Catalysis Letters 56 (1998) 227-230

227

A kinetic study of methanol decomposition catalyzed over
plate-type palladium catalyst
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A kinetic study of the catalytic methanol decomposition to carbon monoxide and hydrogen has been carried out in the pressure range
of methanol up to 8 atm at 200 and 250 °C over a palladium catalyst supported on an oxidized aluminum plate. The reaction pathway can
be proposed as (i) dissociative adsorption of methanol to methoxyl groups and hydrogen adsorbed on palladium sites, (ii) decomposition
of the methoxyl groups to carbon monoxide and hydrogen adsorbed, and (iii) desorption of the surface carbon monoxide and hydrogen
species. It is suggested that the second step is rate-determining and the surface hydrogen species enhance the decomposition of the

methoxyl groups.
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1. Introduction

Methanol can be synthesized from amost al carbon
sources such as coal, natural gas, and bio-mass, which are
more abundant resources than crude oil, and it is expected
to be an alternative energy carrier as a fuel in the near fu-
ture [1,2]. The methanol decomposition to carbon monox-
ide and hydrogen is endothermic; hence, the reaction can
be utilized for recovery of the waste heat from industries
and increases the heating value of methanol [3]. It is also
applicable to a methanol-fueled automobile in which the
heat of the exhaust gas can be recovered with the reaction
and the decomposition gas is fed to the engine [4].

In a chemical process of a highly endothermic reaction
such as the methanol decomposition, heat must efficiently
be provided to a catalyst. However, the conventional fixed-
bed reactor is disadvantageous, because the heat conductiv-
ity of the catalyst layer is usualy poor. From this view-
point, the plate-fin-type reactor in which catalytic materials
are modified on the surface of a heat exchanger (plate-fin)
was proposed [5,6]. It was shown that the reactor can re-
spond quickly to the temperature of the heat medium, and is
advantageous to a conventional fixed-bed reactor for higher
thermal conduction and lower pressure drop [5].

In an attempt to design a heat recovery system, the
present work deals with akinetic study of a palladium cata-
lyst supported on an aluminum plate whose surfaceis anodi-
cally oxidized. Palladium catalysts have been reported to be
active to the methanol decomposition [7—12], and a kinetic
study was carried out in the range of methanol pressure less
than 1 atm [11]. However, because the practical system is
usually operated under much higher pressure, we have in-
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vestigated the reaction rates under methanol pressures up
to 8 atm and found that the reaction rate decreases with in-
crease in the partial pressure of methanol above ca. 1 atm.

2. Experimental

After an aluminum plate (JS-A1050, 100 mm by
200 mm and 0.3 mm in thickness) was treated at room
temperature for 3 min in an agueous solution of sodium
hydroxide (20 wt%), it was dipped in a nitric acid solu-
tion (30 wt%), and finally rinsed with distilled water. The
surface of the plate was oxidized by anodizing at current
density of 25 Am~2 in an aqueous solution of 4 wt% ox-
alic acid at 20°C for 16 h and calcined in air at 350°C.
The plate was soaked in distilled water at 80°C and cal-
cined in air at 400 °C for 3 h. The thickness of the alumina
layer formed on the surface was found to be ca. 50 ym
by an SEM imaging technique. The plate was impreg-
nated with an acetone solution containing palladium acetate
(2 mmol dm—3) for 24 h at room temperature and calcined
in air at 400°C for 3 h. This process was repeated again,
and the plate was finaly treated in an acetone solution of
sodium nitrate (10 ppm) at room temperature for 24 h to
neutralize the acid sites on the surface of the Al,O3 layer;
then, it was dried in air and calcined at 400°C for 3 h. The
content of palladium was 8 gm~2 and that of sodium was
0.25 gm~2. The dispersion of palladium was evaluated as
0.17 on the basis of the amount of hydrogen irreversibly
adsorbed on the surface at 100 °C.

