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Abstract

The possibility of CQ as an alternative oxidant for the direct conversion of @Hormaldehyde was investigated. The activity of the catalyst
was measured at an atmospheric pressure and temperatures at which the homogeneous gas-phase reactions were negligible. Among vario
metal oxides loaded on Sj@atalysts, only vanadium oxide produced the desired prody€i;/8iO, and \,Os/oxidized diamond catalysts,
the most effective catalysts for formaldehyde synthesis, afforded aboytr&00h! g-cat! and 30Qumol h~ g-cat? of formaldehyde at
973 K, respectively. When the reaction of ©ias carried out in Ar atmosphere, both of thgd¢/SiO, and \,Os/oxidized diamond catalysts
lost the catalytic activity as soon as the lattice oxygen of vanadium oxide was consumed. However, the activity recovered by switching the
atmosphere from Ar to CO These results strongly suggest that,GOts as an oxidant for selective oxidation of £id formaldehyde via
the lattice oxygen of vanadium oxide.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction particularly molybdenum oxidg8—6], iron oxide[7,8], and
vanadium oxide[6,9-11] Zhao et al. recently reported a
The effective utilization of natural gas has attracted great beneficial effect of addition of alkali metal to Fe/Si@nd
interest in an effort to address the problem of increasing V/SiO, catalysts on increasing acetaldehyde and acrolein
global consumption of fossil fuels. Formaldehyde, one of formation from GHg [12—14] However, selective oxidation
the important base chemicals in the petrochemical industry, of CH4 requires a high reaction temperature to activate rel-
is currently produced by a multi step process fromsCid atively inert CH; on catalysts, and deep oxidation to give
addition, this process consumes a large amount of energy.CO, occurs more easily than formation of oxygenate be-
From the perspective of simple green chemistry, direct con- cause the activation of the C—H bond in formaldehyde re-
version of alkane to oxygenates is of interest. In particular, quires lower activation energy than the activation of .CH
direct conversion of Ckito methanol or formaldehyde is [15]. Therefore, in spite of great efforts, formaldehyde yields
significant for an innovative utilization of natural gas and are still quite low. According to the literature survey by
one of the most challenging issues in catalysis research. Otsuka and Wand16] and Tabata et al[17], the maxi-
Selective oxidation of light alkanes to oxygenates with mum formaldehyde yields of 4.2% with selectivity of 22.0%

oxygen has been carried out over various cataljistd 6], and the highest selectivity of 60% with the gEonversion
such as the multi-component mixed oxides Mo—V-AIHTi of 7% were reported. Such low yields or selectivities pre-
or Mo—V-Nb—Pd?2], and supported transition metal oxides, vent a direct production from being applied in the chemical
industry.
* Corresponding author. Tel+81-6-6368-0865; CHg + Op — HCHO + H,0,
fax: +81-6-6388-8869.
E-mail address: tsuzuki@ipcku.kansai-u.ac.jp (T. Suzuki). AHggg = —319kJmol 8
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HCHO+ Oz — CO, + H20,  AHYgg = —571kJmol
)

Recently, conversion and utilization of G well-known

T. Shimamura et al./Journal of Molecular Catalysis A: Chemical 211 (2004) 97-102

impregnating an oxalic acid solution of NMO3z onto
Si0Oy, and aqueous solutions of NMo0O,, Fe(NQ)s,
AgNOs3, RuCk-nH,0O, and Cu(N@), onto SiQ. Vari-
ous supports were employed to prepare th®y/loaded

global warming gas, and natural gas have received muchcatalyst, including the commercially available SiCFuiji

attention. Although, chemical use of GQvould not sig-
nificantly contribute to the reduction of GGn air, we

Silicia Chem. Co., $\. = 110n¥/g), diamond (General
Electric Co., SA. = 24n?/g), GeQ (Kishida Chemi-

have first reported oxidation capability of carbon dioxide C&lS, SA. < 1n?lg), SnQ (Wako Pure Chemical In-
in the dehydrogenation of ethylbenzene to styrene usingdustries, Ltd., $\. = 3.6n¥/g), TiO, (Japan Aerosil

activated carbon supported iron oxides cataljisi]. We
further focused on the significant role of €dn giving

a high yield and high selectivity to styrene in the oxida-
tive dehydrogenation of ethylbenzene with £Qvhere

a redox cycle between X05 and \,O4 was promoted
by CO, [19]. In addition, dehydrogenation of ;8¢ to
CoH4 was promoted with C@with Ga03 based catalysts
[20].

