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Abstract 

Methanol dehydrogenation to formaldehyde was conducted in a fixed-bed flow reactor with sodium 
carbonate catalyst mixed with active carbons or transition metals. The additives promoted the reaction 
rate at 880-970 K without modifying formaldehyde selectivity. This effect increases with increasing 
carbon content in the carbon-carbonate mixture. Activation energy of methanol conversion is the same 
for the mixture and the carbonate alone. Temperature-programmed desorption experiments showed 
that hydrogen adsorption resulting from dissociative methanol chemisorption was enhanced by adding 
active carbon to the carbonate. Also, the carbon facilitates hydrogen desorption in comparison to the 
carbonate. It is suggested that atomic hydrogen produced on sodium carbonate during methanol dehy- 
drogenation spills over onto active carbons (or metals) and recombines to form hydrogen gas. Hydrogen 
desorption from sodium carbonate, the rate-determining step, is thus accelerated. 

Keywords: carbon, formaldehyde, methanol dehydrogenation, sodium carbonate, spillover, transition 
metals 

INTRODUCTION 

Formaldehyde is one of the world’s most important chemicals. It is commer- 
cially manufactured by the oxidation of methanol in the presence of iron-mo- 
lybdenum oxides or silver catalysts [ 11, producing an aqueous solution. Pure 
formaldehyde is obtained by separation processes such as distillation, which is 
difficult and expensive due to negative deviations from ideal solution behavior 
and the formation of azeotropes [ 21. Catalytic methanol dehydrogenation to 
produce water-free formaldehyde presents an attractive alternative to the cur- 
rent method. 

For methanol dehydrogenation, sodium carbonate has been found to be an 
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active, selective, and stable catalyst at temperatures from 800 to 1000 K [3- 
51. Earlier work showed that the principal by-products are carbon monoxide 
and a small amount of methane [ 51 (see details in ref. 6). The former is mostly 
produced from consecutive decomposition of formaldehyde in the gas phase, 
while the latter is formed in parallel with formaldehyde and carbon monoxide. 
It was observed that the reaction in the post-catalytic space of a fixed-bed 
reactor accounted for more than half of the total conversion of methanol [ 51. 
Temperature-programmed desorption and isotopic transient experiments 
showed that in the dissociative chemisorption of methanol on sodium carbon- 
ate, hydrogen is strongly adsorbed, but carbon-containing species are only 
weakly adsorbed. It has been proposed that the surface reaction results in a 
strongly absorbed hydrogen atom and a hydroxymethyl free radial [ 51. Recom- 
bination and desorption of hydrogen limits the overall reaction rate. The free 
radial species initiates a series of gas-phase chain reactions to form formalde- 
hyde and other products. 

Research described in the present paper shows that when active carbons (or 
transition metals) are mixed mechanically with sodium carbonate, they en- 
hance dramatically the activity of the catalyst without modifying its selectiv- 
ity. A mechanism of the promoting effect is suggested, which involves hydrogen 
spillover. 

SpiUouer is a phenomenon which has had such a strong impact on catalysis 
that two international conferences have been held on this subject [7,8]. It 
refers to the surface diffusion of active species formed on the surfaces of one 
solid phase (the donor) to another (the acceptor). The spillover species, most 
often hydrogen, generally exhibit high reactivity and may react with the ac- 
ceptor [ 91 or other molecules adsorbed on it [lo]. They may also create new 
types of active sites on the acceptor [ 111. The rate of spillover can be accel- 
erated by promotors such as a carboneous deposit [ 121 or adsorbed water [ 131. 
Although other possible effects should be examined, the following may be in- 
dications of spillover [ 14,151: (1) The rate of adsorption on a material is pro- 
moted by the presence of other components (supported or mixed), but the net 
adsorption at equilibrium is not largely altered. (2) A gas-solid reaction is 
accelerated by another solid in contact. (3) The activity of a two-component 
catalyst exceeds the sum of the individual activities which would be observed 
if the two components were used separately for the same reaction. More details 
on spillover phenomenon can be found in the review articles [7,&l&14-161. 

