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Catalysts prepared by the caustic leaching of an alloy containing 36 wt% Cu, 15 wt% Zn, and 49
wt% Al for various periods of time have been shown to have high activities for methanol synthesis.
The activity passes through a maximum with time of leaching and is related to both increased
surface area and concentration of zinc oxide on the catalyst surface. It has been established that the
presence of zinc oxide increases the activity of Raney copper for the methanol synthesis reaction.

INTRODUCTION

The preceding paper (1) provides infor-
mation on the activity of fully extracted Al-
Cu-Zn alloys of differing Cu/Zn ratios for
the methanol synthesis reaction, and the as-
sociated physical and chemical properties
of the resultant catalysts. The most active
catalyst was produced by extracting an al-
loy of composition 50 wt% aluminium,
30-36 wt% copper, and 14-20 wt% zinc
with aqueous sodium hydroxide at 50°C.
The active component for these Raney cat-
alysts for the synthesis of methanol from
carbon monoxide and hydrogen was shown
to be copper. The residual zinc in the Ra-
ney catalyst was found not only to increase
the catalytic activity but also to extend cat-
alyst life. Modern low-pressure methanol
synthesis catalysts based on Cu—ZnO/Cr,0,
or Cu-ZnO/ALO; compositions have in
their formulations more zinc than the fully
extracted Raney catalysts. It therefore
seems appropriate to prepare Raney cata-
lysts with increased zinc content in their
formulation in order to obtain a more active
catalyst. Simply increasing the alloy zinc
content does not achieve this end as almost
all the zinc is in an Al-Zn solid solution
which leaches completely to leave void
space. The alloy phase which leaches to
yield Raney metal is Cu(Zn)Al,. This phase
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becomes saturated with zinc at low alloy
zinc contents as the Cu(Zn)Al, phase can
dissolve only 3 wt% zinc (2).

A recent study on the leaching morphol-
ogy and leaching kinetics (3, 4) of Al-
Cu-Zn alloys or similar compositions has
shown that zinc and aluminum concentra-
tions varied across the reacted layer. The
zinc and aluminum were shown to be in
greatest concentration near the leach reac-
tion front. This work has also shown that
there is a higher zinc concentration in the
porous copper grain near the reaction inter-
face than would be expected by leaching
the alloy Cu(Zn)Al, grain even on the sup-
position that all of the Al was dissolved but
none of the Zn. This work suggests that by
controlling the leaching time, the level and
distribution of zinc within the resultant cat-
alyst may also be controlled and as a result
the catalytic activity of these Raney cata-
lysts may be improved.

Recent studies by Herman and Klier and
co-workers (5-8) have made a great contri-
bution to the characterisation of the physi-
cal and chemical properties of conventional
low-temperature methanol synthesis cata-
lysts. Their work has led to a greater under-
standing of the roles that the individual
components play in determining the activ-
ity and life of these catalysts. This paper
reports the properties of Raney methanol
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synthesis catalysts prepared by partially
leaching an alloy that was shown to have
high activity when fully leached (). The
influence of physical and chemical proper-
ties of these catalysts on the methanol syn-
thesis reaction are discussed.

EXPERIMENTAL

The Raney catalysts used in this study
were prepared from 500 to 700-pm alloy
pieces with a nominal alloy composition of
50 wt% aluminium, 35 wt% copper, and 15
wt% zinc. The alloy was leached with 20
wt% aqueous sodium hydroxide at 50°C.
Extraction times used in the preparation of
the catalysts were 0.75, 1.0, 1.5, 2.0, 2.75,
3.5, and 4.5 h. The methods of catalyst
preparation, catalytic activity, and adsorp-
tion studies are fully described in the pre-
ceding paper (I). Catalysts were charac-
terised by X-ray line broadening for particle
size, by optical microscopy for morphol-
ogy, and by atomic absorption spectros-
copy and electron probe microanalysis for
composition. Experimental details are
given elsewhere (3). A conventional low-
temperature methanol synthesis catalyst,
designated C79-4, obtained from United
Catalysts Inc., Kentucky, was also studied.