CH20H3 FEZOg/AC CH=CH2

>

CO, + CO + H0

AH’05=+123.6kJ/mol 3)

The most extensively developed reaction with./(®the
dry reforming reaction of Chlto give CO and H from
methane as shown beld&1,22]

CHs 4+ COp — 2CO+2Hp,  AH09gg = 4247 kymol
(4)

However, due to difficulty in transferring oxygen in GO

Co., SA. = 528n?/g), Al,O3 (Sumitomo Chemical
Ind., SA. = 159nt/g), and MgO (Ube Materials Ind.,
SA. = 144 nt/g). The loading levels of metal oxides onto
supports are expressed by weight percentage$ wt
weight of metal oxidé(weight of metal oxide and suppdxt

100. Into an aqueous solution of a metal salt, a certain
amount of support was added and the suspension was stirred
overnight. Excess water was removed under a vacuum, and
the dried catalyst was calcined at 873K for 5h in the pres-
ence of air. \bOs/oxidized diamond catalysts were calcined
at 673K for 3h. Their surface areas were determined by
the BET method (M absorption at 77 K) with an automatic
Micromeritics Gemini model 2375.

2.1.1. Preparation for oxidized diamond

Manmade industrial diamond, of fine particles of less than
0.5um in diameter, was oxidized at 723 K for 1.0 h under a
stream of Q/Ar = 1/4 mixture.
2.2. Activity measurement

A fixed-bed flow-type reactor (quartz, i.d. 10 mm) was

to organic compounds, no reports concerning the applica-ysed for the catalytic activity measurement, operating at
tion of CQ;, to direct synthesis of oxygenates from alkanes 5, atmospheric pressure. Fifty or 100mg of catalyst was

have appeared although supercritical {{Did was used as

placed in the center of the reactor tube with a quartz wool

a diluent and powerful solvent of reaction products in the pjug. A mixture of 10ml/min CH and 20 mi/min CQ

direct @ oxidation of CH, [23].

was fed through the catalyst bed at an elevated temperature

As anew strategy, we aimed at extending the capability of (773973 k). Products were analyzed by an on-line high

CO, as an oxidant to selective oxidation of ¢td formalde-

speed gas chromatograph using thermal conductivity detec-

hyde by use of a simple continuous plug flow reactor at an yors (CHROMPACK CP-2002, GL Sciences) with CP CIL

atmospheric pressure. The present paper deals with the feascg and HYESEP A columns. Product yields were obtained
sibility of selective oxidation of Ciito formaldehyde using  after the run for 60 min.

CO, (reaction (5)) over various metal oxide-loaded catalysts.

We found that MOs/SiO, and V,Os/oxidized diamond cat-

alysts were the most effective catalysts for formaldehyde 3 Reqults and discussions
formation.

3.1. Effect of loaded metal oxides on the selective
CHs +2C0Q; — HCHO + 2CO+ H20, oxidation of CH4 to formaldehyde with CO,

AHYgg = +246 kymol (5)
Table 1 shows the distribution of products in the di-
rect conversion of CH with CO, over various metal
oxide-loaded Si@ catalysts. SiQ was used as a standard
support material in order to compare activities of various
metal oxides, based on the fact that $i® a well-known
effective support for the selective oxidation of ghith
All catalysts were prepared by the impregnation method. O, [5-8,10-14,16]Based on catalytic behavior in terms of
SiOy-supported metal oxide catalysts were prepared by product distribution, catalysts were divided into following

2. Experimental

2.1. Catalyst preparation
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Table 1
Selective oxidation of Chlto formaldehyde with C@over SiQ supported
various metal oxide catalysts

Metal oxide Yieldfumol h-1 g-cat!

HCHO CcO
V705 10.3 199.3
MoO3 0.0 0.0
FeOs 0.0 1317
Ag,0 0.0 9.3
CuO 0.0 0
MnO, 0.0 0
ZnO 0.0 0
RuG 0.0 0
NiO 0.0 424.8

Catalyst= 100mg, support= SiOy, loading level of metal oxide=
2.0wt.%, reaction temperature= 873K, gas flow = 30ml/min,
(CH4/CO, = 1/5), SV =18, 000 mlhrtg-cat™.
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Fig. 1. Effect of various supports of vanadium oxide on the par-

three groups, those producing formaldehyde by selectivetial oxidation of methane to formaldehyde. Catalyst100mg, \,Os

oxidation, producing CO by CPreforming, and showing
no activities.

