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Abstract: Cobalt phyllosilicate was successfully synthesised via a simple template-free
sol-gel technique at room temperature. The synthesised catalyst had been characterised
by various physico-chemical analyses. The X-ray diffraction (XRD) pattern confirmed the
formation of phyllosilicate as supporting material. Co-O bending vibration was detected
in the Fourier-transform Infrared (FTIR) spectrum. The presence of cobalt in the silica
matrix was confirmed by Energy-dispersive X-ray (EDX) analysis and atomic absorption
analysis (AAS analysis). The sample showed a high specific surface area with 350.3 m’
g’l and a bimodal pore size distribution. The solvent free mineralisation of cyclohexene
was carried out in the temperature range 303-353K over cobalt phyllosilicate at
atmospheric pressure resulting in 99.6% conversion and 98.2% selectivity to syngas at
353K. The catalyst can be reused for four cycles in the oxidation of cyclohexene. The
catalyst was calcined to regain a good conversion. Cobalt phyllosilicate also showed
excellent activity in the mineralisation of iso-octane and toluene.

Keywords: Cobalt phyllosilicate, oxidation, hydrogen production, syngas production, sol
gel technique.

1. INTRODUCTION

Syngas is a mixture of hydrogen and carbon monoxide. It is very useful
for manufacturing ammonia, methanol, pure hydrogen and hydrocarbon through
Fischer Tropsch reaction.'* Hydrogen is an ideal energy carrier that does not
contain nitrogen and sulphur compounds and is the by-product of splitting steam
or water.’” Hydrogen has been used for power generation in fuel cell
technologies.® Hence, an efficient method to generate hydrogen can reduce the
need of petroleum and natural gas.

The technologies for producing syngas are catalytic partial oxidation,’
CO, reforming® and steam reforming’ as shown in Equation 1 to 3.

CH,+0.50,— CO +2 H, (1)
CH,+ CO,— 2 CO +2 H, ©)
CH,+ H,0 — CO + 3 H, 3)
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All these methods have the ability for C—H bond cleavage to form syngas.
However, all these technologies require high temperature'®"* (973-1273K) and
sometimes even high pressure’>'* (8-20 atm) to convert the hydrocarbon to

syngas.

Phyllosilicate is a class of material that has layer dimension, shape
selectivity and small particle size."” It has a high thermal stability and does not
alter its physical nature after incorporating with metals.'® The inertness of
phyllosilicate towards chemical reaction makes it a suitable material to be used as
a catalyst support.

In this study, rice husk'’ was used as a source of silica to synthesise
cobalt—phyllosilicate heterogeneous catalyst. The prepared catalyst was used for
the solvent-free catalytic oxidation of cyclohexene to syngas at ambient reaction
condition. The oxidation of cyclohexene to syngas was accidentally discovered
while trying to oxidise it to allylic alcohols and ketones using H,O, as shown in
Equation 4.

catalyst
A0 O

2. EXPERIMENTAL
2.1 Raw Materials

Rice husk (RH) was obtained from a local rice mill in Penang. Nitric acid
(QreC, 65%), sodium hydroxide (QReC, 99%) and cobalt(Il) nitrate (R&M
Chemical) were used as received. All chemicals were AR grade.

2.2 Preparation of Cobalt Phyllosilicates

The sodium silicate was prepared according to the procedure by Adam et
al.'"® 30.0 g of dried RH was weighed and transferred into a plastic container.
600 mL of 1.0 M HNO; was added in the container and was stirred for 24 h in
order to remove unwanted metal ions. The acid washed RH was filtered and
washed with distilled water until it reached a constant pH (4.5-5.0) and dried in
an oven at 383K overnight. The dried RH was stirred in 500 mL of 1.0 M NaOH
for 24 h. The mixture was suction filtered to obtain a dark brown filtrate (sodium
silicate), which was kept in a covered plastic container. The prepared sodium
silicate was titrated slowly with a mixture of Co(NO;), and 3.0 M HNO; until it
reached pH 9. The obtained colloid gel was aged in a covered container for two
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days. The prepared gel was recovered by centrifuge (Zentrifugen Hettich) at 4000
rpm, suction filtered and finally followed by washing with distilled water. It was
dried in an oven at 383K for 24 h. The hot solid was allowed to cool in a
desiccator. Finally, the product was hand ground into fine powder and labeled as
cobalt phyllosilicate.

