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parts of the apparatus is taken into account, with the possi- 
bility of methane being formed from the decomposition of 
ethane or acetylene formed from carbon and hydrogen in 
the hotter part of the furnace, or the lack of attainment of 
equilibrium due to too great a rate of flow through the re- 
action chamber, we feel that all variations are properly 
explained. 

The writers' average value of I is -51.591. The curve 
of Figure 3 has been drawn to represent Equation 7 with this 
average value of I .  This curve is in agreement, within the 
experimental error of all the points. The shaded points 
represent equilibrium starting in the reverse direction. 

We can thus write 

and Gerard ( I S ) ,  which gives for the free energy of formation 
of methane from reaction 5 

AF'zgs.1 = - 11,582 =I. 
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REVIOUS papers (1,3,  
4, 5 )  hare reported the P properties of zinc-cop- 

per and zinc-chromium oxide 
catalysts used both in the de- 
composition of methanol a t  
atmospheric pressure and in 
its synthesis under high pres- 
sure from carbon monoxide 
and hydrogen. While there 
is no literature on the ternary 
m i x t u r e  of z i n c - c o p p e r -  
chromium oxides, except the 
multitudinous combinations 
mentioned in various patents, 
it follows from the results ob- 
tained with the zinc-copper 
and zinc-chromium mixtures 

A study of the properties of a catalyst composed of 
the oxides of copper, zinc, and chromium in the molal 
ratio of 49 :43 :8 has brought out that this ternary mix- 
ture possesses considerably higher activity for both the 
decomposition and synthesis of methanol than any of 
the binary systems Cu-Zn and Cr-Zn discussed in 
previous papers. The ternary catalyst is active at low 
temperature, gives high conversion, and stands up 
well in the synthesis of methanol. In the decomposi- 
tion experiments there is a tendency for the catalyst to 
deteriorate with time, but its activity may be restored 
by oxidation and subsequent reduction. 

The reduction of the catalyst with methanol vapor is 
apparently preceded by decomposition of the alcohol 
into carbon monoxide and hydrogen. The carbon 
monoxide appears to be the active reducing agent while 
the hydrogen comes through unchanged. 

three to  four times by de- 
cantation, after w h i c h  t h e  
gelsof zinc and copper hydrox- 
ides were mixed together and 
washed on a Buchner funnel 
w i t h  4 l i t e r s  of hot water. 
Into this gel the chromium 
o x i d e  w a s  s t i r r e d  a n d  
thoroughly mixed. 

The resulting material was 
supported on a piece of 60- 
mesh copper gauze (10 by 15 
cm.) and dehydrated a t  110' 
C. The gauze was then rolled 
up and placed in the reaction 
tube. Reduction was effected 
by passing a slow stream of 
carefully dehydrated meth- 

that a combination of all three oxides should offer an inter- 
esting problem for iniTestigation. 

This paper presents a study of a catalyst prepared from a 
mixture of oxides containing the metals in the proportion 
Cu49Zn&r8, this composition having been chosen as the one 
representing the highest activity of the several combinations 
tested in preliminary experiments on synthesis of methanol. 
While the mixture was prepared from the simple metallic 
oxides, it is difficult to  say what the final state of oxidation 
was in the reduced catalyst (3) .  

Decomposition Experiments at Atmospheric Pressure 

PROCEDURE-The present catalyst was prepared from 
copper nitrate, zinc nitrate, and chromic acid anhydride. 
The nitrates were dissolved in hot water and precipitated 
separately with ammonium hydroxide. They were washed 

8 Received July 26, 1929. 

an01 over the catalyst, starting a t  150" C. and gradually raising 
the temperature until the operating temperature was reached. 
The reduction period usually was abo t 1 1 / 2  hours. 

