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The conversion of methane with silica-supported platinum catalysts:
the effect of catalyst preparation method and platinum patrticle size
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The particle size distribution of platinum in silica prepared by the complexing agent-assisted sol-gel method and impregnation method
and also in MCM-41 has been compared and its influence on the product distribution in the non-oxidative dehydrogenation of methane has
been investigated. The sol-gel method gives a narrow range of platinum patrticle size distribution compared to the impregnation method. It
was found that as the particle size increases, the selectivity for the higher hydrocarbons increases though the yield decreases.
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1. Introduction methane. Many parameters such as flow rate of methane,
temperature of activation, reactant pressure, aging time, hy-

Efforts are being made to convert methane, which is codrogen flow rate, hydrogenation temperature, and nature of
sidered to be a clean fuel, into higher hydrocarbons for tlseipport have direct bearings on the product distribution since
past two decades [1]. The strong equivalent C—H bondbgy are known to have an influence on the C—C bond ho-
absence of polarity and absence of functional groups mak®elogation over the same catalyst [10,19-27]. Trevor et al.
chemical conversion of methane to liquid hydrocarbons §28] reported that the activation of methane over Pt clusters
energy intensive process [2]. Three ways are mainly ei%-size selective. Indeed, platinum supported on silica on ex-
plored for the conversion of methane to higher hydrocaposure to methane is known to give €Bpecies, which on
bons [3,4]. One is an indirect way in which methane isubsequent hydrogenation gives higher hydrocarbons. How-
first converted to syngas by steam or £@&forming or ever, the effect of Pt particle size and the preparation method
through partial oxidation [5] and the resultant syngas is fuen the distribution of products in the non-oxidative coupling
ther converted to higher hydrocarbons. Another way is af methane is not well known. Complexing agent-assisted
oxidative dehydrogenation (OCM process) where the cosel-gel synthesis is envisaged to obtain platinum of desired
version is high, but part of the methane gets converted particle size on a silica support with uniform distribution.
undesired C@ and hence reduces the selectivity of the rdn this paper we report the effect of platinum in silica pre-
action [6-9]. The third one is a non-oxidative dehydrogengared by sol-gel as well as impregnation methods and also
tion which gains momentum in recent years, since it avoids MCM-41 on the products selectivity in the non-oxidative
the complete combustion and higher operating temperat@ehydrogenation of methane.
(=973 K) associated with the oxidative coupling reaction,
but still the conversion is very low.

In order to circumvent the thermodynamic problems, the Experimental
non-oxidative reaction is usually carried out in two steps ) ]
at different temperatures, the first being the activation &f1- Préparation of Pt-SO, by the sol—gel technique
methane over the metal surface at higher temperature and

then hydrogenation of the carbonaceous deposits at Iowerln a typlc_al manner, a required g-mount 1, 5 and 6.3
&% of platinum with respect to silica) of platinum as

temperature [10]. Nevertheless, activation of methane al\g' NH od with hvl ol of
the subsequent hydrogenation at the same temperature W%FQOZ)Z( 3)2 was mixed with excess ethylene glycol of
also reported [11—18] about 100 ml along with acetylacetone keeping the ratio
Transition metals are known for the decomposition ft/acac equallto 0.008. Thg mixture was heaFed at 363 K
2 h to obtain a clear solution. To this a required amount

methane but their strong bonding to the carbonaceol - : .
: : - tetraethyl orthosilicate (TEOS) mixed with equal amount
species makes their reactivity very low and paves the Wgﬁ ethanolywas added aﬁld this)mixture was qagain stirred

for the noble metals, whose interaction with carbonaceof)

species is weaker [11]. Among the noble metals platinu 'gle_soarznse tg:ﬂp;ﬁrature for 4 h. tAffteihthat Iwater (CLE((';?/
in an inert support is widely being used for the activation qf 2> — - ) Wi € same amount of ethanofwas acded 1o

ydrolyse the TEOS. The above solution was allowed to stir
* To whom correspondence should be addressed. overnight at the same temperature to get the transparent gel.
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This was dried in vacuum to remove the solvent by slowly
raising the temperaturefrom 333 to 393 K. Then it was pow-
dered and calcined at 773 K for 10 h and subsequently re-
duced with hydrogen at 673 K for 8 h.

Pure silica was also prepared by the same method ex-
cept adding the platinum precursor with acetyl acetone. This
was calcined at 773 K for 10 h and then impregnated with
6.3 wt% Pt using dinitrodiammino-Pt(IV) precursor. It was
further reduced with hydrogen at 673 K for 8 h. The Pt-
silicas prepared by sol—gel and impregnation methods are
designated as Pt-silica (SG) and Pt-silica (imp), respectively.