RESULTS

A micrograph showing a section of a par-
tially leached particle is presented in Fig. 1,
where it is seen that there is a reacted rim of
porous Raney metal and a core of as-yet
unreacted alloy. The thickness of the cata-
lyst rims formed after various leaching
times are listed in Table 1. For reaction
times up to 1.0 h the reacted rim consisted
of two layers, the outer one being essen-
tially grains of Raney copper and the inner
one grains of unreacted Cu(Zn)Al,. At
longer extraction times a single layer of Ra-
ney copper was found to exist, the reaction
then being liquid-phase diffusion controlled
4.

The catalyst rim could not easily be sepa-
rated from the alloy core and so chemical
analysis of the whole assemblage was per-

Fi1G. 1. Micrograph of section through a partially
leached 500- to 700-pm Al-36Cu-15Zn alloy at an ex-
traction time of 1.0 h showing unaffected alloy at right
and two zones of reacted solid in the rim. The outer
zone is Raney Cu and the intermediate zone is
Cu(Zn)Al,.

formed by atomic absorption spectroscopy
analysis of acid-digested samples. These
results are presented in Table 1. For leach-
ing times of 1.5 h or longer the results indi-
cated there was no oxide present. The mass
balances for the 0.75- and 1.0-h leached
samples were found to total 92% and these
values have not been normalised. Table 1
compares hydrogen evolution data mea-
sured by a wet gas meter in the leaching
experiments, and the calculated amount of
hydrogen evolved as determined from a
knowledge of the original alloy and final
catalyst compositions together with the
stoichiometry of the leaching reaction ().

Average chemical compositions for the
reacted rims were calculated from a knowl-
edge of the starting alloy composition and
density, the thickness of the reacted rim
and the initial particle size, the weight loss
for the various extraction times, and the
overall chemical analysis. The results of
this calculation are also shown in Table 1.

Nitrogen isotherms for the partially
leached samples presented in Fig. 2 are
smoothed curves obtained from the experi-
mental data. The pore size distributions for
all extraction times are plotted in Figs. 3
and 4. The pore size distributions were de-
termined by the procedure described in the
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F1G. 2. Nitrogen isotherms for partially leached Raney catalysts at 77.5 K.

previous paper (I). Data derived from the
physical adsorption isotherms are given in
Tables 2 and 3. The surface area, Sger, was
calculated from the BET equation and is
presented in Table 2.-As the unreacted al-
loy core contributes nothing to the surface

area, the value of this quantity has been
calculated per unit mass of catalyst rim.
The pore volume, v,, is the cumulative vol-
ume calculated from the pore size distribu-
tion procedure and then converted to liquid
volume. It is shown in Table 2 on the basis
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Fi1G. 3. Pore size distributions for extraction times of
0.75 and 1.0 h from the nitrogen isotherms at 77.5 K.

of the alloy—catalyst system mass and the
mass of the catalyst rim. In the case where
unleached grains fo Cu(Zn)Al, are present
as a sublayer of the rim this phase has been
assumed to possess a negligible surface
area.

Pore radii, r, and r,, are presented in Ta-
ble 3. The values of r, correspond to the
maximum in the Av/Ar, plots (Figs. 3 and
4). The ‘‘average’ pore radius, r,, is the
radius of an equivalent uniform cylinder
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FI1G. 4. Pore size distributions for extraction times of
1.5 to 4.5 h from the nitrogen isotherms at 77.5 K.