For heating the reactor a fused salt bath of sodium and 
potassium nitrates was used (Figure 1) .  An ordinary 
mercury thermoregulator, C, operating a relay which in turn 
varied the current through the hot plate, E ,  kept the tempera- 
ture to within 1"  C. The reaction tube,,A, about 1.5 cm. 
in diameter and 17 cm. long, contained the catalyst and was 
connected by the heated tube, D, to the bulb, B,  containing 
the methanol. The flow of methanol through the reaction 
tube was maintained reasonably constant by immersing 
the bulb B in a water bath kept a t  a constant temperature. 
Varying the temperature of the bath varied the rate of flow 
of the methanol. The tube F served to  introduce oxygen, 
hydrogen, or any other gases, the exit tubc, G. being con- 
nected to a t rap to  condense the undecomposed methanol. 
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Figure I-Apparatus for Catalytic Decomposition of 
Methanol 

The resulting gas was analyzed in a Williams gas-analysis 
apparatus for carbon dioxide. carbon monoxide, oxygen, 
nitrogen, mehane,  and hydrogen. The last two gases were 
determined by the explosion method. 

of temperature on the decompositiors of methanol using the 
zinc-copper-chromium oxide catalyst. Although the space 
velocity was low, it is evident that  the catalyst possessed 
marked activity, even a t  220" C., while 90 per cent of the 
methanol was decomposed a t  285" C., showing this catalyst 

EFFECT O F  TEMPERATURE-Figure 2 ShOWS the effect 
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Figure 2-Gaseous Products Resulting from Decomposition of 

Space velocity = 25 
Methanol wi th  the  Zinc-Copper-Chromium Oxide Catalyst 

t o  be considerably more active than the zinc-copper or zinc- 
chromium mixtures (1, 4,  5 ) ,  previously studied. In  fact, 
on comparing the zinc-copper-chromium oxide catalyst 
with one consisting of 73.1 mol per cent zinc oxide and 26.9 
mol per cent chromium oxide described in an earlier paper 
( I ) ,  it  appears that  the binary catalyst decomposed about 
40 per cent of the methanol at 340" C., whereas the ternary 
mixture gave the same decomposition a t  a temperature 
about 100' C. lower a t  comparable space velocities. 

From Figure 2 it will be seen that a t  temperatures above 
250" C. and a space velocity of 25 cc. of gaseous methanol 
(at N. T. P.) per hour per cubic centimeter of catalyst the 
decomposition, as evidenced by the percentage of carbon 
monoxide in the gas, was almost entirely into carbon mon- 
oxide and hydrogen (33 per cent CO and 67 per cent Hz) 
in accordance with the over-all reaction 

Had formaldehyde and methyl formate resulted to any great 
CHsOH = CO + 2H1 

estent, as in the case of the zinc-copper catalysts (4) .  the gas 
would contain more than 67 per cent hydrogen considering 
that the formaldehyde and methyl formate are removed 
before analysis: 

CHIOH + CHzO + Hf 

CHpOH + '/2 H COS CHI + HI 
Formaldehyde 

Methyl formate 
That these products do result at lower temperatures is indi- 
cated by a somewhat higher percentage of hydrogen and 
lower carbon monoxide content of the exit gas. This is 
more noticeable in Figure 4 than in Figure 2. Since the 
carbon dioxide curve in Figure 2 decreases with temperature, 
and also with time of run, its presence is probably due to 
further slow reduction of the catalyst. 

LIFE OF CATALYST. REvIvIFrcaTrow-The activity of 
the zinc-copper-chromium oxide catalyst decreases gradually 
as time goes on and approaches an  asymptotic value. Table 
I illustrates this effect for a space velocity of about 110 cc. 
of gaseous methanol (at N. T. P.) per hour per cubic centi- 
meter of contact material. The catalyst can be rejuIenated, 
however, by oxidation and subsequent reduction, as Figure 
3 shows. Here the lower curve represents the activity 
observed after a catalyst had been in use for some time, while 
the upper curve resulted after admission of a slow stream of 
oxygen a t  150-180" C. followed by reduction with methanol 
vapor a t  180" C. 

Table I-Decomposition of Methanol 
EXIT GAS COMPOSITION TIME FROM CHJOH 

START DECOMPOSED COa CO C H I  Hz 
Hours Per cenf Per cent Per cent Per cenf Per cenf 

TEMPERATURE. 255' C. 
0 86 1 3 . 7  1 9 . 4  0 . 6  6 5 . 6  
1 . 4  64 6 . 6  2 3 . 7  0 . 9  6 8 . 8  

7 . 5  2 1 . 5  0 . 9  6 9 . 5  3 . 4  43 
6 ,O 37 1 0 . 0  1 8 . 0  0 . 7  7 1 . 2  

10 n 32 5 8 2 8 . 2  . . .  6 6 . 0  .~ 
TEMPERATURE. 285' C. 

