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Copper oxide-zinc oxide-alumina catalysts for methanol synthesis were prepared by the 
coprecipitation and kneading methods for comparison of catalytic activity, physical properties, 
and estimation of the effective surface area by carbon monoxide chemisorption. The coprecipi- 
tated catalysts, which are already industrially employed, have higher cat,alyt,ic activities than 
the kneaded ones, the optimum chemical composition being around Cu: Zn: Al = 60:35:3 
(atom%) in both cases. The total pore volume, t)he mean pore radius, and the porosity of the 
coprecipitated catalysts were three to four times larger than t)hose of the kneaded ones. The 
pore-size distribut,ion ranges from 50 to 5000 d for the coprecipitat,ed catalysts and from 40 
to 10,000 d for the kneaded ones. The former is equivalent to the copper and zinc oxide values in 
an individual stat,e, while in the latt,er the values change in the composite form, with SO- and 
20-b mean particle sizes, respectively. The cryst,allite size of the composition with a higher 
catalytic activity after reduction was about 100 i both for zinc oxide and copper in the co- 
precipit,ated catalysts and 170-180 B for copper and 270-280 1; for zinc oxide in the kneaded 
ones. From these facts it is proposed that a finely mixed state in t)he oxidized precursor has its 
origin during the coprecipitat,ion process. The highest proportion of effective surface area to 
total surface area in a dense composite was ohserved over the opt imlun rauge of the specific 
catalytic activity. 

1NTIIOI)UCTION 

Copycr oxide-zinc oxide catalysts con- 
taining a smaller amount of alumina for 
the synthesis of methanol (I) at lowr 
pressure and temperature are iudustriall> 
employed with ecwnomic and technical 
advantagtas (2). This catalyst wrifks, which 
can bc prefrrably prepared by. the coprc- 

propertics and the specific catalytic activit) 
as well as the cffcctivc surface arCa of the 
catalysts, depcndwt upon the composition, 
lzhich arc generated during the course of 
catalyst preparation 1)s’ coprccipitation. 
The results art’ compawd with those of 
the cwresponding sf+w on cat,alysts prc- 
pwwd by th(> kncadiug m&hod. 

cipitation mt4hod, is only empirically 
outlined in the pat& littbrature except 
for a few papers dealing i\-it’h the role of Catalyst pt.eparatiott. The samples studied 
the alumina comporwnt (3) in the structure, wwe pwparcd by two methods: (A) The 
the catalytic activity, and ecrtain aspects precipit,atc was produced by simultaneously 
of the reaction kinetics (4). The present pumping a mixed aqueous solution of the 
investigation aims at studying the physical nitrates of rapper, zinc, and aluminum in 

191 

0021-9317/78/0522-0191$02.00/O 
Copyright 0 1978 by Academic Press, Inc. 

All rights of reproduction in any form reserved. 



prescribed ratios, in parallel with the 
precipitant, a sodium carbonate solution, 
into water contained in the precipitation 
vessel while stirring at 70°C. The flop 
rates were separately regulated so as to 
maintain a pH of 7 f 0.2 throughout the 
precipitating process. After washing to 
remove sodium ions, the precipitate was 
dried at 110°C and calcined overnight in 
air at 300°C. The calcined powder was then 
compressed in the rubber cylinder [15 
(i.d.) X 21 (o.d.) X 80 (height) mm] placed 
in a press apparatus under an oil pressure 
of 500 kg/cm2 to form a cylindrical shape, 
followed by crushing and sieving to a 
particle diameter of l-2 mm. (B) The 
kneading process was carried out as follows : 
A mixed aqueous solution of the nitrates 
of copper and zinc was added to hydrated 
alumina (5) containing 58% water in the 
bowl of the kneading apparatus. The 
mixture was kneaded under conditions of 
gradual heating up to 80°C to yield a 
viscous paste, in which the nitrates were 
thermally decomposed in an evaporating 
dish, and to form a fine powder on further 
kneading. The sample was then treated in 
the same way as the coprecipitated series. 
The composition was determined by means 
of atomic absorption spectroscopy. 