TABLE 2

Surface Areas and Pore Volumes of Raney Catalysts

Extraction Surface area Pore volume
time (m?g™Y) (cm® g™Y)
(h)
Com- Active Com- Active
posite material posite material
particle particle
0.75 374 65.4 0.069 0.121
1.0 43.0 62.8 0.074 0.108
1.5 66.3 74.6 0.143 0.161
2.0 68.6 72.0 0.166 0.174
2.75 62.1 62.4 0.183 0.184
3.5 40.0 40.0 0.235 0.235
4.5 32.7 32.7 0.260 0.260
Industrial® 73.3 0.366

2 Reduced (493 X, 101.3 kPa, 24 h under CO/CO,/H, = 19.5/
5.5/75 vol%).

having the volume vy s, calculated as nor-
mal liquid at a relative pressure of 0.95, and
is given by: r, = 2vg9s/ Sper (9). Interpore
distances were calculated from the pore
data based on nonintersecting cylinders
hexagonally arrayed and are shown in Ta-
ble 3. Interpore distances were compared
with copper crystallite diameters. The cop-
per crystallite diameters for the partially
leached catalysts shown in Table 3 were de-
termined from X-ray diffraction line broad-

TABLE 3
Pore Radii and Crystallite Diameter of Raney
Catalysts
Extraction Pore radius Interpore Copper
time (A) distance crystallite
(h) —_— (A) diameter
T ra A)
0.75 21-47 35 51 76
1.0 24-50 37 54 76
1.5 29 39 50 84
2.0 32 42 5t 90
2.75 48 57 67 101
35 95 105 110 121
4.5 120 135 130 121
Industrial®  42-70 72 84

7 Reduced (493 K, 101.3 kPa, 24 h under CO/CO,H,
= 19.5/5.5/75 vol%).



METHANOL SYNTHESIS OVER RANEY Cu-Zn CATALYSTS, II 19

ening. It can be seen from these data that as
the leaching time increases both the pore
radius and the interpore distance increase.

The activities of the partially leached cat-
alysts were determined at a reaction pres-
sure of 3450 kPa, a temperature of 513 K,
and a gaseous hourly space velocity
(GHSV) of 12000 h~! (calculated at STP).
The feed gas had a composition of CO/COy/
H, = 19.5/5.5/75 vol%. The activities of the
Raney catalysts are shown in Table 4. The
activities are based on the mass of alloy
catalyst composite and have also been nor-
malised to surface area. Since the activity
of the catalyst is due to the reacted Raney
rim, the activities have been recalculated
on the basis of active catalyst material.
These results are also presented in Table 4.
It can be seen that these partially leached
Raney catalysts are more active than the
fully leached sample, reported here as the
4.5-h leached sample. The activities of the
Raney catalysts are also compared with
that of the industrial methanol synthesis
catalyst. It can be seen from Table 4 that
the Raney catalyst prepared by leaching the
alloy for 2.75 h is more active than the in-
dustrial methanol synthesis catalyst mea-
sured under these conditions.

Carbon monoxide and hydrogen chemi-
sorption on the partially leached catalysts
were measured at 77.5 K by the procedure
described in the preceding paper (I). The

types of isotherms obtained are illustrated
by the 2.75-h leached sample shown in Fig.
5 and the volumes of carbon monoxide
chemisorbed are given in Table 5. The che-
misorption data have also been normalised
to the same surface area by dividing the
amounts chemisorbed by the monaolayer
value, V,,, calculated from the N, isotherm.
All catalysts showed negligible hydrogen
chemisorption measured at 77.5 K. Carbon
monoxide and hydrogen adsorption were
also measured on the 2.75- and 4.5-h
leached samples at 473 K and pressures in
the range 1-26 kPa. These results are re-
ported in Table 6 where, for comparison,
data for Raney copper, Raney zinc, and the
industrial catalyst are also included.

The zinc and aluminum concentration
levels in the copper phase of the reacted
rim were measured by microprobe analysis
for samples that had been leached from 1.0
to 3.5 h. Figure 6 shows the concentration
profiles of zinc and aluminum where the po-
sition coordinate has been normalised with
respect to layer thickness. The application
of the normal correction procedures to mi-
croprobe data for the copper phase in the
reacted rim led to apparent analyses total-
ling substantially less than 100%. Such
results are common for porous materials
and, in the absence of an appropriate cor-
rection procedure, they have been scaled to
100%. Thus it has been assumed that the

