sample containing thiophene and
benzothiophene?.

Sample Cycle Concentration Sulfur

# (mg S/L) Removal (%)
Thiophene® 1 228,68 44,91

2 176,27 57,54

3 132,84 58,00
Benzothiophene® 1 41,71 3,67

2 41,47 4,23

3 41,43 4,32

2 Experimental Conditions: Temperature 25 °C; Flow 0,2 mL/min; Amount of
composite 0,37 g; Total cycles 3. ® initial concentration: 415,31 mgS/L from
Thiophene, ¢ initial concentration: 43,30 mg S/L from Benzothiophene
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Study of regeneration and reuse of the composite
material

Industrialization of this extraction process requires
regeneration and reuse of the materials. To study if the
composite material could be regenerated once it gets
saturated and reuse it, this one was subjected to five
extraction cycles, then was thermally regenerated and
retested. Table 2 shows that after cycle #3 the material
got saturated ant that after regeneration, the material lost
10% of removal capacity indicating that can be reused.

Table 2. Extraction of S-compounds with new and regenerated
composite.

Sulfur removal (%)

Cycles # New material Regenerated material
1 40,63 37,26
2 52,19 40,75
3 61,74 50,09
4 61,76 49,67
5 60,75 49.45

Experimental Conditions: Temperature 25 °C; Flow 0,2 mL/min, V
sample 10 mL, amount of material 0.379.

Conclusions

The IL [BMIM] [CI] was immobilized on chemically
treated cellulose fibers, which was confirmed by means
of DRX, FTIR, SEM, and TGA. The cellulose-IL
composite was used for desulfurization of model
solutions of 458 ppm of total S-contributed by thiophene
and benzothiophene and removal percentages of up to
61.7% were obtained. The best desulfurization
percentage was achieved at 25 °C, with a flow of
0.2 mL/ min and 0.37g of synthesized material in 3
desulfurization cycles. It was determined that once
saturated composites can be regenerated by thermal
treatment with a loss of 10% efficiency.
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