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A novel trimetallic W-Mg-Al oxide composites immobilised onto starch were synthesized via
sol-gel method. W-Mg-Al oxide composites were synthesized by first preparing WO3 using
incipient wetness method, followed by immobilising onto MgO-Al2O3 support using starch as
binder. The effects of starch addition on the crystal properties and morphology were
investigated by X-ray diffraction (XRD), Fourier Transform Infrared (FT-IR) spectroscopy
and Scanning Electron Microscopy (SEM). In the presence of hydrogen peroxide and acetic
acid as oxidant system, W-Mg-Al oxide starch composites exhibited higher catalytic
performances for oxidative desulphurisation (ODS) of dibenzothiophene (DBT) at 95%
compared to W-Mg-Al oxide composites. The catalytic activity observed could be correlated
to the distribution of active phases on starch as well as the higher crystallinity of the metal
oxide composites.

© 2020 Growing Science Ltd. All rights reserved.

1. Introduction

Sulphur-containing compounds in transportation fuels are one of the most undesirable contaminants,
because they are converted to toxic sulfur oxides (SOx) through combustion. Studies have been
conducted to reduce the sulphur content in oil fractions due to environmental regulation and concerns.!
Removal of sulphur-rich fuels such as benzothiophene and dibenzothiophene is crucial in the
refinement of fossil fuels.? Oxidative desulphurisation (ODS) operates in mild conditions overcomes
the shortcoming of conventional hydrodesulfurisation (HDS) process which required high temperature
and cost. Moreover, HDS is ineffective to remove aromatic sulphur compounds due to steric hindrance.’

In the ODS system, the thiophene compounds is oxidised to sulphoxides and/or sulphones using
suitable oxidants such as hydrogen peroxide with acetic acid.* High oxidant-to-sulphur ratio is required
to oxidise sulphur compounds. The amount of oxidant used is reduced with the addition of catalyst.
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The ease of separation and stability for the heterogenous catalyst in the oxidation of sulphur prompt the
use of transition metals loaded on support. For instance, Rezvani et al. reported the
phosphotungestovanadate immobilied on PVA as reusable catalyst for oxidative desulphurization of
gasoline in the presence of H202 showed impressive catalytic activity.’ Polar sulphur compounds
produced by ODS is removed by polar solvent such as acetonitrile through extraction.®

WOs has been applied in the ODS of fuel oil because of its thermal stability and good crystallinity.
" However, the catalytic performance and reusability of the bulk WOs are limited due to their low
specific surface areas which results in low active sites.® These drawbacks can be avoided by dispersing
WOs3 on solid supports with high surface areas such as WO3—-AL03’, WO3-Si0O2° and immobilising
them onto an organic polymer’ to enhance the dispersion of catalyst on the support.

Al0Os is an acidic oxide which promotes the adsorption of sulphur species.” This would promote
hydrogenation by protonation followed by hydride transfer in HDS. However, acid catalyst is prone to
coking.!" The introduction of basic oxide, MgO onto Al203 prompts the acid-base interactions which
would contribute to the highly dispersed sulphide species. Previous studies reported the same level or
higher activities for HDS on NiMoS2/MgO-A1203'? and CoMo/MgO-Al203" catalysts compared with
catalysts supported on Al203 only. It is expected that the addition of MgO to Al2O3 could improve the
crystal and structural properties which could make them attractive as supports for WOs.

However, MgO suffers from instability when exposed under aqueous conditions. The addition of
polymer is essential to improve its stability by acting as chelating agent. Addition of starch!* is
increasingly common to control the growth of precipitated particles and to immobilise mixed metal
oxides. The attached hydroxyl groups® to the carbon chain can be a source of hydrogen bonding, which
enhances the formation of polymer-based composite by binding to the surface.'® It was reported that
the fine structure of starch also prevented aggregation of nanoparticles.!® Among the underutilized
starches, sago starch has become popular largely because of the sustainability of the crop.!” Sago starch
is produced from the trunk of sago palm (Metroxylon sagu) which is native to Southeast Asia. The
prepared WOs is added with sago starch as immobiliser to obtain good dispersion of the active sites
onto the MgO-Al203 support. Therefore, the objective of this study is to synthesis W-Mg-Al mixed
oxide starch composite by sol-gel method and to elucidate the effect of starch on the properties of the
mixed oxide. The nanocomposites catalytic activity will be evaluated in ODS reaction of
dibenzothiophene (DBT) as model fuel with H202/CH3COOH as oxidant.