EXPERIMENTAL 

Preparation of the catalysts 

The sodium carbonate ( Na&03 ) catalyst was obtained by decomposing so- 
dium bicarbonate (Fluka 71628) at 523 K for 90 min and then screening it to 
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TABLE 1 

Catalysts used in the present stud9 

Catalyst Composition (wt.-%) Catalyst Composition (wt.-% ) 

Na&Os 
aC 
MaC5 
Mac10 
MaC20 
MaC30 
MaC50 
MaC75 
MaC97 

Na&Os 
aC 
aC (5) + Na&Os 
aC (10) + Na$Os 
aC (20) +Na&O, 
aC (30) +Na&Os 
aC (50) + Na&O, 
aC (75) +Na&Os 
aC (97) +Na2C03 

MgC 
MAC 
Na&O,/aC? 
aC/Na$Os* 
Fe 
Ni 
MFe 
MNi 

gC (10) +Na.$Os 
AC (10) +NasCOs 
aC (20) + Na,CO, 
aC (20) + Na2C03 
Fe 
Ni 
Fe (3.5) + Na&Os 
Ni (3.5) + Na2C03 

“Notation: aC, active carbon powder; AC, active carbon grains; gC, graphite powder. 
*Not mixed, see text. 

40-80 pm. Its specific surface area is 1.4 m2/g [ 41. The activated carbon pow- 
ders (denoted aC) and grains (AC) were used as supplied (Merck 2184 and 
2514 respectively). They have different particle sizes (particle diameter dp < 50 
pm for 70% weight of the former, d,, = 40-80 pm for the latter) but they both 
exhibit very high surface areas (about 1000 m"/g ) . Graphite powder (gC ) was 
obtained from Fluka (art. 50870) and exhibits low surface area (about 2 m”/ 
g). The transition metals, iron and nickel, were obtained by reducing the cor- 
responding oxides ( Fe203 and NiO) in flowing methanol in the reactor. Cata- 
lyst mixtures were prepared by mixing mechanically the carbonate and one of 
these materials, as listed in Table 1. 

To test the interactions between Na,CO, and aC, the two components (0.08 
g Na2C0,, 0.02 g aC) were also separately loaded into the reactor instead of 
being mixed. The two phases were set apart by a layer (1 mm thick) of 0.01 g 
carbon fibers (Swiss Silk Bolting Cloth Mfg. Co.). These are denoted as 
Na,CO,/aC (with Na2C0, in front) and aC/Na2C0, (aC in front). Mixing of 
the two phases during reaction did not occur as observed in an examination of 
the catalyst bed after 12 h of use. 

Methanol dehydrogenation in the presence of the catalysts 

The catalysts were tested for methanol dehydrogenation in a quartz tubular 
reactor (internal diameter I.D. = 10 mm) at 963 K under atmospheric pressure. 
The catalyst, 0.100 g (except where indicated), was held in place by two layers 
of quartz wool. The reactor was heated electrically. Temperature variations at 
different positions in the bed were less than 5 K. Methanol vapor (mole frac- 
tion y ,=0.047) was continuously fed by bubbling argon (197 ml/min, given 
at 273 K and 101 kPa (STP) ) through a thermostated column containing 
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methanol. All the tubing after the reactor was heated to over 390 K to prevent 
formaldehyde polymerization. The reaction effluent was analysed with a gas 
chromatograph (GC) (Hewlett-Packard 584OA), equipped with a thermal 
conductivity detector. 