Catalytic tests were performed with a fixed-bed continu-
ous-flow reactor. The aluminum plate loading palladium
was cut into small pieces of 5 mm by 5 mm and 10—
96 pieces were randomly packed in a stainless tube reactor
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with an inner diameter of 22 mm. After the reduction of
the catalyst in a stream of 10 vol% hydrogen diluted with
nitrogen at 400°C for 2 h, the reactor was purged with
a nitrogen stream and the temperature was reduced to the
reaction temperature; then, 10-100 vol% of methanol in
a stream of nitrogen was fed at 200 or 250°C. The to-
tal flow rate was kept at 90 dm®*h~?! in STP using mass-
flow controllers, and the total pressure was 1.7-8.5 atm.
The outlet gas was analyzed by an on-line gas chromato-
graph (Shimadzu GC-14 BPTF). The reaction line except
the methanol feeder was always kept heated at a temper-
ature above 150 °C. The methanol conversion was usualy
kept less than 5% to fulfill the condition for a differential
reactor, and the concentrations of the components employed
in this study were the average values of the inlet and outlet
gases.

3. Reaults and discussion

Methanol was decomposed mainly to carbon monoxide
and hydrogen at 200 and 250°C, being accompanied by
dimethyl ether as a by-product. The selectivity to carbon
monoxide was aways above 95%. Figure 1 shows the
formation rates of carbon monoxide at 200 and 250°C as
a function of methanol. The rate increased with increasing
the partial pressure of methanol up to ca. 1 atm, and then
it decreased.

On the basis of surface science studies on methanol de-
composition over clean palladium surfaces, it was assumed
that the reaction takes place through the following three
steps: (i) dissociative adsorption of methanol to methoxyl
groups and atomic hydrogen species, (ii) decomposition of
the methoxyl groups to carbon monoxide and atomic hy-
drogen species on the surface, (iii) desorption of carbon
monoxide and hydrogen [13-17]. Fukuhara et a. proposed
that the rate-determining step of the reaction over palla
dium supported on zirconium oxide is step (ii) and that
the decomposition takes place through interaction between
the methoxyl group and the atomic hydrogen species on
the surface; however, in their study, the pressure range of
methanol was too narrow to ensure the mechanism [11].

Assuming that step (ii) is rate-determining, the following
elemental steps can be hypothesized as a probable pathway
for methanol decomposition:

CH30H + 2Pd = CH30-Pd + H—Pd

(equilibrium constant Ky) (D]
CH30-Pd + H-Pd — CH,0O-Pd + H, + Pd

(rate constant k1) 2
CH,0—-Pd + 2Pd — CO-Pd + 2H-Pd (3)

2H-Pd = Hy + 2Pd  (equilibrium constant Ky) (4)
CO-Pd = CO+ Pd (equilibrium constant K¢) (5)

When the equilibrium states (1), (4), and (5) are set up
and step (2) is rate-determining, the formation rate of car-
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Figure 1. Formation rate of carbon monoxide vs. pressure of methanol
over paladium supported on duminum plate.

bon monoxide, r (the unit will be molh—tm~2), can be
described as follows:

r=kiKuPu/(1+ KuK PPy " + K;*BY?
+ Kc_lpc)z,

where Py, Py, and Pc are partial pressures of methanol,
hydrogen, and carbon monoxide, respectively. The reac-
tion step (3) is considered to be much faster than step (2),
because formaldehyde is easily decomposed to hydrogen
and carbon monoxide on the surface of metal [18]; hence,
step (3) does not contribute to the rate equation. 1n the case
of Py < 1and P: < 1, the rate equation can be smplified
asr = ki KyPu/(1+ KuKY?PuP;??, which can be
transformed to

PY2=v2 = PR K2 Py POV 4+ kPR,

The plot of Py/?r=Y/2 vs. By P (figure 2) shows that
this equation is consistent with the experimenta results.
The values of KyK./? a 200 and 250°C are calculated
to be 0.40 and 0.60 atm~'/2, respectively, and those of
kyKY/? are 0.0023 and 0.0048 mol ~* m? hatm/2, respec-
tively.