(@) Only the \LOs/SiO, catalyst produced formaldehyde,
indicating that vanadium oxide exhibited a high activity
for the selective oxidation of CHin the presence of
CO, as well as in Q.

(b) The NiO/SiQ and FeO3/SiO, catalysts produced only
CO. This means that GQreforming of CH, to CO and
H> might have occurred rather than the selective oxida-
tion.

(c) The Metal oxides Mog Ag>O, CuO, MnQ, ZnO, and
RuQ;, loaded on Si@ catalysts did not exhibit any cat-
alytic activities.

V>0s/SiOz, MoO3/SiO,, and FeO3/SiO, are well-known
catalysts that exhibited high catalytic activities for selective
oxidation of CH, with O, [5-8,10,11,27] However, upon
substitution of CQ for O, as an oxidant, Mo@SiO, and
Fe03/SiO; catalysts did not produce any oxygenates. Only
vanadium oxide, in contrast to molybdenum oxide and iron
oxide, showed the potential for high catalytic performance
to formaldehyde formation with CO.

3.2. Effect of support on the selective oxidation of CH4 to
formaldehyde with CO,

Fig. 1 shows the effect of the support on formaldehyde
formation using CQ over V,Os-loaded catalysts at various
temperatures. Si®exhibited the highest activity among

various supports, and oxidized diamond showed consid-

erable activity. In particular, group 14 oxide materials
promoted selective oxidation to formaldehyde. As previ-

loading level= 2.0wt.%, gas flow= 30ml/min (CH;/CO, = 1/2),
SV. =18 000mlh1g-cat?.

[24—26] The surface property is expected to have a potential
for novel catalytic reactions including selective oxidation
of CHa.

Formaldehyde yield increased with an increase in the re-
action temperature over catalyst loaded on Si@xidized
diamond, and Sn® On the other hand, the yield reached
a maximum at 873K over Gedoaded catalyst. In addi-
tion to group 14 oxides, Ti@produced a small amount of
formaldehyde. However, Zr{yave no formaldehyde. D5
loaded on A}O3 and MgO catalysts gave no formaldehyde,
but produced a large amount of CO at 973 Kp®@¢ and
MgO caused complete oxidation of GH

When various Si@ having different surface area were
used as supports, Sihaving higher surface areas (higher
than 400 m/g) afforded low formaldehyde yields. This par-
ticular SiQ, (SA. = 110n?/g) exhibited the maximum
formaldehyde vyield.

3.3. Effect of V205 loading level on the selective oxidation
of CH4 to formaldehyde with CO,

Fig. 2shows product yields as a function of loading level
of vanadium oxide on Si® Formaldehyde yield increased
with an increase in the vanadium loading level up to 2.0 wt.%
and then leveled off. On the other hand, CO yield increased
monotonously with ¥Os loading level. As seen ifig. 3,
similar tendency was observed over thgO¢/oxidized dia-
mond catalyst. The formaldehyde yield reached a maximum
at a loading level of 2.0 wt.%, while CO yield increased lin-

ously shown, oxidized diamond surface is believed to be early with an increase in the loading level,®s/oxidized

pseudo solid oxide phase of carbf#8,29] The oxidized

diamond catalyst produced approximately ten times as

diamond is known to have oxygenated species like C-O—C much CO as compared to,@s/Si0.. The possibility of

and G0 on the surface of its Sphybrid orbital structure

the produced formaldehyde decomposing tp &hd CO
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300 5000 diamond lattice might have reacted with €@ give CO.
This reaction is remarkable at above 1100K, as revealed
250 L by a temperature-programmed reaction gfO¢/oxidized
T‘g’ 4000 W diamond catalyst with C&
| o
> 200 - -— & C (diamond latticg + CO, — 2CO (6)
3 3000 "
°'£=l 150 | —@ g At a lower V»,0Os5 loading, the oxygenate selectivity in-
3 2 creased in the oxidation of GHvith CO,. The maximum
o o - 2000 - formaldehyde vyield of 0.06% was obtained with a low se-
o 100 - = lectivity of 10%. We would like to stress two points; one
5 8 is that oxidant isCO2 not Oy, the other point is that the
T 50 7 1000 by-product isCO which is also a useful chemical feedstock
as compared to CO
0/ . . . . 0 It has been reported that high dispersion of vanadium
0 2 a 8 8 10 oxide species over the support is favorable to selective