Temperature-programmed reaction (TPRx ) experiments were conducted to 
compare the temperature dependance of the reaction for Na2C03 with that for 
the mixture Mac10 (see Table 1). The catalyst (0.05 g ) was packed in a quartz 
tube reactor (I.D. = 6 mm), heated at 15 K/min from 500 K to 973 K. Reaction 
conditions were similar to those employed for the isothermal reaction 
(y, = 0.085, carrier gas helium 83 ml/min (STP) ). Methanol concentration in 
the reaction effluent (mass 32) was continuously followed using a mass spec- 
trometer (MS) (Balzers QMG420). Methanol conversion was calculated from 
intensity of the MS signal, the MS being calibrated with the GC. Since it is 
difficult to measure formaldehyde concentration with the MS in the presence 
of methanol, its selectivity was measured with the GC. The procedure was 
repeated for each sample. 

Adsorbed species on Na2C03, aC and Mac20 treated by methanol 

Temperature-programmed desorption measurements of methanol on the 
catalysts were conducted using the same apparatus as for the TPRx experi- 
ment. The sample, 0.060 g aC, 0.240 g Na2C03 or their mixture 0.300 g MaC20, 
was treated with methanol (y, - - 0.085, carrier gas helium 83 ml/min (STP) ) 
at 623 K for 60 min, and then cooled at 298 K in flowing methanol. Prior to 
desorption, the sample was purged with helium for 40 min. It was then heated 
in helium at a rate of 15 K/min from 298 to 993 K. Important species, HP, CHI, 
CO, CH20, CH,OH and HzO, were followed continuously using the MS. 

RESULTS 

Promoting effects of active carbons and metals 

In methanol dehydrogenation at 963 K, the total catalyst mass is keptcon- 
stant (0.100 g ), except for iron and nickel (both 0.0175 g ). The catalysts deac- 
tivated initially and exhibited stable activity after about 10 h. This is shown 
in Fig. 1 for the catalysts Na&03, MaC5 and MaC20 as examples. For all the 
catalysts, conversions at different times-on-stream (k0.5, 5 and 10 h) are 
given in Fig. 2 and the corresponding selectivities in Fig. 3. As seen from Fig. 
2, the non-selective conversion of methanol obtained with the active carbon 
aC is constant with time-on-stream, which is initially much lower but finally 
higher than that with Na&O,. Surprisingly, the mixture with only 5% aC 
(MaC5) gives a reaction rate much higher than both Na&03 and aC, inde- 
pendant of the time. In addition, conversion increases with the carbon content 
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Fig. 1. Deactivation behaviors of several catalysts for methanol dehydrogenation. Conditions: 
reaction at 963 K; y,=O.O47; carrier gas argon (196 ml/min, STP); total catalyst mass, 0.100 g. 
Catalyst: ( 0 ) Na&O,; (+ ) MaC5; ( A ) MaC20. 

Fig. 2. Activity of different catalysts for methanol dehydrogenation. Same conditions as for Fig. 
1 (mass of iron and nickel catalysts: 0.0175 g). Time-on-stream: (a) 0.5 h; (b) 5 h; (c) 10 h. 

until 75%, even though the mass of Na,CO, in the mixtures decreases with aC 
content. Even the catalyst MaC97, which contains only 3% Na,CO,, is very 
active and its deactivation behavior is quite different to that of aC. Interest- 
ingly, activity of every mixture exceeds the sum of the contributions of aC and 
Na&O, in the mixture. It is evident that synergy exists in the catalyst system 
Na$O,-aC. 

The graphite gC, which is of the same chemical composition as the active 
carbon aC but exhibits much lower specific surface area, is different from the 
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Fig. 3. Selectivity of different catalysts for methanol dehydrogenation. Same experiments as in 
Fig. 2. Catalyst: (Cl ) Na,CO,; (0 ) aC; ( l ) MaC5; (0) MaC10; (A ) MaC20; (A ) MaC30; (V ) 
MaC50; (V ) MaC75; (0) MaC97; ( X ) MgClO; (* ) MaClO; (0) Na,CO,/aC; (0 ) aC/Na&O,; 
(6) Fe; (a) Ni; (m) MFe; (+) MNi. 

active carbon. The mixture MgC (containing 10% gC) exhibits the same ac- 
tivity as Na&03 alone. This will be discussed later. 