Measurement of catalytic activity. Mea- 
surement of catalytic activity was carried 
out by the USC of a conventional flow 
reactor containing a fixed catalyst bed. 
The apparatus, as schematically shown 
in Fig. 1, and operating procedure were 
similar to those described in a previous 
paper (6), with automatic gas-flow regulat- 
ing attachments controlled by a differential 
pressure cell. The reactor, made of an 
1%mm-i.d. and 22-mm-o.d. stainless-steel 
tube, around which manganin wire was 
wound for internal heating, was placed 
ooaxially in a high-pressure stainlc>ss-steel 
cylinder 60 mm in i.d., X8 mm in o.d., 
and 450 mm in length. The catalyst (l-2 
mm, 5 ml) was supported on a supporting 

FIG. 1. Diagram of apparatus for testing methanol 
synthesis catalysts. A, High-pressure gas cylinder ; 
B, B’, secondary and primary pressure regulator; 
C, C’, high-presxurs gas storages (2 liters) ; D, U’, 
needle values ; E, differential pressure cell; F, gas 
purifier packed with active charcoal; G, reactor; 
H, condenser; I, receiver; J, standard pressure 
vessel; K, flowmeter; and L, gas meter. 

plate fixed to the central thermocouple 
protection tube in the intermediate height 
range of the reactor. Reduction, with a 
reactant gas mixture of 2H, + lC0, was 
carried out at 300°C at atmospheric 
pressure for 6 hr in advance of the reaction. 
Catalytic activity was measured undor 
the following conditions: pressure = 50 
kg/cm2 ; space velocity of the gas supplied 
from a bomb at STP = 1 X lo4 hr-’ ; and 
temperature range = 250-370°C. The exit 
gas and the liquid products from thr 
reactor outlet were analyzed by the usual 
volumetric method and gas chromatog- 
raphy, respectively. 

Measurement of the density, the total pore 
volume, ad fhe porosity (7). The true 
density, pt, and the particle density, p,,, 
were obtained from the helium-volume and 
the mercury-volume of catalyst grains, 
respectively. The total pore volume, Jr,,“, 
was calculated from the difference betw(lc:n 
both volumes, while the porosity, 8, was 
derived from the ratio of Ill,u to the 
mrrcury volume. 

Estimation of the average size of pores arrrl 
particles. Assuming that the pores were 
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TABLE l-l 
Catalysts Prepared by the Coprecipiiation Method 

Catalyst Catalyst 

No. composition 

(Cu/Zn/Al) 

(atom%) 

-.-__ 

True Particle Total pore 

densit, density VOlUllle 

(6%) CPU) (1-,>,3) 

1 20/75/5 

2 31.7/63.3/'5 

3 47.5/47.5, s 
4 55/40/5 

5 60:35//j 
6 73/20/5 
7 85/10/5 

1G 95/o/5 
17 o/95/5 

8 63.2/36.8/'0 
9 56.5,'33.2/10 

10 50.5/29.5/20 
11 31.6/18.4~‘.~0 

4.7X!) 1.1x1 
4.942 1.192 

3.199 1.205 
3.211 1.221 
R.235 1.238 
5.347 1.332 
5.*54> 1 ,338 
5.734 1.6X9 
4.X3 l.lli3 

O.G3X 

0.637 
O.W? 
0.627 
0.616 
0.564 
O.ROG 
0.41Q 
O.fi40 

- 
- 

cylindrical, the average pore radius, T,,~, 
was calculated from VP0 and the specific 
surface area, SN2, and on the assumption 
of spherical or cubic particles, the average 
particle radius, R, was calculated from 
pt and sN2 (8). 

Measurement of the pore-sixe distributio~~. 
Pore-size distribution was measured bJ 
the mercury pen&ration method with an 
Aminco 60,000-psi porosimetcr and by the 
nitrogen adsorption method with a Carlo 
Erba Sorptomatic Series 1800 depending 
upon the pore-size distributions which are 
greater or smaller than 300 A. 

Measwenzent of X-ray diflractiorl. X-ray 
diffraction patterns of powdered samples 
before and after reduction were obtained 
with a Geigerflcx D-3F X-ray diffractom- 
eter using nickel-filtered CL&% radiation. 
Crystal sizes were determined by calcula- 
tions employing Scherrcr’s equation. 

Measuremen~t 0.f the surface area by 

adsorption of nitrogen awd carbon monoxide. 