2.3 Characterisation of Catalyst

The cobalt phyllosilicate was characterised by Fourier-transform infrared
(FTIR) spectroscopy (Perkin Elmer system 2000), powder X-ray diffraction
(Siemens diffractometer D5000, Kristalloflex), nitrogen sorption analysis (Nova
2200e, surface area and pore size analyser), transmission electron microscopy
(TEM) analysis (FEI CM12), scanning electron microscope (SEM) (LEICA
Cambridge S360) and energy dispersive X-ray — mapping analysis (Edax Falcon
system).

2.4 Catalytic Activity

Typically, prior to the reaction, cobalt phyllosilicate was activated at
383K overnight. The round bottom flask equipped with a condenser was set up in
a temperature controllable oil bath at 343K. 2.46 g (30 mmol) of cyclohexene
was placed into the flask. 6.80 g (60 mmol) H,O, (30%) was added drop wise
into the reaction vessel. The reaction was carried out for 4 h. During the reaction,
0.5 mL of sample was withdrawn periodically, filtered and analysed by gas
chromatography (Perkin Elmer Clarus 500) equipped with Elite Wax (30 m x
0.2 mm ID) column and further confirmed by GCMS (Perkin Elmer, Clarus 600)
analysis. The following are the GC and GCMS condition used: initial temperature
= 333K, final temperature = 503K, ramp 1 = 10K min"' to 403K, ramp 2 =
20K min" to 503K, total run time = 13 min.

Reusability of cobalt phyllosilicate was studied for 4 cycles under the
optimum reaction conditions. The first three cycles of catalyst was regenerated by
washing with water. The 3rd reused catalyst was regenerated by calcination at
773K for 5 h to remove organic moieties.

For the qualitative identification of the gaseous products, two common
and simple procedures were used. For the determination of the presence of
hydrogen gas, the burning splint test was carried out. While, the limewater test
was used to confirm the presence of carbon dioxide in the reaction. The evidence
for these can be found in the supplementary files supplied.

The water displacement method (Figure 1) was used to collect and
quantify the hydrogen gas. The reaction was carried out under the optimised
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reaction conditions and the resulting gases were collected in an inverted
measuring cylinder in downward displacement of limewater. The use of
limewater instead of water was to dissolve the carbon dioxide and collect the
hydrogen gas. Carbon dioxide is easily removed by absorption into water’ and
limewater was used as an added measure to remove it completely.

Figure 1: The reaction set up (on the right) and the arrangement for the downward
displaced collection of the hydrogen gas (left measuring cylinder).

3. RESULTS AND DISCUSSION

Cobalt phyllosilicate was examined by FTIR in the range of 4000—400
cm ' (Figure 2). The adsorption band around 1016, 793 and 462 cm™' belong to
Si—-0-Si bending and stretching vibrations."” A previous investigation involving
the synthesis of phyllosilicate showed that a band ca. 1020 cm ' is responsible for
2:1 phyllosilicate structural arrangement'” (evidenced later). A bending vibration
appeared for the trapped water molecules in the silica matrix at 1630 cm . While
the presence of a broad band at ~3462 cm ' is due to O—H stretching vibration of
the silanol or adsorbed water molecules on the silica surface. The Co-O bending
vibration mode is responsible for the band at ca. 662 cm'.***' This is a
reasonable evidence for the successfully incorporated of cobalt into the layered
silica glatrix. No such band was observed in pure silica in our previous research
study.
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Figure 2: The FTIR spectra of cobalt phyllosilicate.