2.2. Preparation of Pt-MCM-41

3 g of cetyltrimethylammonium bromide was dissolved
in 50 ml of water. To this 2.8 ml of 5 M NaOH solution
was added followed by 0.2 g of platinic anmonium chloride
and stirring for 1 h. Then 6.2 ml of TEOS was added slowly
with stirring. This gel was stirred further 2 h and allowed
standing at room temperature for five days. After that it was
filtered and washed with deionised water and dried at 383 K
for 5hbeforecalciningitat 773K inair for 10 hfollowed by
reduction at 673 K with hydrogen for 5 h. In addition, plat-
inum (6.3 wt%) was incorporated in uncalcined MCM-41 by
impregnation and then calcined at 773 K in air for 10 h and
reduced with hydrogenat 673 K for 5 h. The same amount of
platinum was impregnated over calcined MCM-41 and then
reduced in hydrogen atmosphere at 673 K for 5 h. These
catalysts are designated as 6.3% Pt-MCM-41 (SG), 6.3%
Pt-MCM-41 (brt) and 6.3% Pt-MCM-41 (art), respectively,
where “brt” and “art” stand for before and after removing
the template, respectively.

2.3. Sample characterisation

The platinum content was estimated using an X-ray fluo-
rescence spectrometer (SEIKO SEA-2010). Thermogravi-
metric analyses of the calcined samples were carried out
on a MAC Science TG-DTA 2100 instrument in dry air
(200 ml/min) with the heating rate 10 K/min. For other
measurements only reduced samples were used. Hydrogen
and CO chemisorptions were carried out at room tempera-
ture using a quartz U-tube reactor fitted with a TCD detec-
tor. For the chemisorption experiment, 50 mg of the sam-
ple was pretreated at 573 K in hydrogen for 1 h and then
brought to room temperature with aflow of Ar/Hefor hydro-
gen/CO chemisorption, respectively. The surface area was
determined by the BET method [29] at liquid-nitrogen tem-
perature using a Belsorp-2000 instrument. The adsorption—
desorption isotherm was a so obtained by using nitrogen as
the adsorbate. The pore size of 6.3% Pt-MCM-41 (SG)
was calculated using the Dollimore-Heal (DH) model [30].
The transmission electron microscope (TEM) measurement
was done by using Jeol-FX-2000 equipment. X-ray photo-
electron spectroscopy (XPS) measurements were performed
with a Perkin—Elmer ESCA5500 X-ray photoel ectron spec-
trometer using Mg K,, excitation source. The binding ener-
gieswere normalised with respect to the C(1s) lineat 285 eV.

2.4. Non-oxidative dehydrogenation of methane

All the reactions were carried out using a stainless-steel
reactor connected with an on-line gas chromatograph. 0.4 g
of catalyst was heated under helium stream at the reaction
temperaturefor 1 h at 573 K before carrying out the reaction.
Then methane diluted with helium in the ratio 3:10 (v/v)
wasintroduced for 5min. After that the gaswasimmediately
switched over to hydrogen at the same temperature with the
flow rate of 20 ml/min and the products were collected for
1 hinasampleloop kept at liquid-nitrogen temperature. The
trapped productswere analysed by heating the loop at 573 K
and injected as awhole into the Shimadzu GC14B equipped
with a Supel-Q PLOT column and the FID detector.

3. Resultsand discussion

The adsorption isotherms results from the physical ad-
sorption were classified into type | to type V by Brunauer,
Deming, Deming and Teller [31]. Samples having micro-
pores (pore size <2 nm), like zeolites, are known to ex-
hibit type | isotherms. Adsorption on non-porous solids
gives type Il isotherm. Solids with microporosity and sig-
nificant external surface are known to givetype Il isotherms
which is a merger of type |, a steep rise at lower region of
p/po, and type Il [32]. The presence of micropore volume
can be identified using the ¢-plot analysis. Thisis based on
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Figure 1. Nitrogen adsorption isotherms. (e) 6.3% Pt-MCM-41 (SG),
(A) 6.3% Pt-silica (imp), (W) 5% Pt-silica (imp), (x) silica, (o) 1% Pt-silica
(SG), (B) 5% Pt-silica (SG) and (2) 6.3% Pt-silica (SG).
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the t-curve, a plot of the standard isotherm with z, the sta-
tistical thickness of the film [33]. Solids having the pore
size in the mesoporous range will show type 1V isotherm.
The nitrogen adsorption isotherms of all Pt-silica samples
prepared by the sol—gel method in this study exhibit type
| isotherm indicating the presence of micropores, shown
in figure 1. However, pure silica prepared by the sol—gel
method and the Pt-silica (imp) depict type-11 isotherm, also
including type | inthe lower p/po region. The ¢-plot analy-
sis confirmed the presence of micropores. The surface area
of silica and all the platinum-incorporated silicas are in the
range of 500-600 m?/g (table 1). The surface area of Pt-
silica (SG) decreases from 640 m?/g for 1% Pt loading to
514 m?/g for 6.3% Pt loading. However, the surface area of
Pt-silicas (imp) ismoreor lessthe same asthat of puresilica.
The 6.3% Pt-MCM-41 (SG) gives very high surface area of
1440 m?/g.