I 

TABLE 1-2 

Catalysts Plepared by the Kneading Method 

cnta1,vst Catalyst Tl?N Particle Total pore 

SO. composition density density VOlUIIl~ 
(Cu’Zn/Al) (PI) bd (~-Do) 

(atorrl’ib) 

l-2 20 75,:s 3.862 2.950 0.172 
3-2 47.5/47.5,'5 7.211 3.412 0.154 
3-2 GO /35/s 6.779 3.247 0.161 
7-2 85,10/S 7.379 3.537 0.147 

16-2 QS,'O,'5 6.929 3.691 0.127 
17-2 o/95/5 6.911 3.756 0.122 

9-2 56.5/33.2/10 - - - 

10.2 ,5Al,.)..i:‘29..5/20 - - - 

1 l-2 31.6/l&4/50 - - - 
__- ---- 

A specific surface area was determined by 
applying t’he BET equation to the adsorp- 
tion isot.herm of nitrogen. The chemisorp- 
tion of carbon monoxide was chosen as a 
method for comparing the effective surface 
area which was estimated by the amount of 
saturated gas from the adsorption isotherm 
according to the method described in (9). 

The chemical composition of the catalysts 
prepared by both methods are given in 
Tables l-l and l-2. 

Catalytic activity for methanol synthesis. 
Figure 2 shows a plot of the methanol 
concentration in the exit gas versus reaction 
temperature. For the purpose of quantita- 
tive comparison of catalytic activities, the 
rate equation presented by ITchida and 
Ogino (6, IO) u-as expediently used for the 
calculation of the rate constant in con- 
sideration of the exponential factor as 
indicated below. Calculated values of the 
specific rate constant at 3OO”C, 17300, arc 
givckn in Tables 2-l and 2-2. 

I 41’311 + (1 - ?l)Z] L2 - 2) 

YC()-PH, ___~- - 
I 

dz 

J 

L (1 + ?I>” 
k,/SVo = > 

n 

i 

,W3(1 + (1 - )/)Z} ; - % 
( > 

(1 + 2x)2 --~-___ - -YCOY~llr -----(l+)s ~cIl,oli . h/K 
1 
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TABLE 2-1 

Specific Surface Area and Specific Catalytic Activ1t.y for the &precipitated Catalysts 

Catalyst 
No. 

1 
2 
3 
4 

; 
7 

16 
17 

8 
9 

10 
11 

Specific rate 
constant 

!kaoo) 

8.5 x 10-d 
9.2 
9.8 

11.4 

10.4 15.3 
10.6 

2.1 
1.9 
5.0 

12.2 
10.0 

5.6 

Specific surface area Specific rate constant 
W/g) (mol/g. hr.atmO.g) 

SN* SC0 &O/sN, k/SN9 k/&o k/Scoh%, 

160 15.0 0.091 5.3 x 10-e 5.7 x 10-G 9.4 x 10-s 
181 17.5 0.096 5.1 5.3 9.6 
240 22.0 0.091 4.1 4.5 10.8 
270 23.0 0.084 4.2 4.9 13.5 

272 314 37.5 30.0 0.138 0.096 3.3 5.6 4.1 3.5 11.1 10.9 
324 29.4 0.091 3.3 3.6 11:7 
337 3.5.0 0.104 0.6 0.6 2.0 
166 9.6 0.058 1.2 2.0 3.2 
lY9 10.1 0.051 2.Y 5.6 11.2 
266 2Y.4 0.110 4.6 4.1 11.1 
262 28.0 O.lC7 3.8 3.6 9.4 
331 18.4 0.056 1.7 3.1 10.0 

which was derived from the rat,r equation, 

\vhcrc SC?0 (in reciprocal hours) is the 
space velocity based on the feed rate of 
the synthesis gas, R is the gas constant, 
y; is the activity cocfficicnt of the ith 
component; I’ ( in atmospheres) is the 
total pressure of the H2-CO gas, 1~ is the 
H2/C0 molecular ratio, z is the mole 
fraction of methanol in the exit gas, r 
(moles per hour) is the rate of methanol 

formation, I’; is the partial pressure of the 
ith component, K is the equilibrium 
constant of the reaction, and a! is the 
constant (0 < (Y 6 l), for which a value 
of 0.7 was adopted based on tho present 
reaction condition, as also reported in (3). 