TABLE 4

Activity Data of Raney Catalysts

Extraction Rate Rate Rate
time (mol/g composite/h) (mol/g active mat./h) (mol/m?/h)
)
0.75 9.31 x 1073 1.63 x 102 2.49 x 104
1.0 (9.47 £ 1) x 1073 1.37 x 1072 2.18 x 104
1.5 1.84 x 1072 2.07 X 1072 2.78 x 1074
2.0 (2.30 = 0.25) x 102 2.42 x 102 3.35 X 104
2.75 3.10 x 102 3.12 X 1072 4,99 x 104
3.5 (1.8 +0.2) x 102 1.8 X 10-2 4.50 x 104
4.5 7.61 x 1073 7.61 x 1073 2.32 X 10

Industrial® (2.38 + 0.2) x 102 3.25 x 10~

2 Reduced (493 K, 101.3 kPa, 24 h under CO/CO,/H, = 19.5/5.5/75 vol%).
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Fi1G 5. Adsorption of CO and H, on 2.75-h-extracted
Al-36Cu-15Zn alloy at 77.5 K: @, CO on catalyst
evacuated at 423 K, CO'; O, CO on previous sample
after evacuation at 203 K, CO!; B, H, on catalyst
evacuated at 423 K.

effect of porosity on the generation and
emergence of X rays is independent of the
nature of the element.

DISCUSSION
Development of Catalyst Structure

Average chemical analyses and the dis-
tance the leaching reaction has progressed,
shown in Table 1, indicate that the leaching
proceeds in three stages. In the first stage
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(times of 0.75 and 1 h) the aluminium con-
tent drops rapidly from its initial value
whilst the zinc content is slightly increased.
This stage corresponds to the formation of
a reacted rim in which all the intergranular
aluminium-zinc solid has been leached but
only a proportion of the Cu(Zn)Al, grains
has been attacked. The measured changes
in elemental concentrations within the rim
are consistent with the observed morphol-
ogy only if there is a net transfer of zinc
from the leaching Al-Zn solid solution to
the Cu(Zn)Al,-phase leach residue. This
conclusion has already been reached (4) on
the basis of electron probe microanalysis
data and is thereby confirmed. A possible
mechanism for this process has been pro-
posed elsewhere (4) and involves reprecipi-
tation of an oxidized Zn species near the
leaching front. As that front recedes the
zinc redissolves as shown in the micro-
probe profiles of Fig. 6. In the second stage
of reaction (times of 1.5 to 2.75 h) both Al
and Zn are leached from the alloy, the Zn
remaining at relatively high levels until the
alloy core of the leaching particle is ex-
hausted. In the third and final stage of reac-
tion the Zn content is lowered rapidly as the
residual soluble metals are removed. The

TABLE 5

Carbon Monoxide Chemisorption on Partially Leached Raney
Catalysts at 77.5 K

Extraction Vi Chemisorbed carbon monoxide,
time {cm?® STP/g AVeo
(h) composite
material) cm’/g cm’/g AVeo/ Ve
composite active
material material
0.75 8.59 0.843 1.48 0.098
1.0 9.88 1.08 1.58 0.110
1.5 15.23 1.21 1.36 0.079
2.0 15.75 1.53 1.61 0.097
2.75 14.27 2.47 2.48 0.173
3.5 9.19 2.95 2.95 0.321
4.5 7.52 2.38 2.38 0.316
Industrial® 16.84 3.25 0.193

¢ Reduced (493 K, 101.3 kPa, 24 h under CO/CO,/H,

19.5/5.5/75 vol%).
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FiG. 6. Zinc (@) and aluminum (O) concentration profiles in the porous copper grains of the active
catalyst material for extraction times of 1.0 to 3.5 h.

changing chemistry of the catalyst is re-
flected in its morphological development.
The enlargement of pore volume per unit
mass of leached rim is seen in Table 2. In
the short leaching times of 0.75 and 1.0 h
the variation in pore volume is probably
due to the incomplete formation of all pores
in the active rim and possibly to the pres-

ence of oxide. During the next stage the
pore volume increases as the Al and Zn
contents are progressively lowered. After
the leach reaction reaches the centre of the
particle, a further increase in pore volume
occurs as the residual Al and Zn are re-
moved. The total pore volume occurs as the
residual Al and Zn are removed. The total
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TABLE 6