The 6.3% Pt-MCM-41 (SG) showstype-1V isotherm typ-
ical for mesoporousmaterial with the hysteresisin the higher
p/po region (figure 1). The pore size calculated by the DH-

Table 1
Surface area and chemisorption data.
Catalyst CO/Pt  H/Pt  Surface area
(m?/g)

1% Pt-silica (SG) 0.184 0.147 640
5% Pt-silica (SG) 0189 0171 564
6.3% Pt-silica (SG) 0.131 0.129 514
6.3% Pt-MCM-41 (SG) 0.044 0.023 1440
5% Pt-silica (imp) 0.038 0.012 556
6.3% Pt-silica (imp) 0.042 0.025 584
Silica - - 583
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Figure 2. Pore size distribution of 6.3% Pt-MCM-41 (SG) after removing
the surfactant.

model isfound to be 3 nm in diameter (figure 2). The XRD
pattern (not included) of the samples before and after calci-
nation shows the peakstypical for hexagonal structure.
From the TG analysis it was confirmed that al the cal-
cined samples are free of any templates. Figure 3 presents
the histograms of particle size distribution obtained by the
TEM andysis. It shows that the Pt particle size increases
with increase of metal loading and shows a narrow range of
distribution for the catalysts prepared by the sol—gel method.
A wide range of distribution is observed for the Pt-silica
prepared by the impregnation method. Moreover, the par-
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Figure 3. Particle size distribution of platinum over (a) 1% Pt-silica (SG),
(b) 5% Pt-silica, (c) 6.3% Pt-silica ((W) sol—gel and (&) impregnation).
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Figure 4. TEM images of (a) 5% Pt-silica (imp), (b) 5% Pt-silica (SG) and
(c) 1% Pt-silica (SG).

ticle size of platinum at the same loading is comparatively
higher for the impregnated Pt-silica than for the one pre-
pared by the sol-gel method (figure 4). In the case of
6.3% Pt-MCM-41 (SG) the distribution is maximum around
3-5 nm (figure 5(a)) and 75% of the Pt particles are in the
range of 3nmsize.

The chemisorption of all the Pt-silicas prepared by the
sol—gel method is significantly higher than the Pt-silicaim-
pregnated samples as well as 6.3% Pt-MCM-41 (SG) (ta
ble 1). In al the cases the CO uptake is higher than the hy-
drogen uptake. TEM analyses (figure 3) show that the par-
ticle size of platinum obtained by the impregnated method

(a)

Figure 5. TEM images of (a) 6.3% Pt-MCM-41 (SG), (b) 6.3% Pt-MCM-41
(brt) and (c) 6.3% Pt-MCM-41 (art).

is bigger than the sol—gel one and this might be the reason
for the lower amount of hydrogen and CO chemisorption.
In the case of 6.3% Pt-MCM-41 (SG), the hydrogen and
CO uptake are similar to those of Pt-silica (imp) cataysts,
even though the particle size observed by TEM is maximum
around 3-5 nm. Thislower amount of hydrogen and CO up-
take could be attributed to metal—support interaction similar
to the one reported in the literature for the Co on silica sup-
port [34-37]. From table 2 it is observed that the amount of
carbon formed over the catalystsin thefirst step, methane ac-
tivation, increases in the following order 6.3% Pt-MCM-41
(SG) < 5% Pt-silica (SG) < 5% Pt-silica (imp), whereas
the binding energy of Pt® and the conversion of the carbona-
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ceous species into Co—Cg products follow the reverse order,
5% Pt-silica (imp) < 5% Pt-silica (SG) < 6.3% Pt-MCM-41
(SG). It seems that activation of methaneis less pronounced
when the electron deficiency of platinum is more. In 6.3%
Pt-MCM-41 (SG), the large surface area of MCM-41, and
small Pt particle size favours the higher metal—support inter-
facial area, which results in comparatively higher intensity
of metal—support interaction. Since methaneis aweak acid,
its adsorption will be more favoured on electron-rich plat-
inum. The decrease in electron density in platinum could
be attributed to the above order in the carbon formation ob-
served in our study. Amariglio and co-workers[38] reported
that adsorption of methane over Pt on HY support was lower
than on HX where the Pt in the former is more electron defi-
cient than the | atter.