In Na,COJaC and aC/NazCOs, Na2C03 and aC were not mixed. With these 
catalysts, conversions are initially (t = 0.5 h) much lower than the correspond- 
ing mixture (MaC20), and are approximately in the same range as obtained 
with Na2C03. However, conversions eventually arrive at the same level as ob- 
tained with MaC20 (t= 10 h). Similarly, the active carbon AC (grains) in 
MAC enhances significantly the reaction rate after 5 h of reaction. Therefore, 
it can be concluded that for promoting the reaction, good contact between the 
carbons and NaJJO, is necessary only for fresh catalysts but not for used 
catalysts. 

The methanol dehydrogenation rate also increases when small amounts of 
transition metals are added to the carbonate (MFe, MNi in Fig. 2). The metals 
alone are very active for methanol decomposition (mostly to carbon monoxide, 
see Fig. 3). However, since the quantity of the metals in the mixture is only 
one fifth of that of the pure metals tested, activities of the mixtures exceed, in 
general, the sum of the contributions of the two components in MFe and MNi. 

What is more interesting is formaldehyde selectivity obtained with the mix- 
tures. As seen from Fig. 3, formaldehyde selectivity is much lower with the 
active carbon aC than with Na,CO,, while carbon monoxide is mostly formed 
with the transition metals as catalysts. However, the selectivities obtained with 
the mixtures are generally situated on a smooth curve (except for MaC97), 
independent of time-on-stream. They are the same as for Na&03 alone, when 
compared at the same conversion level. They vary in the range of 0.80-0.95 at 
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conversions less than 0.6 and decrease steeply to zero at complete conversion 
due to consecutive decomposition of formaldehyde. Only carbon monoxide and 
methane are significant by-products, which is the same as for the Na2C03 cat- 
alyst [5]. These observations suggest that the main products are formed 
through reactions on Na2C03 in the mixtures, and that the additives promote 
only the rate-limiting step of the reaction on Na2C03. 

Low selectivities of the active carbons and the metals alone do not result in 
low selectivities of the mixtures. This indicates that non-selective decompo- 
sition of methanol on aC, Fe and Ni in the mixtures is not significant when 
compared to the reaction on Na&O,. The relatively low selectivity seen with 
MaC97 is probably due to its extremely low Na2C03 content and the significant 
decomposition of both methanol and formaldehyde on the active carbon. 

Temperature dependance of the reaction on the mixture Mac10 

Results of TPRx experiments are shown in Fig. 4 in the form of Arrhenius 
plots: 

Ink = In -+(1-X) 1 
where X is methanol conversion, E, is the activation energy, k and A are the 
reaction rate constant and frequency factor, respectively, and z is space time. 
A first-order reaction is assumed. The samples were used in one TPRx cycle 
and their activities were stable. 

In the entire temperature range, the reaction rate with the mixture Mac10 
is always higher than with Na2C03. This is also true for fresh catalysts (not 

2 
Y 

E 

1.02 1.06 1.1 1.14 
1000/T(W) 

Fig. 4. Arrhenius plots for methanol dehydrogenation into formaldehyde on Na&03 and M&10. 
Conditions: 50 mg catalyst (used in one TPRx cycle), y,,, = 0.087, carrier gas helium (83 ml/min, 
STP). (0 ) Na,CO,; (0) MaClO. 
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shown). The apparent activation energies in the range of 380-970 K are prac- 
tically the same (about 130 kJ/mol) for Na2C03 and Mac10 catalysts. It is 
important to note that formaldehyde selectivity was also found to be the same 
in the entire temperature range for the two catalysts [ 61. 