CO and H, Adsorption on Raney Catalysts at 473 K

Catalyst Carbon monoxide adsorption Hydrogen adsorption
Veo Veo!Va Vi, ViV
(cm?/g active material) (cm?/g active material)

Al-36Cu-15Zn, 2.75 h 1.76 0.159 1.42 0.128
extraction

Al-36Cu-15Zn, 4.5 h 1.52 0.275 0.626 0.113
extraction

Al-50Cu, 3.0 h 1.03 0.263 0.187 0.048
extraction

Al-50Zn, 4.5 h 0.113 0.106 0.141 0.132
extraction

Industrial® 1.33 0.093 3.20 0.222

= Reduced (493 K, 101.3 kPa, 24 h under CO/COy/H,

pore volume is determined by the total
amount of material removed from the
Cu(Zn)Al, phase. The size of the pores
however, is determined in part by the rate
of the leaching reaction.

Pore radii are seen in Table 3 to increase
with increasing extent of leach reaction, the
increase occurring in the stages already
noted. The results for the initial leaching
stage are anomalous as a consequence of
the duplex layer structure of the reacted
rim and also possibly as a result of the pres-
ence of oxide, and will not be discussed.
During the second and third stages of reac-
tion, the interpore distances are calculated
to have increased. This trend is qualita-
tively confirmed by the experimental mea-
surement of crystallite size. The leaching
reaction must be accompanied by microseg-
regation within the alloy at the reaction
front in a plane parallel to that front (3, 4).
The distance over which diffusion of the
alloy constituents can occur is clearly a
function of the rate at which the reaction
front advances. This distance determines
the maximum interpore spacing. Since the
reaction rate slows with increasing leaching
time (3, 4), it follows that the interpore dis-
tance should increase. For a total pore vol-

= 19.5/5.5/75 vol%).

ume which increases with time, this implies
that the average pore radius must increase
with leaching time, as was in fact observed.
An important consequence is that surface
area will be in part determined by the rate at
which the leaching reaction is carried out.

Surface areas of the reacted rim are seen
in Table 2 to reach a maximum after about
1.5 h leaching time and then to decline.
However, a continuous decline in surface
area per unit mass of reacted rim would be
predicted from the above argument. Thus
the interpore separation is expected to in-
crease with time as the reaction rate slows
and the pore size is expected to increase
with time as the residual soluble elements
are removed. The apparent maximum at the
1.5 h leaching time is again due to the in-
complete formation of all pores in the ac-
tive rim and for leaching times greater than
1.0 h the surface area per unit mass of po-
rous product decreases monotonically with
increasing reaction time. The presence of
oxide during the early stages of leaching
could also contribute to this apparent
anomaly.

Catalytic Activity
Catalytic activity data shown in Table 4
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are seen to go through a maximum with
leaching time when compared on a mass
basis and on a surface area basis. The most
active catalyst is produced when the alloy
is leached for 2.75 h. This catalyst is more
active than the industrial methanol synthe-
sis catalyst when measured under the same
conditions. Activity data in Table 4 show
that the catalyst produced by extracting the
alloy for 2.75 h is five times more active
than that produced by complete extraction
after 4.5 h. This increase in activity cannot
be attributed entirely to an increase in total
surface area since the ratio of activities nor-
malised with respect to surface area is 2.2.
The increased activity must therefore result
from some chemical difference in the cata-
lyst.