A higher catalytic activity was found in 
tho composition range around Cu : Zn : Al 
= 60 : 3.5 : 5 (atom%) ; that is, Cu/Cu + Zn 
+ Al = 0.645, for the coprecipitated series. 
In catalysts No. 16 and No. 17, containing 
copper and zinc, respectively, there was 
greatly rcduwd, but still distinct, catalytic 

TABLE 2-2 

Specific Surface Area and Specific Catalytic Activity for the Kneaded Catalysts 

Catalyst 
No. 

Specific rate 
constant 

(hod 

Specific surface area Specific rate constant 

W/d (mol/g.hr.atm”J) 

SNZ SC0 &O/sN, k/&v2 k/&o k/&o/&r2 

l-2 4.9 x 10-4 101 5.3 0.052 4.9 x 10-G 9.3 x 10-h 9.5 x 10-a 
3-2 5.1 253 14.5 0.057 2.0 3.5 9.0 
5-2 8.9 261 26.3 0.101 3.4 3.4 8.8 
7-2 6.1 222 14.0 0.063 2.8 4.4 9.7 

16-2 0.6 281 14.0 0.050 0.2 0.4 1.1 
17-2 1.4 116 10.5 0.091 1.2 1.3 1.5 
9-2 2.8 213 7.0 0.033 1.3 4.0 8.5 

1 o-2 3.5 242 9.2 0.038 1.3 3.3 n.0 
11-2 3.1 252 10.4 0.041 1.2 3.0 7.5 
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250 300 350 
Peaction teqeraturc, "C 

FIG. 2. CLttalytio activit,y for methnnol sgutjhesis. -o-, No. 1; -II--, No. 3; -O--, No. 5; 
-X--, No. 6; -A-, No. 7; -O-, No. 16; -@-, No. 17. 

activity. For the kncadcd scrics louver 
catalytic activities in the range of the 
corresponding chemical composition were 
observed over a higher temperature range. 

The gas chromatographic analysis re- 
vealed that the liquid reaction product 
contained small amounts of by-products 
such as dimcthyl ether, methyl formate, 
methyl propionatc, ethyl alcohol, 1~ and 
isopropyl alcohol, w, s-, and isobutyl 
alcohol, and a trace amount of water. The 
total content of these by-products reached 
2% for higher activity catalysts and about 
4oj, for catalysts with a content of zinc 
oxide higher than a ratio of copper/zinc = 1 
and with a content of aluminum up to 
20%. The latter tended to accompany an 
an increase of dimcthyl ct,hcr in the 
by-products. 

Properties of pores ad particles. The 
true density, the particle density, and the 
total pore volume arc listed in Tables l-l 
and 1-2 for both wrips, respectively. The 
true density and particle density remain 
fairly constant as a function of the copper/ 
zinc atomic percentage ratio at fixed 
aluminum content. Because of the smaller 
values of the fine porous volumes, tho 
catalysts of the kneaded series have higher 
density levels than the roprccipitated 
scrips. Figure 3 shows t,hc total pore 

volume and the porosity over the same 
composition range, while Fig. 4 shows the 
mran pore radius and the mean particle 
size. The pore volume for both series is 
almost constant except for a decrease at 
very high and low copper contents, 
especially in the kneaded series, where pore 
volume is about a quarter of that of the 
coprccipitatcd series. The porosity curve 
is only slightly convex with respect to the 
composition for the coprecipitated series, 
which exhibits greater mean radii sizes 
of pores and particles than the kneaded 
series. The pore-size distribution and the 
accumulative pore volume for catalysts 
Xo. 5, 16, and 17 of both series arc shown 
in Figs. 5-l and 6-l and Figs. 5-2 and 6-2, 
wspwtivcly. In the coprecipitated series 
the pore-size distribution ranges from 50 
to 5000 A with the maximum around 100 A 
both for the composite and for each of the 
components in an individual state. In 
the kncadcd series, the pore-size distribu- 
tion ranges widely from 40 to 10,000 A 
with the peaks of catalyst No. 5-2 shifted 
to smaller ranges of radius values than in 
catalysts Xo. 16-2 and 17-2. It was observed 
that the accumulative pore volume tends 
to increase xvith an increase in the zinc 
cont,rnt and t,o decrease with increasing 
wpprr content. This implies that cat#alyst 
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A 
0 1 

cu 0 20 40 60 60 95 
zn 95 75 55 35 15 0 

cu , zn, atonic % (Al = 5 : mnst) 

FIG. 3. Total pore volume and porosity plotted against Cu/Zn atomic percentage. 0, coprecipi- 
tated; l , kneaded. 