However, it isimportant to note that all the carbon formed
in the first step, activation of methane, is not getting con-
verted into the products on subsequent hydrogenation. It
further depends on the type, amount, thermal history and
age of carbonaceous species formed [39,40]. Van Santen
et al. [10] classified the carbon formed during the activa-
tion of methane over the transition metal supported cata-
lysts into three types, namely C,, Cs and C,, based on
their reactivity towards hydrogenation. Of these, only C,,
the active carbonaceous species, is known to give Cp and
other hydrocarbons on hydrogenation. The other two types
give mainly methane on hydrogenation. Bell and co-workers
[41,42] showed, based on a 13C study, that C, is com-
posed of single carbon atoms, Cg is composed of C,H,
species, and C,, is composed of graphitic carbon. They fur-

Table 2
XPS data and the total amount of carbon deposited in the conversion of
methane at 573 K.
Catalyst Total amount of carbon®  Binding energy of
estimated as CO, PO (ev)
(umal)
5% Pt-SiO5 (imp) 47.0 71.02
5% Pt-SiO5 (SG) 31.2 71.27
6.3% Pt-MCM-41 (SG) 1338 71.40

@Total amount of carbon deposited on the surface of the catalyst after pass-
ing the methane and helium (3: 10 v/v) mixture for 5 min at 573 K was
estimated as CO» by passing oxygen at 623 K for 20 min and the trapped
CO» was analysed using a GC equipped with TCD detector.

ther classified C,, into C,1 and Cy2, and Cg into Cgy, Cgo
and Cgz based on TPSR studies of the coke formed over
RWSIO; [27]. Moreover, C, and Cg, which arein dynamic
equilibrium, slowly transformed to unreactive graphitic, type
carbon C,,, on aging, which is an irreversible process. In a
similar way Marceau et al. [43] classified the surface car-
bonaceous species on ruthenium into C, (C; units), Cgz
(lighter species) and Cgo (heaviest and most inert species).
They observed that the heavier fraction, Cg2, on slow hy-
drogenolysis leads to Cg—Cg production, depending on the
history of the catalyst and the behaviour of its “graphitic”
reservoir.

Table 3 gives the product distribution in the conversion
of methane over the catalyst at 573 K. The total amount
of products formed over Pt-silica prepared by the sol—gel
method is higher than over the Pt-silica impregnated cata-
lysts. 6.3% Pt-MCM-41 (SG) exhibits higher activity among
all the catalysts. The selectivity for Cy products over 1, 5
and 6.3% Pt-silica prepared by the sol—gel method is higher
compared to Cg (includes hexane, benzene and toluene)
products, as shown in figure 6(a). Moreover, the Cg; Se-
lectivity shows an increasing trend with respect to increase
in metal loading or, in other words, with increase in particle
size. The higher selectivity for C, hydrocarbons over Pt-
silica (SG) could be explained on the basis that the Pt par-
ticles trapped inside the silica matrix, could have exposed
partly to the walls of microporeswhere CH4 becomes dehy-
drogenated to CH, species, and then converted to mainly
C> hydrocarbons on further hydrogenation. The absence
of any significant amount of meso- or macropores in the
Pt-silica (SG) shown by the nitrogen adsorption isotherm
(type I) combined with the uniform platinum particle size
distribution clearly indicates that the Pt particles might be
trapped inside the silica matrix during the sol—-gel process
and further cal cination leaves micropores dueto the removal
of the solvent ethylene glycol. Since the particle size of Pt
in al the catalysts is above 2 nm, as observed by TEM,
there is a possihility that these particles could not be ex-
posed fully into the micropores and the extent of exposure
depends on the size of the Pt particle. Asaresult, the prop-
agation of adsorbed CH, species leading to higher hydro-
carbons is reduced. Whereas in the case of impregnated
catalysts, exhibiting type-Il isotherms similar to pure sil-
ica for the presence of macropores (or flat surface), the Pt

Table 3
Products distribution in methane conversion over the catalysts.