Powder XRD pattern of cobalt phyllosilicate is shown in Figure 3. It
shows a small peak at 20 = 22° which indicate the amorphous nature of the
silica.”> While the presence of 20 = 34° and 20 = 59° are characteristic of the
typical 2:1 layered phyllosilicate-like structure.”** Similar observation was made
by Carta et al. for synthesising phyllosilicate structure.”” The absence of
crystalline peak indicates a good dispersion of cobalt in the silica matrix. This is
in accordance with EDX-Mapping result (evidenced later). The (001) line
corresponding to the basal spacing was not detected at low angle XRD pattern
(not shown), this may be due to the weak c—axis of phyllosilicate which contains
two layer at most. This was typical for the phyllosilicate synthesised at room
temperature. A similar observation was reported by Trujillano's research group.**

Nitrogen adsorption-desorption isotherm of cobalt phyllosilicate is shown
in Figure 4. The sample exhibited type IV isotherm and H3 hysteresis loop
according to TUPAC classification.”® H3 hysteresis loop is a characteristic of
mesoporous material consisting of slit-shape capillaries.”” This is in accordance
with TEM result (evidenced later). The sample possessed high BET specific
surface area of 350 m>g ' and pore volume of 0.51 cc g'. It showed a bimodal
pore size distribution (PSD) centred at 3.7 nm and 15.8 nm respectively, which
was derived from BJH model.
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Figure 3: X-ray diffractogram of cobalt phyllosilicate.

400

0.6

RH- 20Co

350

300

250

200

150

100

Volume adsobed (cc/'g at STP)

S0 —k—zds —B—des

0 01 02 03 04 05 06 0.7 08 09 1
Relative pressure, P/P,

Figure 4: Nitrogen adsorption analysis of isotherm and pore size distribution.

The morphology of cobalt phyllosilicate was examined by transmission
electron microscope and shown in Figure 5. The silica/cobalt complex showed a
nano-needle like morphology. Similar morphology of the complex was reported
by Carta et al.”® The formation of the nanoneedle structure may be due to the
strong electrostatic adsorption which is maximising the interaction between
cobalt ion and negatively charged silicate in basic condition.”®
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The surface analysis for cobalt phyllosilicate was investigated by SEM
and shown in Figure 6a. The SEM showed that the complex is granular and
porous. The chemical composition of cobalt phyllosilicate was determined by
energy dispersion X-ray (EDX) — Mapping. The EDX showed the presence of
cobalt, silicon, oxygen (and carbon which may be impurities from RH). EDX-
Mapping (Figure 6b) showed cobalt particles were homogeneously dispersed. To
further confirm, atomic absorption analysis (AAS) was carried out for the cobalt
phyllosilicate. This analysis showed an average cobalt loading of 18.8%.

6a 6b

Figure 6(a): SEM micrograph of cobalt phyllosilicate and Figure 6 (b): Elemental
mapping of cobalt phyllosilicate.
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The formation of syngas was detected as soon as the H,O, was added into
the reaction. After 4 h, 99.5% of cyclohexene was converted to syngas. The
hydrogen produced was detected by the simple burning splint test. A popping
noise was heard as the hydrogen began to evolve. The formation of the products
are shown in Equation 5. This is different from the typical catalytic oxidation
process used in closed systems, i.e., autoclave. Carbon dioxide was detected by
the limewater test (see supplementary Figure 1). Hence, the carbon monoxide
formed from the oxidation was believed to undergo the water shift gas reaction™
as shown in Equation 6. The enthalpy change of equation 6 was calculated by
Hess' law. It is a mild endothermic reaction.

H202 + C6H10 i (6—11) C02 +nCO + 8 H2 (5)
n CO (g) + H,0 (1) — n CO, + H, AH=+2.95 kJ mol ' (6)

The other possibility resulting in the formation of the excess hydrogen can come
from the splitting of water.