Adsorbed species on Na&03, UC and their mixture Mac20 

During temperature-programmed desorption experiments preceded by 
methanol treatment of the three materials at 623 K, methanol is partially de- 
sorbed intact, as shown in Fig. 5a. Methanol desorbs from Na,CO, between 
300 and 750 K and from MaC20 between 300 and 600 K. Since the boiling 
point of methanol is 338 K, it is likely that much of this desorbed methanol 
was chemisorbed on the catalyst. This chemisorbed methanol is probably im- 
portant in methanol dehydrogenation. However, it is difficult to compare the 
desorption results for Na,CO, and MaC20 because of the interference of phys- 
isorption on MaC20. On the active carbon aC alone, there is little chemisorp- 
tion of methanol above 400 K, though physisorption is significant. This may 
explain the low selectivity of the active carbon (non-catalytic thermal reaction). 

Heating the methanol-pretreated catalysts above 600 K produces a spectrum 
of decomposition products, including CO, Hz, CH20, CH, and Hz0 [ 61. How- 
ever, CH,O, CH, and H20 were observed in trace amounts, while significant 

360 460 560 660 760 660 960 loi 
TEMPERATURE (K) 

Fig. 5. Temperature-programmed desorption of methanol on aC, Na&Os and MaC20. Sample 
used once in a temperature-programmed desorption cycle. Methanol dosing: at 623 K for 60 min. 
Purging by helium at 298 K for 40 min. Desorption: heated at 15 K/min, carrier gas helium (30 
ml/min, STP). (a) Methanol species (mass 32): (---) 0.06 g aC (xl); (*a...) 0.24 g Na&Os 
(x20); (-_) 0.3OgMaC20 (xl).(b) Hydrogenspecies (mass2): (---)O.O6gaC (x7); (.....) 
0.24 g Na&Os ( x 7); (-_) 0.30 g MaC20 ( x 1). 
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carbon monoxide desorption was observed only on the active carbon over 900 
K and the adsorption is evidently too strong to participate in methanol 
dehydrogenation. 

Hydrogen was the only species that desorbed significantly above 600 K (Fig. 
5b). This suggests that during methanol treatment of the sample at 663 K, 
surface reactions occurred, producing adsorbed hydrogen and easily desorbed 
carbon-containing species. This is in agreement with other observations men- 
tioned previously. From the desorption spectra shown in Fig. 5b, the following 
suggestions can be made: 

(1) Strong chemisorption of hydrogen occurs on MaC20; the hydrogen de- 
sorbs above 800 K. This strong adsorption may not be involved in methanol 
dehydrogenation and is due to decomposition of hydrogen surface compounds 
on carbons, as reported in ref. 17. 

(2 ) The chemisorbed hydrogen on MaC20 that desorbed between 650 and 
800 K may be involved in catalytic methanol dehydrogenation. The desorption 
occurs at a lower temperature than that from Na2C03. The presence of two 
desorption peaks indicates two types of active sites on the mixture. 

(3) The hydrogen chemisorbed on MaC20 significantly exceeds that ad- 
sorbed on either aC or Na&03 alone. This indicates that hydrogen transport 
has probably occurred between the two phases during the exposure to metha- 
nol. The active carbon alone does not decompose methanol remarkably, but 
its surface area is much higher than that of NaJZO,. This indicates that during 
methanol exposure, hydrogen is produced on Na&O, and spills over onto aC. 

DISCUSSION 

The active carbons and the transition metals dramatically increase the ac- 
tivity of sodium carbonate for methanol dehydrogenation when they are mixed 
with the carbonate. They do not significantly alter the product distributions. 
This effect was observed over the entire temperature range that was tested. 
Rate enhancement occurs when active carbons are used, but graphite is inert. 
Direct contact between the two phases is important for fresh catalysts. The 
quantity of chemisorbed hydrogen resulting from methanol chemisorption on 
the carbon-carbonate mixture exceeds significantly that on the two compo- 
nents alone, and hydrogen desorption from the mixture takes place at lower 
temperatures. Therefore, there must be a synergetic effect between Na&03 
and aC in relation to methanol dehydrogenation. 