2. Results and Discussion

The FT-IR spectrum of starch is shown in Figure 1(a). The broad band in the 3700-3200 cm!
regions can be attributed to the symmetrical stretching vibration modes of the adsorbed water
molecules'® and several hydroxyl groups depicting the inter and intra molecular hydrogen bonding in
starch.! The FT-IR spectrum exhibited characteristic band for C-H stretching at 2933 cm™! ascribed to
the existence of hydroglucose group of the starch ring due to the C-H vibration band.?

The other peaks are at 1647 cm™' (O-H bending of water in starch), 1461 cm™! (C-H bending),
1366 cm™! (angular deformation of C-H bond), 1162 cm™' (C-O and C-C stretching), 981 cm™!
(skeletal vibration of a 1-4 glyosidic linkage (C-O-C), 928 cm™! (C-C stretching), and 860 cm™' (C2
deformation).?!

The FTIR spectrum for W-Mg-Al oxide (Figure 1(b)) sample shows similarity to the spectrum of
W-Mg-Al oxide starch (Figure 1(c)). This indicates that addition of starch did not change the
composition and structure of the sample. A broad peak appears at below 1000 cm™! for both samples,
which corresponds to O-W-O stretching vibration in a monoclinic-type WOs crystal.?? In Figure 1(b)
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and 1(c), the band at 1643 cm™! and 1632 cm™! corresponds to O-H bending of water, respectively. The
peak at 1387 cm™! for both samples indicates the O-H in-plane deformation of oxalic acid residue used
in the precursor.?

For W-Mg-Al oxide starch, the shift of the O-H peaks of the composites from 3500 cm™' to lower
range from W-Mg-Al oxide is attributed to the interaction of the starch O-H group on the surface of the
W-Mg-Al oxide particles. The slight shift in FTIR spectrum is also reported when
phosphotungestovanadate showed interaction on PVA support.’
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Fig. 1. FTIR spectra of the samples (a) starch (b) W-Mg-Al oxide and (c) W-Mg-Al oxide starch
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The XRD analysis of the samples is shown in Fig. 2. The diffraction peaks of starch (Fig. 2(a)) are
indexed to hexagonal carbon (PDF 00-050-0926). The peaks corresponds to 20 with reflection planes
at 14.8° (110), 16.6° (002) and 22.7° (120). The low peak intensity shows that starch is in amorphous
phase.

The diffraction peaks at 20 with planes at 23.0° (002), 23.5° (020), 24.2° (200) and 34.1° (220)
matched well with PDF 00-043-1035 of WOs for W-Mg-Al oxide and W-Mg-Al oxide starch. This
proves that the primary structure for this trimetallic oxides is monoclinic WO3 with high purity.>* No
diffraction peaks for crystalline phases of MgO and Al203 are observed. This suggests that MgO and
Al20s3 are highly dispersed in the matrix. It is obvious that the addition of MgO and Al2O3 does not
change the crystal structure of WOs. The diffraction peaks corresponding to starch was not observed in
W-Mg-Al oxide starch due to the low intensities of the starch peaks compared to the diffraction peaks
of WOs. The absence of starch diffraction peaks might also due to the completely dissolved starch
molecules in the mixed oxides.?> Similar observation was also recorded for ZnO-starch nanocomposite
prepared by Ma et al.?® It was observed that the addition of starch did not change the composition and
structure of monoclinic WO3 in W-Mg-Al oxide starch sample. There was an increase in peak
intensities when starch was added to W-Mg-Al oxide. This suggests that the crystallinity of W-Mg-Al
oxide increased with the addition of starch. The trend in increasing crystallinity with the addition of
starch was also observed when appropriate amount of starch was added into layered double hydroxides
(LDH).'® However, excessive starch addition would reduce crystallinity of LDH. This suggest that the
starch amount added in this study is sufficient.
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Fig. 2. XRD pattern of the samples (a) starch (b) W-Mg-Al oxide and (c) W-Mg-Al oxide starch

The crystallite size of the as-prepared samples calculated using the Scherrer equations from XRD
data, are presented in Table 1. Detected phases are observed in the micro size scale. The crystallite size
for starch using the (120) reflection was estimated to be 5.6 nm. The huge differences of the crystallinity
between starch and metal oxides influenced their crystallite size. The crystallite size for W-Mg-Al
oxide and W-Mg-Al oxide starch using the (200) reflection were estimated to be 38.7 nm and 39.3 nm,
respectively. This suggested that the starch addition onto the metal oxides have minimal effect on the
crystallite size.