The heat of hydrogen adsorption on palladium catalysts
was reported to be 109-147 kJmol~! [19]. The heat of
adsorption of methanol in reaction (1) and the activation
energy of reaction (2) can be estimated from the data of
KwK{/? and ki K;? at 200 and 250°C using the heat
of adsorption of hydrogen. That is, the heat of adsorp-
tion of methanol will be 37-56 kJmol ! and the activation
energy will be 118-137 kJmol—1. The heat of dissocia-
tive adsorption of methanol on Pd(100) was reported to be
45 kJmol —1 [14], and our result is consistent with that. The
apparent activation energy of the methanol decomposition
over metallic palladium supported on zirconium oxide was
ca. 100 kJmol—* [12].
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Figure 2. Plot of P,&I/erl/z vs. PMP,Il/Z.

It can be supposed that the decomposition of the
methoxyl group on the surface is promoted by abstraction
of the hydrogen atom with a palladium site instead of re-
action (2), that is,

CH30-Pd + Pd — CH,O-Pd + H-Pd
(rate constant k). (6)
The following rate equation can be obtained under the
steady state:
r=koKwKy?PuPy "2/ (1 + KnEKY *PuPy Y?
+ KPPy + KStPe)t

Inthe case of Py < 1and Pc < 1, the rate expression can
be transformed into

P’&l/ngl/‘lr—l/Z

-1/2,-1/2,-1/4 —-1/2 -1/2,--1/2-—1/4
= ky PRYPK YA P P 4 by PR PR
The plot of PP Y*—1/2vs B, P72 (figure 3) shows
no linear relation; hence, the mechanism is less probable.
Supposing that the methoxy! group decomposes by itself,
that is,
CH3O-Pd — CH,O-Pd + (1/2)H,
(rate constant k3) @)
the rate equation can be expressed as

r=ksKuKY?

PuBY?)(1+ KuK?PuB;Y?
+ KPP+ KGR).

Inthe case of Py < 1and Pc < 1, the rate expression can
be transformed into

rt = kUK K AP P kg

The plot of r~1 vs. Py 1P,_1|/ 2 (figure 4, open symboals) is
not linear, showing that the mechanism is not appropriate.
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(open symbols) and that of »—1/2 ys,
(solid symbols).

Iwasa et al. reported formation of methyl formate over
palladium supported on zinc oxide [10]. When methyl for-
mate is the intermediate of the methanol decomposition, the
coupling of surface methoxyl groups, e.g.,

2CH30-Pd — HCOOCH3—Pd + Pd + H,

(rate constant k4) (8

is considered to be rate-determining and the surface methyl
formate species will rapidly be decomposed to surface car-
bon monoxide and hydrogen species. The rate equation
will be

r=kaKGKuPG Pyt (1+ KuEKY?

+ KPRy KStPe)

Py PH—1/2

Inthe case of Py < 1and Pc < 1, the rate expression can
be transformed into

-1/2

_ —-1/2,— — 1/2 —-1/2
r Y2 = PR PP P 4 ke

The plot of r—Y/2 vs. P 1P/ (figure 4, solid symbols) is
not linear and this mechanism is denied.
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Consequently, it is the most probable that decomposition
of surface methoxyl groups through interaction with ad-
sorbed hydrogen (reaction (2)) is the rate-determining step
of the methanol decomposition to carbon monoxide and
hydrogen over palladium. This mechanism can account for
the decreasing of the reaction rate with increasing pressure
of methanol above 1 atm. That is, the surface concen-
tration of the atomic hydrogen species, which promote the
decomposition of the methoxyl groups, will betoo small un-
der excessive pressure of methanol, because the methoxyl
species are dominant in the equilibrium steps (1) and (4) at
the initial stage of the reaction above 1 atm. It should be
noted that the rate is proportional to the multiplication of
the surface fractions of the methoxyl groups and the atomic
hydrogen species.
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