Bulk chemical analysis of these partially
leached samples by atomic absorption spec-
troscopy shows that as the leaching time
increases, the zinc content of these parti-
cles decreases from 15 wt% zinc in the ini-
tial alloy to 3.3 wt% zinc in the final cata-
lyst. The composition data in Table 1 show
that the active catalyst layer in the sample
leached for 2.75 h contains approximately
three times the zinc concentration present
in the fully leached alloy. The method of
catalyst preparation and the reaction condi-
tions used to measure catalyst activity are
thought to result in the surface zinc being
present as an oxide (7). It therefore appears
that the increase in activity resulting from
partial leaching of the alloy may be attrib-
uted to both increased surface area and to
significant levels of zinc oxide on the cata-
lyst surface.

Chemisorption Measurements

In a previous investigation (/) we have
studied the chemisorption of CO and H; in
order to obtain estimates of the relative
amounts of copper and zinc oxide on the
surface of fully leached alloys. In the cur-
rent study it has been found that negligible
amounts of hydrogen were adsorbed on all

catalysts at 77.5 K. However, significant
quantities of CO were adsorbed on all cata-
lysts and the results are presented in Table
5. It can be seen that the amount of CO
chemisorbed per gram of active material in-
creases with leaching time up to a period of
3.5 h. The amounts of CO chemisorbed
when corrected to take into account the dif-
ferences in total surface area of the cata-
lysts are also presented in Table 5. From
these results it can be seen that catalysts
leached for periods of 0.75 to 2.0 h chemi-
sorb less than a third of the CO which is
adsorbed per unit surface area on a fully
leached catalyst. The catalyst prepared by
extracting the alloy for 2.75 h chemisorbed
approximately half as much CO as the fully
extracted catalyst. Since both Raney cop-
per and Raney zinc have been shown to
chemisorb CO (1), it is difficult to quantify
the effects shown in Table 5. However, the
results do show that there is an increase in
the surface copper concentration with
leaching time.

The results of additional adsorption ex-
periments conducted at 473 K are pre-
sented in Table 6. The CO adsorbed per
unit surface area on the alloy extracted for
2.75 h was again approximately half the
amount adsorbed on the fully leached cata-
lyst. However, the catalyst prepared by
leaching for 2.75 h adsorbed 20% more H,
than the fully leached sample. The results
for the adsorption of CO and H, on Raney
copper and Raney zinc are also presented
in Table 6. When corrected to take into ac-
count differences in total surface area, Ra-
ney copper adsorbed 2.4 times the amount
of CO and slightly greater than one-third
that of the H; adsorbed on Raney zinc. The
results in Table 6 confirm the presence of a
zinc species on the catalyst surface. It is of
interest to note that the industrial catalyst,
which has a lower activity than the catalyst
prepared by leaching the alloy for 2.75 h,
appears to have a higher zinc and lower
copper surface concentration. This is to be
expected from the chemical composition
data in Table 1.
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Electron Microprobe Analyses

Figure 6 shows the zinc and aluminum
profiles obtained by microprobe analysis of
the copper grains formed in alloy samples
that had been leached for periods from 1 to
3.5h,

The results in Table 4 show that the ac-
tivity per unit surface area for the catalyst
produced by leaching the alloy for 2.75 h is
1.5 times that of one leached for 2 hand 1.1
times that leached for 3.5 h. From Fig. 6 it
can be seen that the concentration of zinc in
the copper grains is approximately 6, 4.4,
and 2.4 wt% in the catalysts leached for 2,
2.75, and 3.5 h, respectively. It is therefore
suggested that catalyst activity is very de-
pendent on the surface zinc oxide concen-
tration, a value of approximately 4 wt% be-
ing optimal for this catalyst system. This
value is, of course, a bulk analysis result:
the relationship between it and the surface
concentration is unknown. These results
and those of the chemisorption studies sug-
gest that there is a complex interaction be-
tween the copper and zinc oxide species in
determining catalyst activity.

CONCLUSIONS

The activity of methanol synthesis cata-
lysts prepared from a Cu-Zn-Al alloy by
the Raney method can be greatly increased
by controlling the leaching process. This is
achieved through modification of both the

chemical nature of the surface and the pore
structure of the catalyst. Copper is the ma-
jor component influencing catalyst activity,
whilst surface zinc oxide appears to pro-
mote stability and activity of the catalyst.
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