No. 7 is similar to No. 16 and catalyst 
No. 3 to No. 17 as compared with catalyst 
No. 5 in the range of optimum composition. 

Crp?allite sizes before and after reduction. 
Figures 7-l and 7-2 show the crystallite 
sizes of ZnO [loo] and CuO [ill] for 
the calcined samples and of ZnO [loo] 
and metallic Cu [111] for the reduced 
samples, respectively. The X-ray diffraction 
diagrams gave no indication of any com- 
pound formation (11) among copper, zinc, 
and aluminum components in the oxidized 
state and showed only the complete 

- 

reduction of coppw oxide to metallic 
copper and some changes in the crystallite 
size of zinc oxide for the reduced samples. 
In each of the low concentration ranges of 
copper and zinc, alternatively, their minor 
existence was not detected in the X-ray 
diffraction patterns. For the coprecipitated 
series before and after reduction, crystal- 
lites of zinc oxide, copper oxide, or reduced 
copper have an identical size on the order 
of 100 A in the optimum concentration 
range. With reduction, samples with a 
higher concentration zinc oxide showed an 

FIG. 4. Mean pore radius and mean particle radius plotted against Cu/Zn atomic 
Coprecipitated: -0-, r,; ---0---, R. Kneaded:-@--, r,; ---O---, R. 
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FIG. 5-l. Pore-size distribution of coprecipitated catalysts. ---, No. 5; 
- - -, No. 17. 

------) No. 16; 

FKG. 5-2. Pore-size distlibution of kneaded caialyxts. p-, No. 3-2; - - -- --, No. 16-2; 
- - -, No. 17-2. 

apparent growth of crystallitcts, and largctr 
crystallites of metallic copper were pro- 
duced when a highw copper conwntration 
leas present. 

In the optimum composition range, the 
coexisting crystallitcs of zinc oxide and 
mcltallic coppw havo the mm size as 
that of the precursory coppt’r oxide. In 
contrast to this, catalysts of the ltncad(bd 
series have largw crystallitcbs on the ord(ar 
of 400 A for zinc oxide and of 160 A for 
coppc’r oxido before reduction. With wdur- 
tion, the crystallite size of zinc oxide 
dccrcascd considerably but is still twice 
as large 2s that of the mrtallic copp(‘r 

crystallitcs. This size difference was main- 
tained over the whole range of the catalyst 
composition except when both sizes became 
similar bvith increasing copper content. 

SperiJic surface area estimated by nitmyen 
atrd cathtr tttotto.rirle adsorption. Figuw S-l 
dcmonstratw that afttlr reduction the 
coproc’ipitatc>d wrks showchd a rcmarkablc 
incrcaw in total spwific surface area in 
comparison to the oxidized state with a 
high(lr coppc’r content. The kwadrd seriw, 
with a larger surface awa in the oxidizcbd 
Stitt(!, showcbd an increase in specific: 
surface arca by reduction in the UJIltWt 

rnngc up to t,hc optimum concentration. 



198 SHIMOMURA ET AL. 

This was followed by some decrease when Aluminum concentrations of less than 50 
the copper content was increased. From atomoj, did not contributcl to the devclop- 
Fig. 8-2, it can be seen that the coprccip- mcnt of a highly porous structure. Figures 
itated series exhibits a large increase in 9-l and 9-2 show both the measured and 
the specific surface area with an increasing estimated effective surface area from the 
amount of aluminum in the oxidized state amount of carbon monoxide chemisorbed. 
and has a large and unchanging specific This presumptive estimation was made by 
surface area in the reduced state for the calculation of the contribution to the 
smaller content range of aluminum of effective surface area of the amount of the 
S-20%, where the part of the catalytically gas chemisorbed on each of the components, 
effective component could be regarded as presumably in proportion to the atomic 
dominant. The kneaded series shows only ratios. For both series, the estimated 
a minor increase in the specific surface arca surface area of catalysts No. 1, 3, and 7 
for the aluminum content below 20 atom%. and intermediate compositions coincides 

FIG. 6-l. Accumulative pore volume of coprecipitated catalysts. -, No. 5; ------, No. 
16; ---, No. 17. 