As mentioned previously, the main reaction of methanol dehydrogenation 
on Na2C03 proceeds through H-CH20H bond cleavage to form ‘CH,OH free 
radicals and leave hydrogen on the surface [ 51. The hydrogen is strongly ad- 
sorbed and its recombination and desorption determine the reaction rate. As 
a result, the splitting of methanol molecules on Na&03 leads to the accumu- 
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lation of hydrogen on the surface, and eventually the overall reaction is 
inhibited. 

Active carbons exhibit high surface areas and good ability to adsorb atomic 
hydrogen, while iron and nickel are typical catalysts for dehydrogenation. The 
latter have the same effect for methanol dehydrogenation as the former when 
mixed with sodium carbonate. This supports the hypothesis that removing 
hydrogen from sodium carbonate is involved in the promoting effect of the 
additives. 

From these observations, the mechanism seems to involve hydrogen spil- 
lover from Na2C03 to active carbons (or the transition metals) in methanol 
dehydrogenation catalysed by the mixtures. This accelerates the reaction by 
decreasing the accumulation of ‘H on Na2C03, as described by the following 
model: 

CH, OH, =CH, OH, (2) 

CH:, OH, = ‘H, + ‘CH, OH, (3) 

CHB OH, =CH, 0; + “H, (4) 

CH30; -CO, + ;HPg (5) 

CH30,’ -CH20, + $Hsg (6) 

‘H, + CH3 OH, + Hag + ‘CH, OH, (7) 

‘H, + ‘H, -+H,, (8) 

‘H, S-H, (9) 

‘H, +‘H, +Hzg (19) 

CH, OH, =CH, OH, (11) 

CH, OH, +non-selective reactions 

(formation of CO, CH, 0, and etc.) 
(12) 

‘CH, OH, + further gas phase reactions 

(formation of CH20, Hz, CO and CH,) 
(13) 

where ‘*’ and ‘g’ indicate sodium carbonate surface and gas phase, and ‘c’ refers 
to species on the carbon (or metal) surface. 

Since the catalyst with only 3% Na&03 is still very active (Fig. 2)) reactions 
(3-6) must be very fast. Reaction (7) is thought to be insignificant compared 
to (3 ). Reaction (8) limits the overall reaction on sodium carbonate. Reaction 
(9) is a surface diffusion process (spillover). Reactions (9) and (10) take 
place only when carbons or transition metals are in contact with Na2C03. In 
this case, hydrogen migrates from Na2C03 onto carbon or metal atoms and 
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recombines to form hydrogen gas. This accelerates reaction (8), the rate-de- 
termining step. Reaction (12) represents all the reactions on carbon surfaces 
which are not selective for formaldehyde. The radical ‘CH20H, leads to further 
gas phase reactions [reaction (13) ] producing CH20, CO and CH, as discussed 
elsewhere [ 51. 

Hydrogen spillover from the carbonate to the graphite gC in MgC probably 
occurs, but this does not accelerate the reaction rate since its ability to accept 
hydrogen is very low because of its low surface area (ca. 2 m3/g compared to 
ca. 1000 m2/g for active carbons). 

Active carbon in the mixtures promotes the reaction rate but does not change 
the selectivity. From the above model, the acceleration by the active carbon 
does not influence the relative rates of reactions (3) and (4)) which determine 
the selectivities to formaldehyde and carbon monoxide on the surface. 

Poor contact hinders the initial activity of the catalysts Na,CO,/aC, aC/ 
Na,CO, and MAClO. However, a promoting effect was seen in these catalysts 
after a certain time-on-stream. In fact, a carbonaceous deposit on the catalyst 
surfaces was formed during the reaction, whose quantity reached 5% of the 
catalyst after 6 hours-on-stream [ 61. Therefore, hydrogen spillover in these 
systems is probably facilitated by the formation of coke at the interface, as 
suggested by Boudart et al. [ 121. 

We conclude that active carbons are suitable supports for sodium carbonate 
catalyst, not only because of their thermal and mechanical properties, but also 
because of the synergy between the supports and the catalyst. Carbon-sup- 
ported catalysts doped with nickel or iron, for example, may be promising for 
practical applications. 
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