oxidation of GHg with O [13]. The present result is con-
sistent with those previously report¢t3]. Feraldos et al.
Fig. 2. Effect of \bOs loading level on the conversion of Gho formalde- [27] reported that turnover frequency in the Oxidation
hyde and CO with C@ovgr V,05/Si0,. Catalyst= 50 mg, V.05 Ioadiqg of CH, with V,0s/SiO, and MoQy/SiO, is quite sensitive
level = 0-10wt.%, reaction temperatuse 973 K, gas flow= 30 ml/min . . . . .
(CHa/CO, = 1/2), SV. = 36,000 mi ! g-cat ™. to metal oxides dispersion. They claimed that maximum

turnover frequency was observed below 1 vanadium per
1 nn?. However, CH conversion was as low as 0.7% with
fselectivity of 80%29].

V,0; Loading level / wt'

was considered. In a separate experiment, decomposition o
acetaldehyde over 20 5/o>§|d|zed d_|§1mond qatalyst oc- 3.4. Effect of the partial pressure of CO, on the selective
curred under similar reaction conditions to give formalde- oxidation of CHa to formaldehvde

hyde, CO, and Bl The amount of H in the gas phase, 4 4
however, is much smaller than that of CO in the oxida-
tion of methane with C@ A large amount of HO was
observed during oxidation suggesting that Hroduced
might have reacted with GO Given that the amount of
CO produced was much larger than the yield of formalde-
hyde, the following must be considered. At an elevated
reaction temperature, a portion of surface carbon on the

Fig. 4 shows formaldehyde yield as a function of the par-
tial pressure of C@ for the selective oxidation of CHto
formaldehyde over the 305(2.0 wt.%)/SiQ catalyst. The
partial pressure of CiHand the space velocity (SV) were
kept constant, while the partial pressure of 3@s changed
by diluting CG with Ar. Formaldehyde yield gradually in-
creased with an increase in the partial pressure 0§.CO
Higher partial pressure of C(s favorable for the direct con-
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¥,05 Loading level / wt% CO. partial pressure /KPa
Fig. 3. Effect of LOs loading level on the conversion of GHo formalde- Fig. 4. Effect of partial pressure of GOon the selective oxida-
hyde and CO with C@over V,Os/oxidized diamond. Catalyst 100 mg, tion of CHs over V,0s/SiO,. Catalyst = 100mg, \WOs loading
V205 loading level= 0-10wt.%, reaction temperature 973K, gas level = 2.0wt.%, reaction temperature 973K, gas flow= 30 ml/min

flow = 30 ml/min (CH;/CO, = 1/2), SV. = 18,000 ml ! g-cat 2. (CH4/(COz 4+ Ar) = 1/2), SV. = 18,000 mltrt g-cat?.
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Fig. 5. Effect of space velocity on the selective oxidation of 4Ctd Fig. 6. Effect of time-on-stream on the selective oxidation of Qi

formaldehyde with C@over V,0s/SiO;. Catalyst= 50 mg, \,Os loading formaldehyde over YOs/SiO, and V,Os/oxidized diamond. Catalyst:

level = 2.0 wt.%, reaction temperature 973 K, gas flow= 15-90 ml/min V,05/Si0, = 50 mg, WbOs/oxidized diamond= 100 mg, \bOs loading

(CH4/CO = 1/2). level = 2.0 wt.%, reaction temperatuee 973K, gas flow= 100 ml/min
(CH4/CO, = CHa/Ar = 1/2). SV.: \,0s/SiO, = 120 000,
V,0s/oxidized diamond= 60, 000 ml 1 g-cat?.

version of CH to formaldehyde. In contrast withOCQO,

could not directly oxidize Clt higher CQ partial pressure

did not promote complete oxidation. V,0s/oxidized diamond catalyst exhibited similar behavior

with a smaller formaldehyde yield for 5.0 h. Initial rapid
3.5. Effect of space velocity on the selective oxidation of decreases in the target product in both catalysts seem to
CHy to formaldehyde with CO, indicate that a certain portion of lattice oxygen ob®%