Fore radius, A 

FIG. 6-2. Accumulative pore volume of kneaded catalysts. -, No. 5-2;------, No. 16-2; 
-- -, No. 17-2. 
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0 I 
cu 0 20 40 60 80 95 
Zn 95 75 55 35 15 0 

Cu / Zn. atiic S (Al = 5 : const) 

FIG. 7-1. Crystallite sizes of coprecipital,ed cat.alysts before and aft,er reduction. -O-, CuO 
[ill]; -A--, Cn [ill]; ---.---, Zno [loo] 1 ,f )c 01e redwtion; ---A- --, ZnO [loo] after 
reduction. 
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1001 
cu 0 20 40 60 80 
Zn 95 75 55 35 15 0 

Cu / Zn. atonic ? Ud = 5 : const) 

FIG. 7-2. Cryst,allite sixes of kneaded catalysts before and after reduction. -0-, Co0 [ill]; 
-A-, Cu [Ill]; - --•- - -, ZnO [lot)] before redrlcticm; - - -A- - -, ZnO CIOO] aft.er reduction. 

well with the ~ncasurcd surface nwa, adsorption. Figure 9-3 show the depend- 
except when the measured values arc higher ence of the rffrctivc surface area for the 
than the csimation in the catalytically wduccd samples of both srries upon the 
optimum range of composition around aluminum content at a fixed atomic ratio 
catalyst No. 5. Such a charactwistic of Cu : Zn = 1: 0.58, i.e., an atomic percent- 
tendency was not obswvcd in the oxidized age of Cu:Zn:Al = GO:35 :5 with the 
state, which showcbd a coincidrncc over highest catalytic activity. For the coprc- 
the wholo rangcx of the COppOr/ZiIlc atomic cipitatcd swiw, a higher surface area with 
ratio values. The observation suggests an apparcbnt maximum around 5 atom% of 
that a higher catalytic activit,y for methanol aluminum decreasrd with increasing alu- 
synthesis in the optimum contcwt, range is minum (*ontent, in wnjunction with the 
coupled with a higher cffectivc surface ostimatcd effcctivc surface awa. The 
arca as estimated by carbon monoxide kneaded writs showcd a smaller effrctivc 



200 SHIMOMURA E?’ AL. 

surface area with the maximum in the 
same region as the coprecipitated series 
and a slight increase even above 20 atorny* 
of aluminum. This increasing tendency, 
which is opposite to a decrease in the 
copper and zinc contents, shows that these 
components would be localized inhomo- 
gcneously on the alumina surface in the 
case of the kneaded series of catalysts. 
This implies that the effective part of 
added alumina would bc blocked with the 
components, which is experimentally rc- 
fleeted in a rapid dctcrioration of the 
catalytic activity as demonstrated in cata- 
lyst No. 8 without alumina. 

DISCUSSION 

Structure of pores and particles. From a 
comparison between the oxidized states 
of both series, the catalysts prepared by 
the coprecipitation method had a much 
larger total pore volume. This is also 
apparent in the accumulative pore volume 

cu O-5 0 
Zn 95 75 55 35 15 0 

cu / atanic (AL = 5 : mnst) Z", % 

Fra. 8-1. Specific surface as function of Cu/Zn 
al.omic percentage. Coprecipitatjed: - - l - -, oxi- 
dized; -O--, reduced. Kneaded: - w, oxidized; 
--El--, reduced. 
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Al atonic % ( cu / 7.n = 1 / 0.58 : con*t ) 

0 

FIG. 8-2. Specific surface as function of Al atomic 
percentage. Coprecipita ted : - 0 -, oxidized ; 
-O--, reduced. Kneaded: -E, oxidized; 
-•-, reduced. 

which is several times larger than that of 
the kneaded series, accompanied with a 
high porosity. The mean particle radius is 
in the order of SO A for the coprecipitated 
series and 20 A for the kneaded series. 

These results lead to an interpretation 
of the structural factors as outlined in the 
following. The kneaded catalysts can bc 
regarded as an aggregated mass lvith a 
small mean pore radius of 20 A (Fig. 4), 
which consists of particles with a mean 
radius of 30 A, these being conveniently 
designated as the primary particles (8). 
The aggregate of primary particles has a 
smaller quantity of the fine pore-size 
distribution and has a much smaller pore 
volume in comparison with the copre- 
cipitated series. The larger particles of the 
order of 80 A, estimated for the coprc- 
cipitated series, fall in the category of 
the secondary aggregate with a pore 
radius of a few hundred angstroms. This 
aggregate constitutes a larger mass bvith 
the pore-size distribution of a few thousand 



angstroms (Fig. 6-l) to give a large total 
pore volume. The secondary aggregate 
disperses on reduction to produce a fairly 
large surface area. 