2H,0 >2H,+0, (7

However, this possibility can be ruled out in this work, because oxygen

was never detected. Therefore it is safe to say that the excess hydrogen comes
from the reaction shown in equation 6. Neverthless, literature review indicates
the reaction shown in Equation 6 occurs only at high temperature (473K).” In
this work, the reaction in Equation 6 takes place easily at 343K although the
enthalpy of the reaction in slightly endothermic. Apparently this small positive
enthalpy was easily overcome with the catalyst employed in this study.
Literature reviews’’ > showed that cyclohexene can undergo allylic
oxidation as well as epoxidation to yield cyclohexen-1-ol, cyclohexen-1-one and
cyclohexane epoxide. Surprisingly, in our study, we only detected trace amounts
of these expected products (ca. 2%) in the gas chromatogram with the selectivity
being cyclohexen-1-ol, cyclohexen-1-one and cyclohexene epoxide.

The effect of reaction time on the conversion of cyclohexene over cobalt
phyllosilicate is shown in Table 1. The reaction was carried out with 50 mg of the
catalyst using a cyclohexene:H,0O, ratio of 1:2 at 353K. The initial conversion of
cyclohexene during the first hour was 34.8% and it gradually increased to 99.6%
in 4 h. Hence, 4 h is the optimum reaction time for the reaction to achieve
maximum catalytic conversion.

The effect of reaction temperature in the range of 303-353K at a fixed
contact time of 4 h was investigated. On increasing the reaction temperature, the
conversion of cyclohexene increased. The selectivity to the syngas was > 98%
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with some traces of by-products (Equation 4) detected in the reaction. The
product variation with temperature is shown in Table 2. No reaction was carried
out above 353K as H,0, will dissociate too rapidly.

Table 1: The effect of reaction time.

Reaction time (h) Conversion (%)
1 348
2 78.2
3 98.7
4 99.6

Reaction conditions: 50 mg of catalyst, cyclohexene (30 mmol),
H>0; (60 mmol), refluxed for 4 h at 353K.

Table 2: The effect of reaction temperature toward conversion and selectivity.

Temperature (K) Conversion (%) Selectivity to syngas (%)
303 87.6 99.0
323 98.6 98.8
343 99.5 99.1
353 99.6 98.2

Reaction conditions: 50 mg of catalyst, cyclohexene (30 mmol), H>O; (60 mmol), refluxed for 4 h.

Table 3: The effect of molar ratio of H,O, toward conversion and selectivity of syngas.
The selectivity of syngas was calculated based on the difference with the minor
organic products from the GC.

Molar ratio of cyclohexene: H,0, Conversion (%) Selectivity to syngas (%)
1:1 78.3 99.6
1:2 99.5 99.1
1:3 96.0 99.8

Reaction conditions: 50 mg of catalyst refluxed at 343K for 4h.

The effect of H,O, was studied by varying H,O, molar ratio from 1 to 3
at a fixed molar amount of cyclohexene as shown in Table 3. The conversion
increased from 78.3% to 99.5% for 1:1 and 1:2 molar ratios respectively. With
the molar ratio of 3:1, the conversion decreased slightly. Two layers of reactants
were observed up to the first hour of reaction. However, at the end of 4 h, only
the aqueous phase remained, which contained the expected organic products.
Generally, decomposition of H,O, produces water as a by-product. The water and
oxidant can compete for the cobalt active sites and the excess of water might
inhibit the reaction.”
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The influence of mass of catalyst (Table 4) was also studied by varying
the catalyst mass from 30 mg to 80 mg at constant reaction temperature of 343K.
The conversion of cyclohexene was found to increase from 95.3 to 99.5% for 30
and 50 mg. However, further increase in the catalyst mass to 80 mg resulted in a
decrease in conversion of cyclohexene to 91.8%. This could be due to the
decomposition of H,0, at higher mass of catalyst.** The higher mass of catalyst
provides more surface area for the decomposition of H,O,to occur and retard its
catalytic activity. There was however, no noticeable change in the selectivity for
syngas.