1 86 4 . 8  2 9 . 8  0 . 9  6 4 . 6  
2 . 5  64 2 . 6  3 1 . 2  1 . 2  6 4 . 5  
7 . 0  51 1 . 0  3 2 . 0  1 . 5  6 5 . 3  

Repeating this operation did not cause any further increase 
in activit'y as measured by the percentage of methanol 
decomposed plotted in Figure 3. However. Figure 4 brings 
out a change in mechanism of the decomposition reaction 

le0 ZOO 210 220 230 240 250 260 270 
I I I I 1 I I 
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FiQure 3-Effect of Successive Oxidations and Reductions on 
Activity of 7inc-Copper-Chromium Catalyst, a s  Measured by 
Reaction CHaOH----fCO + 2H2 

upon successive oxidations and reductions. The increase 
in the carbon monoxide concentration of the exit gas a t  low 
temperature shows that these treatments increased the 
portion of the methanol being decomposed into carbon 
monoxide and hydrogen. I n  other words, the increased 
activity resulting from the first oxidation and reduction 
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led to more complete decomposition of the alcohol with less 
formaldehyde and methyl formate production. I n  spite 
of the fact that the percentage of methanol decomposed 
was not altered by  the second oxidation and reduction, 
Figure 4 shows a further increase in the carbon monoxide 
concentration with a corresponding depression of formalde- 
hyde and methyl formate. 

An esperiment was also made in which a catalyst was 
poisoned by passing ordinary illuminating gas over it all 
night a t  160-170° C. After a test made the next morning 
had shown it to be entirely inactive, it  was oxidized by passing 
oxygen through the reactor starting a t  195' C. and gradually 
increasing the temperature up to 300" C. Subsequent 
reduction with methanol vapor brought the activity of the 
catalyst back to about 70 per cent of its original value. 
It is reasonable to assume that the poisoning was caused by 
the sulfur compounds present in the illuminating gas and 
that the sulfur thus combined with the catalyst as metallic 
sulfides was more or less completely removed by the oxida- 
tion process. 

Figure 4-Effect of Sucressive Oxidations and Reductions on Zinc- 
Copper-Chromium Catalyst on Decomposition of Methanol 

Space velocity - 110 

MECHANISM O F  REDUCTION OF CATALYST-From Figure 4 
it is also seen that reduction of the catalyst and catalytic 
decomposition of the methanol took place simultaneously, 
as eiidenced by the occurrence of both carbon dioxide and 
carbon monoxide in the gas. Considerable reduction took 
place a t  180' C. and as the temperature increased the carbon 
dioxide content of the exit gas decreased, indicating that the 
reduction of the catalyst was becoming more complete. 
That  the carbon dioxide was due to reduction of the metallic 
oxides, and did not result from decomposition of the methanol 
alone, was demonstrated by the absence of the other products 
which are invariably associated with production of carbon 
dioxide from methanol (1).  The products consisted essen- 
tinlly of hydrogen and the oxides of carbon, with only an 
inzjgnificant amount of methane. 

The fact tha t  the ratio of H2 to (CO + GO*) is very nearly 
2 : 1-i. e., the ratio in which hydrogen and carbon monoxide 
are formed by decomposition of methanol-points to carbon 
monoxide as the reducing agent. Had hydrogen entered 
into the reduction process to  any considerable extent, it  
would have been removed from the gaseous products as 
water and the above ratio would not have been maintained. 
A more elaborate study of the early stage of the reduction 
process (2 )  led to the following conclusions: Starting with 
the metallic oxide mixture, the initial reduction may involve 
the complete oxidation of methanol into carbon dioxide 
and water, which would give a carbon dioxide content of 
100 per cent in the gaseous products. As soon as the re- 
duction has started, however, active spots are formed which 
decompose the methanol into carbon monoxide and hydrogen, 
and as these gases, perhaps in a nascent state, pass over the 
unreduced catalyst, the carbon monoxide rather than the 
hydrogen acts as the reducing agent with formation of carbon 
dioxide. This explanation is substantiated by  the fact that 

even the smallest sample of gas resulting from the initial 
stage of reduction a t  temperatures from 220" C. and above 
always contained close to two-thirds hydrogen, while the 
remaining one-third was composed essentially of carbon 
monoxide and carbon dioxide. The smaller this initial 
sample of gas the higher was the carbon dioxide content, al- 
though the carbon monoxide never disappeared completely. 