Crystallite sizes in the coe.xistent state. 
The coprecipitated series has a Frystallite 
size of the same order for all components 
in the optimum content range so as to 
produce a homogeneous crystallite struc- 
turc. The kneaded series, with larger 
crystallitcs, had a large size difference 
bc%wccn copper and zinc oxide wsulting 

in an inhomogeneous structure of mixed 
crystallitts. These observations suggest 
that the homogeneous structure in the 
crystallites of the optimum content has 
its origin during the stage of precipitation 
so as to produce a fine mixture of pro- 
cipitatw, followed by calcination t’o prc’- 
cwrsory oxide. Direct correlation hetwccn 
crystallite sizt>s lvhich constitute the effec- 
tive surface and the catalytic activity can 
not as yet bc related to the reaction 
mechanism ; e.g., the kneaded catalyst 

01 I cu 0 20 40 60 80 95 
al 95 75 55 35 15 0 

C" / zn, a!xmuc $ ml = 5 : c-mst) 

FIG. 9-l. Effective surface area of coprecipitat.ed cat.alysts before and after reduct,ion plotted 
against Cu/Zn at,omic percentage. Reduced : -0--, measwed; - l -, estimat,ed. Oxidized : 
--o--, measured; -m-, est,imated. 

OW 
I 

cu 0 40 60 80 9' 
Zn 95 75 55 35 15 ( 

cu / WI. atunic 9 (Al = 5 : C"Ez) 

Fro. 9-2. Effective surface area of kneaded catalysh before and after reduchn plotted against 
Cu/Zn atomic percentage. Redwed : -0-, measnred; - l -, estimated. Oxidized : - q -, 
measured ; -m--, estimated. 
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FIG. 9-3. Effective surface area of coprecipitated and kneaded catalysts after reduction plotted 
against Al atomic percentage. Coprecipitated : - 0-, measut ed ; - l -, estimated. Kneaded : 
-a--, measured; -u--, estimated. 

series had a higher catalytic activity in 
the case of the carbon monoxide-shift 
conversion (12). 

Surface area estimated by BET method 
and by carbon wmnozide adsorptim. The 
coprecipitatcd catalysts with a surfacc 
area of GO-70 m2/g in the oxidiwd state 
had a large arca increase up to 270-230 
mz/g within the optimum content rang{’ on 
reduction. The higher the copper content 
the larger the extent of surface area incrc- 
ment. This tendency is corrclatcd to the 

dominant occupation of the beforc-men- 
tioned secondary particles with an increase 
of copper content. 

Structural propertirs of higher concentra- 
tions of reduced coppw containing only a 
small amount of alumina wcrc extremely 
variable, w(‘n under conditions of con- 
trollrd reduction so that strict rcproduc- 
ihility of the cxpc‘rimcntal results were 
difficult to obtain. For the kneaded scrics 
with a highw copper content, copper 
particelcs with an inhomogrncous structure 

CA Oo 
I 

20 40 60 80 95 

zn 95 75 55 35 15 0 
Cu / Zn. atanic % hl = 5 : coast) 

FIG. 10. Ratio of the effective specific surface area to t,he total specific surface area. -0-, 
coprecipitated ; - l -, kneaded. 
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*q f, y/; 

cu 0 20 40 60 60 95 
Zn 95 75 55 35 15 0 

cu / zn, atomic % (Al = 5 : const) 

FIG. 11-l. Specific rate constant for methanol synthesis as function of Cu/Zn atomic percentage. 
-o--, -A-, coprecipitated ; -o-, -A--, kneaded. 

oli 
0 20 40 60' 

Al atomic 5 ( C" / zn = 1 / 0.58 : const) 

FIG. 11-2. Specific rate constant for methanol synthesis as function of .41 atomic percentage. 
-O-, -A-, coprecipit,ated ; - 0 -, -A-, kneaded. 

result in a structural inconstancy dcpcnd- 
ing upon the degree of aggregation and 
crystallite growth. 