Table 4: The effect of mass of catalyst towards conversion and selectivity.

Mass (mg) Conversion (%) Selectivity to syngas (%)
30 93.5 99.3
50 99.5 99.1
80 91.8 99.4

Reaction conditions: cyclohexene (30 mmol), H;O, (60 mmol) re fluxed at 343K for 4 h.

Reusability of the catalyst was studied for 4 cycles at the optimum
reaction condition and the results are shown in Table 5. From the fresh catalyst's
reaction till the 3rd cycle, the conversion of the catalyst decreased slightly from
99.4% to 92.5%. Some organic impurities were expected to adsorb onto the silica
matrix, hence resulting in blockage of the pore and caused lower conversion. The
used catalyst was calcined at 773K in order to remove the impurities. The
calcined catalyst showed good catalytic activity with conversion of 98.4%. An
experiment without the catalyst was also carried out. However, no product was
observed when the catalyst was not present.

Table 5: The reusability of the catalyst. The first three cycles of catalyst were regenerated
by washing with water. The 3rd reused catalyst was regenerated by calcination at

773K for 5 h.
Cycle Conversion (%)
Fresh catalyst 99.5
Ist reuse 99.1
2nd reuse 922
3rd reuse 98.4

Reaction conditions: 50 mg catalyst, cyclohexene (30 mmol), H>O, (60 mmol) were refluxed at 343K for 4 h.

To test the universality of the catalyst, a variety of hydrocarbons were
used in the study. Since cyclohexene is too valuable a chemical to be used as
liquid fuel and as a chemical intermediate, we tried other hydrocarbons to form
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syngas. At the optimum reaction condition, iso-octane and toluene were used as
reactants for producing syngas. The cobalt phyllosilicate showed good catalytic
activities with conversion of 97.4% and 99.2% respectively. For these two studies,
no minor product was detected. Cobalt phyllosilicate was effective as a catalyst
for the oxidation of hydrocarbons to syngas at ambient reaction condition. The
experiments were carried out in triplicate and the results are shown in Table 6.
Toluene produced the highest amount of hydrogen, and followed by cyclohexene
and iso-octane.

However, it was found that the hydrogen produced was not
stoichiometric with respect to the reactants used. The volume of hydrogen
produced was found to be always in excess of the stoichiometric amount. This
may be due to the formation of hydrogen via Equation 6. It may also be due to
other unknown phenomena which need to be investigated in greater depth.

Table 6: The volume of hydrogen gas produced from different hydrocarbons in the
oxidation using the Co-phylosilicate.

Hydrocarbon *Average volume of hydrogen * Average mole of hydrogen produced
Used produced (mL) (mmol)

Cyclohexene 833.3 335

(5 mmol)

Toluene 880 354

(5 mmol)

Iso-octane 725 29.2

(3 mmol)

*All data are average for 3 runs. Reaction condition: 50 mg catalyst, 1:2 molar ratio of reactant and H,O,were
refluxed at 343K for 4 h.

4. CONCLUSION

A solvent-free oxidation process at low temperature and atmospheric
pressure was developed to convert cyclohexene to syngas. The cobalt
phyllosilicate was shown to effectively act as the catalyst for the mineralisation
of cyclohexene as well as toluene and isooctane. A range of reaction temperature,
the effect of molar ratio, mass of catalyst and reusability of catalyst were studied
and a high conversion of cyclohexene and high selectivity to syngas was obtained.
This novel method offers a new and cost effective approach for mass production
of hydrogen from hydrocarbon. It is believed that this process has important
implication in future green energy production and in the possible elimination of
hydrocarbon pollutants from the environment.
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