Table. 1. Physical properties and DBT conversion of samples

Samples Crystallite size (nm) Crystallinity (%) DBT conversion (%)!
Starch 5.6 21.5 -
W-Mg-Al oxide 38.7 57.2 48
W-Mg-Al oxide-starch 39.3 61.0 95

! reaction conditions: 0.1 g catalyst, 25 mL 200ppm DBT model fuel, CH;COOH:H,0; = 1:2(v/v), T = 80°C, t = 2 hours

The SEM micrographs of the samples are presented in Fig. 3. Fig. 3(a) shows that particle shapes of
sago starch were granular shapes. The particles size ranges from 20 to 40 pm. W-Mg-Al oxide shows
randomly distributed particles with variable sizes estimated to be in the range of 8 to 10 um. Smaller
particles in the range of 0.3 to 0.5 um were seen to be attached on these larger particles. The SEM
image of W-Mg-Al oxide starch particles in Fig. 3(c) indicated that W-Mg-Al oxide successfully
immobilised and well dispersed onto starch particles. The shapes of W-Mg-Al oxide on the starch
surface was more uniform compared to W-Mg-Al oxide sample. The particle size of W-Mg-Al oxide
starch were in the range of 0.3 to 0.8 pm. Therefore, the simple sol-gel method was successful in
preparing W-Mg-Al oxide starch particles.  Similar morphology is observed for both W-Mg-Al oxide
and W-Mg-Al oxide starch, indicating similar crystalline phase which agrees with XRD pattern in Fig.
2. In addition, no residual granules of sago starch were observed in the W-Mg-Al oxide starch phase.
Boiling water temperature during the preparation of W-Mg-Al oxide starch physically break the starch
granules and disrupt the inter and intra molecular hydrogen bonds present.?® New bond formed between
starch and W-Mg-Al oxide distributes the W-Mg-Al oxide in the matrix. In the preparation of W-Mg-
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Al oxide starch particles, the presence of soluble starch in the reaction medium quickly protected the
formed oxide from further agglomeration.”® The W-Mg-Al oxide particles could not move freely, and
they were dispersed uniformly in the network. The agglomerated W-Mg-Al oxide starch composite and
the dispersed composite particles are both present in Fig. 3(c). The agglomeration of the composite was
possibly due to the presence of starch during the drying process.?’
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Fig. 3. SEM images of the samples (a) starch (b) W-Mg-Al oxide and (c) W-Mg-Al oxide starch (d)
used W-Mg-Al oxide and (e) used W-Mg-Al oxide starch

The conversion of DBT for all samples during the ODS of DBT are reported in Table 1. Blank
experiment was performed in the absence of catalyst with only pure starch. Under these conditions,
DBT conversion was negligible in 2 hours. It was demonstrated that W-Mg-Al oxide and W-Mg-Al
oxide starch actively catalysed the oxidative desulphurisation reaction under the same conditions.
Despite having the same metal content of W-Mg-Al oxide, sample of W-Mg-Al oxide starch recorded
the higher DBT conversion at 95% and selectivity at 100% towards desulphurisation of DBT to DBT-
sulfone only. The initial concentration of 200 ppm DBT identified by GC-MS at MW=184 was reduced
to 10 ppm DBT after 2 hours. As a comparison, W-Mg-Al oxide without starch reached 48%
conversion. Dibenzothiophene sulfone, 4, 6-dimethyldodecane and tetracontane were the main
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desulphurisation products of DBT by W-Mg-Al oxide. The slight increase in conversion and higher
selectivity of W-Mg-Al oxide starch compared to W-Mg-Al oxide was due to the higher crystallinity
and dispersed active sites on the starch biopolymer. Therefore, W-Mg-Al oxide starch is identified as
a more efficient catalyst for DBT. Hydrogen peroxide in the presence of organic acid such as acetic
reacts in situ to produce peracid (CH3COOOH), which can efficiency convert organic sulphur to
sulfones without forming a substantial amount of residual product.’ The role of the metal atoms in W-
Mg-Al is to form peroxo-metal species which are able to activate the H2O2 and peracid molecules. W-
Mg-Al active sites accepted the active oxygen from the oxidant H2O2 to form new oxoperoxo species
mediate. The cation with carbon chain transferred oxoperoxo species to the substrates (DBT) and made
the oxidation reaction accomplish completely. It was found that starch plays an important role in the
formation of homogeneously dispersed nanoparticles. The pores on the surface of this particle could
provide suitable place for trapping of sulphur containing compounds that participate in the oxidation
reaction. Fig. 3(d) shows the SEM image of W-Mg-Al oxide after ODS reaction. Larger particles
remained while smaller particles are no longer attached to the larger particles as observed in Fig. 3(b)
before reaction. As for used W-Mg-Al oxide starch (Fig. 3(e)) after ODS, showed that the particles are
still attached on the surface of starch. This suggest that the W-Mg-Al oxide starch catalyst has extra
stability as compared to W-Mg-Al oxide. Since polysaccharides in starch could form complexes with
metal ions due to their high number of functional groups (hydroxyl and glucoside groups) soluble starch
could improve the stability?® of W-Mg-Al oxide starch sample.