The kneaded series in the oxidized state 
had a specific surface arca of 170 m3/g 
and had a surface area in the order of 
270 m2/g after reduction which is similar 
to the coprecipitated series within the 
optimum content range. This was followed 
by a further decrease in surface area with 
an increase in copper content. The extent 
of increment of the specific surface area 
on reduction is larger for the coprecipitated 

series which possibly consists of the 
secondary particles in the oxidized state 
as compared with the kneaded series which 
consists only of primary particles. The 
structural behavior of copper and zinc 
components, when they coexist, is con- 
vcniently comparable to the catalyst 
samples prepared by the same kneading 
method (8), in which zinc oxide powder 
was kneaded with a copper hydroxide 
cake into a paste mixture. In this case the 
primary particles of copper were found to 
be attached to the surface of t#he zinc 
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In tho prwont catalJ&s, cspccially fw 

those of the coprccipitatcd scri(‘s, both the 
copper and zinc components took part in 
the development of the effective surface 
structure during thermal trcatmcnt, as 
shown, for instance, by their crystal 
growth. With reduction the specific surfaot: 
area showed a greater increase for the 
coprecipitated srries in the optimum con- 

tent range and a lesser increase and a 
rough constancy below 50 atom% of 
aluminum for the kneaded series. In the 
latter case alumina would have a negligible 
effect on the growth of surface area bccausc 
of its low miscibility and dispcrsity. This 
result suggests that a supporting material 
which serves as a dispersing agent and/or 
thermal stabilizer should be coexistent 
during precipitation and that it should be 
coprecipitatrd rather than added as a 
suspension or in a stable form like hydrated 
oxide. The higher cffcctivc surface arca 
mcasurcd by carbon monoxide adsorption 
was obscrvcd for both scrics in tho catalgt- 
ically optimum content rangr. The propor- 
tion of chemisorbed carbon monoxide that 
can be attributed to the metallic part and 
to the other effective part has not been 
determined because of some uncertain 
factors rclatcd to the selective adsorption 
during the cxperimcntal conditions. Each 
of the components, copper and zinc oxide, 
showed a much lesser but ncvcrthrlcss 
clear catalytic activity in their individual 
states. The nature of the active sites as 
dctcrmined from the difforcncc of carbon 
monoxide chcmisorption bctwccn the oxi- 
dized and reduced states cannot yet bo 
satisfactorily explained although it is clear 
that metallic copper produced by reduction 
plays a dominant role in the reduced 
catalysts (3, 13). 

Specijk catalytic activiky for ?nethanol 

synthesis. As shown in Fig. 10, a higher 

r;lt,io of cffrdivt: surl’aw ww, SC,,,, 1.0 
specific surface area., SN*, was observed i11 
t,ho optimllm conht rangck of the ratio 01 
c.oppc~r/einc which compositely constitute 
a higher density of active sites. Figures 
11-l and 11-2 demonstrate the specific 
rate constant based on tht: unit lveight 
and ratio of SCO/SN, plot&cad against 
catalyst composition. The specific activity, 
KISCdSN,, had a fairly constant level 
over a wide range of the composition, 
around 1.1 X 1OP for tho coprccipitated 
catalysts and 9 X lo-” mol/g.hr.atmO.g for 
the kneaded catalysts, the latter having 
a less dcnst: distribution of catalytically 
active sites. 

The spwific rate constant, assumed on 
the basis of the total specific surface area, 
SN2, and on the effective surface area, 
&o, showed no higher range in catalytic 
activity as a function of the chemical 
composition. It had a fairly constant level 
and sho\vcd slight tendency to decrease 
with an incwase in the copprr/zinc ratio 
(Tables 2-l and 2-2). 

Thcsc rwults suggest that a higher 
catalytic activity rcquirw that the catalyst 
romponc>nts cocbxist in a finely divided 
state of a dwscl wmpositc so as to con- 
stitut(l a higher proportion of the cffrctive 
surface awa compared with the total 
surface area. 

Further study is nwded to clarify the 
active sites in the cffoctive surface area, 
taking the reaction mechanism into ac- 
count, the kinds of reactant gas, hydrogen, 
carbon monoxide and/or carbon dioxide, 
to bc adsorbed (13-1Y), the conditions of 
individual or concurrent adsorption, and 
the heat of sclectivc adsorption. 
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