REDUCTION OF CATALYSTS WITH MIXTURES OF CARBON 

carbon monoxide was actually oxidized in preference to 
hydrogen, as in the case of catalysts of the hopcalite type 
used in gas masks for combustion of carbon monoxide to 
dioxide (6) or the catalysts which have been developed for 
final clean-up of carbon monoxide from the gases used in 
the ammonia synthesis ( 7 ) ,  mixtures of carbon monoxide 
and hydrogen were passed over the freshly prepared oxide 
mixture a t  different temperatures. With mixtures con- 
taining from 30 to 58 per cent carbon monoxide and the re- 
mainder hydrogen, no reaction could be detected below 
80" C. A t  100" C. 3 per cent of the carbon monoxide was 
converted into dioxide while the hydrogen was untouched. 
At 250' C. 5.7 per cent carbon monoxide went to dioxide 
with the hydrogen still coming through unchanged. 

On the basis of these results it is safe to conclude that the 
carbon monoxide is the reducing agent and that the hydrogen 
is unchanged whether it be used in the elementary state or is 
formed from methanol. il'hile it might be inferred that any 
water formed by oxidation of the hydrogen could react 
with carbon monoxide according to the water gas reaction 

thus preventing any net change, it is highly improbable tha t  
this reaction should go quantitatively a t  the low temperatures 
employed. 

Synthesis Experiments at High Pressure 

~ ~ O X O Y I D E  AND HYDROGEN-In order to  prove whether 

HzO + CO = H? + COz 

PROCEDURE-The apparatus and experimental procedure 
used in the studies on synthesis of methanol a t  high pressure 
with this catalyst are described elsewhere (8). Two reactions 
were used in series, the tests being confined to  the second 
reactor with the first serving as a final purifier for the gas in 
order to remove iron carbonyl and traces of sulfur compounds. 
The pressure wed was 3000 pounds per square inch (204 
atmospheres) and the reactor contained 40 cc. of catalyst 
supported on copper shot to secure uniform temperature 
distribution. 

G E X E R A L  RE- 
SULTS-Figure 5 
shows the percent- 
age conversion of 
carbon monoxi 
to methanol as a 
function of t e m -  
p e r a t u r e .  It is 
seen tha t  in the 

49 

synthesis of meth- ..,I ,b, j0 ,!, ,L ?, 
anol under high TCYPLRATURE - 'C. 

pressure from car- 
bon monoxide and 
hydrogen the con- 
versions are high 
for this catalyst and that it is active a t  low temperatures. 
These facts are in good agreement with the data obtained 
in the decomposition experiments a t  atmospheric pressure. 

The curve for efficiency is the carbon monoxide converted 
to methanol divided by the total carbon monoxide reacting 
and shows the extent of side reactions. Of the carbon 
monoxide going to products other than methanol, the larger 
part went to formation of methane by the reactions: 

Figure 5-Synthesis of Meth.ino1 with Zlnc- 
Copper-Chromium Catalyst 

Space velocity = 3930 on basis of entering gas 
Pressure = 204 atmospheres 

Inlet gas compoTition = 20 4 %  co and 72% ~2 
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2CO + 2Hz = CH4 + COz 
CO + 3Hz = CHI -/- HzO 

Of these two the first reaction predominated, as evidenced 
by material balances on the runs. This checks the results 
previously obtained with a mixture of the oxides of zinc, 
copper, and aluminum (8). 

The methanol formed was 99 to 100 per cent pure, the 
remainder being chiefly water. 

X~ETHANOL ~QurLIsnruaf-The equilibrium conversions 
for these conditions as calculated from the data of Smith 
and Branting (9) are also indicated in Figure 5 .  The equilib- 
rium constant was determined from the relationship - I F  = 
RT In K and the equation given by thrse authors for the free 
energy change accompanying the reaction 