Catalyst Co C3 Ca Cs Cs Total amount ~ Amount of products
(umol)  (umol)  (umol)  (umol)  (umol) of products in terms of carbon

(mol) (mol)

1% Pt-silica (SG) 0.080 0.028 0.005 0.015 0.008 0.136 0.380

5% Pt-silica (SG) 0.265 0.025 0.010 0.018 0.025 0.343 0.880

6.3% Pt-silica (SG) 0.159 0.032 0.009 0.024 0.032 0.256 0.750

6.3% Pt-MCM-41 (SG)  0.276 0.048 0.016 0.040 0.028 0.408 1.200

5% Pt-silica (imp) 0.031 0.012 0.007 0.006 0.012 0.068 0.227

6.3% Pt-silica (imp) 0.031 0.017 0.010 0.010 0.016 0.083 0.300
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Figure 6. Effect of Pt content on the selectivity of products in methane
conversion (a) sol—gel and (b) impregnation. (M) Co, (O) Cz, &) Cq4, (O)

70

60 I

50T

40

0F

Selectivity (%)

201

Pt-SiO2(Imp)

(b)

Pt-MCM41(SG) Pt-8i02(SG)

70

Selectivity (%)

PL-Si02(SG)

Pt-S102(Imp)

Figure 7. Effect of preparation methods on the selectivity of products in
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Table 4

Products selectivity (on the carbon basis) over Pt-MCM-41 catalysts in the conversion of methane.

Catalyst Selectivity (%) Total amount
Cy C3 Cy Cs Cg of products

(umol/g)

6.3% Pt-MCM-41 (SG) 50.06 12.75 5.60 17.70 14.89 1.20

6.3% Pt-MCM-41 (brt) 24.20 39.50 0.60 7.30 28.20 117

6.3% Pt-MCM-41 (art) 35.10 37.80 - - 27.00 1.20

particles should be present mostly on the macropores or on
the silica surface where the dehydrogenated CH, species
can undergo further condensation leading to heaviest species
(like Cg2) without any hindrance which on hydrogenoly-
sis results in higher selectivity for Cg, hydrocarbons (fig-
ure 6(b)).

Figure 7(a) compares the product distribution over 6.3%
Pt-MCM-41 (SG), 6.3% Pt-silica (sol-gel) and 6.3% Pt-
silica (imp) in the non-oxidative dehydrogenation of metha-
ne. As the particle size increases, the distribution of Cg
products also increases and at the same time C, formation
is getting reduced. The comparatively higher and lower se-
lectivity for C, and Cg4 hydrocarbons, respectively, over
6.3 Pt-MCM-41 (SG) might be explained both in terms of

smaller particle size as well as metal—support interaction.
The same trend occurs between 5% Pt-silica (SG) and 5%
Pt-silica (imp) shown in figure 7(b).

In order to find out the effect of platinum only outsideand
also both outside and inside the mesopores, we have intro-
duced platinum into both uncalcined and calcined MCM-41.
The TEM picture (figure 4) shows that platinum is incor-
porated both inside and outside the mesopores in 6.3% Pt-
MCM-41 (art) and the incorporation is mostly restricted to
outside the pores in 6.3% P-MCM-41 (brt). The fact that
the particle size is comparatively uniform in the latter than
in the former might be due to the effect of template.

Table 4 compares the product distribution over 6.3% Pt-
MCM-41 (SG), 6.3% Pt-MCM-41 (art) and 6.3% Pt-MCM-
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41 (brt) catalysts. Thetotal amount of products formed over
all the three catalysts is more or less the same but the dis-
tribution of products is quite different. The amounts of C3
and Cg . productsare larger over 6.3% Pt-MCM-41 (art) and
6.3% Pt-MCM-41 (brt) than over 6.3% Pt-MCM-41 (SG)
which exhibits higher amount of C, formation. This can be
reasoned out to the differencein particle size distribution.

4, Conclusion

The selectivity for the Cg. hydrocarbonsin the methane
conversion over platinum silica prepared by the impregna-
tion method is more as compared to the sol-gel method
whose particle size is small and the size distribution is
uniform. The activation of methane is more pronounced
over the impregnated catalyst than over the sol—gel catalysts
which resultsin higher amount of coke formationin thefirst
step. This might be due to the higher electron density as-
sociated with the Pt in the former than in the latter. The
bigger Pt particles and their free access on the surface of
silica over the impregnated catalyst favour the condensation
of CH, species, which might lead to heaviest carbonaceous
species. This on hydrogenolysis results in a higher selec-
tivity for Cg, hydrocarbons. The smaller and uniform Pt
particle size distribution and their accessibility through the
micropores over the sol—gel catalysts reduces the chance for
the formation of heaviest carbonaceous species and hence
enhancesthe selectivity for C, hydrocarbons.
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