was transferred to CHwith a reduction of \dOs to lower

At an elevated temperature, formaldehyde is unstable andthe valence state of oxides. Oxidation of £id Ar on the
easily decomposes to CO ang.HBecause a high temper-  v/,05 (2.0 wt.%)/SiQ catalyst afforded a very small amount
ature above 773K is required to produce oxygenate, this of formaldehyde at the initial reaction stage. However, no
tendency is to be particularly considered in the selective ox- formaldehyde was obtained after 30 min in Ar atmosphere.
idation of CH; with CO,. Fig. 5 shows the effect of SV This strongly supports that the lattice oxygen of vanadium
on the formation of formaldehyde and CO. Formaldehyde oxide is transferred to CHn the absence of COHowever,
yield increased with an increase in SV. On the other hand, under a CG stream, a certain amount of lattice oxygen
f[he_yield of CO (_jecreased with increasing SV. Such behe_lv- seems to be supplied from G@ gas phase to maintain cat-
ior is the opposite of that observed for common catalytic alytic activity. The average turnover frequency (TOF) in the
reactions under a moderate SV, in which a decrease in thegxidation of CH; with CO; in the long run-oxidation from
SV increased yield of the product. A large SV seems to 60 to 360 min was estimated as 4.6 mol HCHG/mol
be favorable for formaldehyde synthesis with £i@ that V5,05 on Si® and 2.7 mol HCHO hl/mol V,05 on ox-
it increases both the yield and the selectivity. These resultsidized diamond. Although the number of active centers
suggest that a high SV decreases the residence time of then the oxide-based catalyst cannot be evaluated, it can be
product formaldehyde in the catalyst zone to minimize de- expected that the TOF per active center would be much
composition of formaldehyde to CO and Hrhis indicates higher.
that rapid desorption of formaldehyde from the catalyst sur-  As shown inFig. 7, transient response studies of £i¢-
face would be a key step for obtaining a higher yield of action were carried out by switching the atmosphere from

formaldehyde. CO, to Ar and from Ar to CQ in order to examine the ca-
pability of CO, as an oxidant. In the presence of &@he

3.6. Capability of CO, as an oxidant for the selective V»05/SiO; catalyst afforded about 5¢0mol h~t g-cat ™ of

oxidation of CHy4 formaldehyde. When flowing gas was switched from,CO

to Ar, the yield of formaldehyde suddenly decreased due
Fig. 6 shows the results of long run oxidation of gH to loss of the oxygen source and the consumption of active
with COy over V,05/Si0O, and V,Os/oxidized diamond oxygen on the lattice. When Ar flow was changed to,CO
catalysts, respectively, at 973 K. The two catalysts exhibited flow, the same amount of formaldehyde as that in the first
similar catalytic behavior; formaldehyde yield gradually CO, atmosphere was obtained. The results showFigs. 6
decreased in the initial 60 min. However, after the ini- and 7suggest that C@acts as an oxidant over,@s/SiOy
tial decrease in activity, the XDs/SiO, catalyst sustained and \LbOs/oxidized diamond catalysts for direct conversion
constant activity to produce formaldehyde for 5.0h. The of CHy to formaldehyde. Such oxygen transfer reaction from
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Fig. 7. Effect of switching atmospheres on the selective oxidation of
CHj, to formaldehyde over ¥Os/SiO,. Catalyst= 50 mg, \LbOs loading
level = 2.0 wt.%, reaction temperature 973K, gas flow= 100 ml/min
(CH4/CO, = CHg/Ar = 1/2), SV. = 120, 000mlh1g-catl. Atmo-
sphere was changed from @@ Ar at 60 min. Ar to CQ at 120 min,
and then CQ to Ar. Hatched region indicates switching period of 5min.

V205/SiO; to CHy and from gas phasex@o oxygen defect
on surface ¥Os_, was reported by Koranne et al. using O
as an oxidanfl1]. In the present case, similar oxygen trans-

fer occurred on the surface of vanadium oxide with gas phase

CO,. Redox cycle between XDy, or V205 and VbO4 or
V203 was confirmed in the dehydrogenation of ethylbenzne
to styrene in the presence of g@ver V»>0s-loaded MgO
catalyst, although thermodynamic is not favorable for ox-
idation (V¥ to V®*, AG = 78kJ/mol; and V¥t to V4,

AG = 114kJ/mol V at 900 KJ19].

4. Conclusion

For the first time, the direct conversion of ¢kb formal-
dehyde with CQ was achieved over vanadium oxide-loaded
catalysts by use of a simple continuous plug flow reactor at
atmospheric pressure. In this reaction, £&&ts as a mild
oxidant and promotes formaldehyde formation.

Only vanadium oxide-loaded catalysts produced formalde-

hyde for the selective oxidation using @OGroup 4
and 14 oxides, particularly SgOand oxidized diamond
proved to be superior supports for promoting formaldehyde
formation.
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