Conclusions 

When compared with the results of previous investigations, 
the present study brings out the superiority of the zinc- 
copper-chromium oxide catalyst (49 Cu : 43Zn : 8Cr) to binary 
mixtures of zinc-copper and zinc-chromium as evidenced 
by tests on decomposition of methanol. The same has been 
shown to hold with regard to  the synthesis of the alcohol 
from water gas. I n  previous papers in which the activity 
of a catalyst for decomposition of methanol has been corre- 
lated with its activity for the synthesis by the reverse 
reaction, it has been pointed out that  in order for a catalyst 
to be active in the synthesis of methanvl from carbon mon- 
oxide and hydrogen, it should yield these products and not 
formaldehyde or methyl formate in the decomposition re- 
action. I n  other words, a catalyst which decomposes 
methanol into carbon monoxide is capable of converting 
carbon monoxide back into methanol by the reverse reaction, 
whereas catalysts which decompose the alcohol into inter- 
mediate products rather than carbon monoxide do not possess 
any marked tctndmcy to build up  methanol from water gas. 
I n  view of this, it might have been predicted that the present 
mixture of t h r  oxides of copper, zinc, and chromium would 
be a good catalyst for the synthesis, because it' gives unusually 
high yields of carbon monoxide by the decomposition of 
methanol. 

The higher activity of this catalyst is further evidenced 
by its performance a t  relatively low temperatures as well 
as by the fact that  it gives methanol conversions approaching 
Smith and Branting's equilibrium values even at a moder- 
ately high space velocity. 

The catalyst seems to stand up  m>ell in operation in the 
high-pressure synt'hrsis, but has a tendency to deteriorate 
on age in the decomposition of methanol a t  atmospheric 
pressure. However, the artivity may be restored by oxida- 
tion and subsequent reduction with methanol vapor. Al- 
though such experiments were only conducted in connection 
with the decomposition work, it may be expected that the 
same method of revivifying the catalyst would be applicable 
to the methanol synthesis a t  high pressure. 

It. has been shown that the carbon monoxide resulting 
from decomposition of met'hanol vapor is the active agent in 
reducing the catalyst, while the hydrogen apparently does 
not take part in the reduction process as shown by experi- 
ments in the temperature range of 80" to  250" C. No 
attempt has been made to ascertain how far the reduction 
proceeds. However, by comparison with previous work i t  
may be assumed that the copper oxide is practically com- 
pletely reduced wliile the. zinc oxide loses only a relatively 
small portion of its oxygen content. It has been suggested 
by other experimenters that  the chromium is present in 
such mixtures in the form of a suboxide. 
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CO + 2H2 CHIOH 
A F  = -20,887 + 41.17T log T - 0.01423Tz - 54.42T 

These data indicate equilibrium to be reached in the experi- 
ment a t  322' C. with the following partial pressures in the 
exit gas, 11.7,  122, and 43.3 atmospheres for carbon mon- 
oxide, hydrogen, and mcthanol, respectively. Substituting 
the fugacity of methanol gives a value of about 40 atmos- 
pheres instead of 43.3, and on this basis the equilibrium 
constant becomes 2.3 X a t  322" C. 

I I I I I I I 

Figure 6-Continues Run with 7inc-Copper-Chromium Catalyst 
with Reactors I and I1 in Series 

Pressure = 204 atmospheres 
Temperature = 281 C 
Space velocity = (S V.) calculated on basis of gas entering each chamber 

o b I2 18 24 30 3 b  4 2  4 8  
T U C  IH HOURS 

Assuming the value thus calculated to be correct, equilib- 
rium was reached in spite of the relatively high space velocity 
employed. This points to a catalyst of considerable activity. 

A marked deviation betxeen the calculated and observed 
values below 322" C. will be noted in Figure 5 .  The rather 
unexpected decrease in carbon monoxide converted to  
methanol in this temperature range should not be construed 
to mean that Smith and Branting's data are in error, for it 
must be remembered tha t  the present experiments did not 
aim a t  equilibrium conditions and this leaves room for other 
interpretations. It is better to consider theqe results as 
a qualitative confirmation of their equilibrium determina- 
tions which were made a t  atmospheric pressure. 

LIFE OF CKrALYsT-Figure 6 shows the results of a 48- 
hour test on this catalyst with reactors I and I1 in series. 
It wi'l be noticed from the upper curve that the activity in 
chamber I1 remained constant a t  a high level over prac- 
tically the entire period with only a slight tendency to drop 
off toward the end of the run. Judging from the performance 
of chamber I, it may be assumed that this drop was due to 
some poisonous constituents, probably sulfur compounds 
in the gas, escaping into the second reactor. 

A comparison with life tests on a catalyst composed 
of the oxides of zinc, copper, and aluminum (8) shows tha t  
the present mixture is less susceptible to poisoning and yet 
gives approximately twice the conversion of carbon mon- 
oxide into methanol a t  20" C. lower temperature under 
otherwise constant conditions. 