3. Conclusions

A mixed oxide W-Mg-Al and W-Mg-Al immobilised on starch were successfully prepared by sol-
gel method. The starch addition changed the oxide distribution to highly dispersed state which is
attributed to the decomposition of starch in the high temperature. The addition of soluble starch to W-
Mg-Al induced higher crystallinity which was conducive to the catalytic ODS of DBT which reached
conversion of 95% under mild conditions. Starch modification has potential to effectively improve the
physical property of metal oxides which will also improves the catalytic performances for
desulphurisation.
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4. Experimental
4.1.  Materials and Methods

All reagents were purchased from commercial sources and were used without further purification.
Fourier-transform infrared spectroscopy (FTIR) spectra of the samples were recorded on Agilent Cary
630 spectrometer to identify chemical bonding and functional groups. X-ray Diffraction (XRD)
patterns of the samples were obtained by D8 Advance (BRUKER AXS, Germany) diffractometer using
Cu Ko radiation (A= 1.54056 A) from 10° to 60° to investigate the structural properties. Scanning
Electron Microscope (SEM) images were taken using JSM-6390 (JEOL, USA) to identify the
morphology and estimate the particle size of the samples.

4.2 Preparation of samples

4.2.1 Preparation of WO3

WOs was prepared according to incipient wetness method with modifications.?” Typically, 0.5 g of
tungstic acid was dissolved in 30 mL of oxalic acid aqueous solution (1.87 mol/L) and heated at 50°C
for 0.5 hour under stirring. The temperature was risen to 100°C for complete water evaporation. The
resulting mixture was placed in an alumina crucible with a cover and calcined at 550°C under air
atmosphere for 3 hours.
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4.2.2  Preparation of MgO-AI120s3 support

MgO-AlO3 support was prepared by sol-gel method.!' Magnesium ethoxide was dissolved in 1-
propanol (1 g ethoxide/100 mol alcohol), and then stirred for 12 hours. Next, aluminium isopropoxide
was added, then stirred for 12 hours. The mol ratio of Mg: Al is 4:1. The gel was obtained by hydrolysis
with dropwise addition of deionized water. Then, the gel was dried at 100°C for 24 hours and then
calcined at 550°C for 6 hours.

4.2.3  Preparation of W-Mg-Al mixed oxide starch composite

The W-Mg-Al mixed oxide starch composite was synthesized through the sol-gel method.?® A
viscose solution was prepared by dissolving 0.10 g of sago starch in 40 mL of boiling distilled water.
Then, 0.075 g of synthesized WO3 was added slowly to the solution and stirred vigorously at 65 °C for
30 minutes. After homogenous dispersion of WO3, 0.05 g of MgO—-AlL:O3 powder was added to the
mixture. The gel was aged at 80 °C for 2 hours. W-Mg-Al mixed oxide was also prepared without
starch to investigate the role of starch.

4.3 Catalytic oxidative desulphurisation (CODS) of dibenzothiophene

The ODS catalytic tests were performed on the samples in a 25 mL flask equipped with a magnetic
stirrer at an atmospheric pressure and 80°C as previously reported with modifications.?® Model fuel
was prepared by dissolving DBT in n-heptane to make a stock solution with a sulphur concentration of
200 ppm. Then, 0.1 g of the catalyst was added to the flask followed by 3 mL of CH3COOH:H:202 in
the ratio of 1:2(v/v) with stirring for 2 hours. Finally, the catalyst is separated from the reaction solution
by centrifugation. Solvent extraction process was carried out using acetonitrile with acetonitrile:DBT
in the ratio 1:1(v/v). Both oil phase and acetonitrile were placed in ultrasonic reactor for 30 minutes
and left to settle at room temperature. The upper biphasic (oil phase) mixture was separated from
acetonitrile by simple decantation. DBT concentration in the oil phase after the ODS process was
analysed using Gas chromatography-mass spectroscopy (GC-MS) SHIDMADZU QP 5000 equipped
with a flame ionization detector (FID) with helium as the carrier gas. The products in the oil phase was
matched to mass spectrum with standard DBT and DBT-sulfone. The sulphur removal efficiency (X)
of model oil was calculated by

X =(So—S)/ So x 100% (1)
where So and S are the initial and final sulphur concentration of DBT, respectively.
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