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Methanol Synthesis from H,, CO, and CO, over Cu/ZnO Catalysts

K. G. CuaNcHLANL! R. R. HuDGINS, AND P. L. SILVESTON?

Department of Chemical Engineering, University of Waterloo, Waterloo, Ontario, Canada N2L 3Gl

Received October 10, 1991; revised January 22, 1992

Methanol synthesis kinetics at steady state are reported for two catalysts: Cu/ZnO (as Cu: Zn =
30: 70 atomic ratio) and Cu/ZnO/AL,O; (Cu:Zn: Al = 60:30: 10 atomic ratio) for various syngas
compositions and temperatures from 200 to 275°C. In addition, catalyst deactivation is discussed

along with XPS—Auger measurements of surface

composition for fresh and used catalysts. Apparent

activation energies for methanol synthesis on the Cu/ZnO catalyst depend on both temperature and
fractional CO, in the CO-CO, mixture and reflect a change in the importance of the CO and CO,
as sources of methanol in the synthesis. The water—gas shift reaction does not proceed to equilibrium
for CO mole fractions below 0.05. Experimental results confirm earlier observations that methanol

is formed directly from CO and CO,. However,

and CO, is not just additive; some interconversion must be involved.

INTRODUCTION

Research on the controversial role of CO,
in methanol synthesis and the mechanism of
its synthesis has centered recently on so-
phisticated instrumental techniques, such as
isotopic methods (/-7); temperature-pro-
grammed reaction (8); surface spectroscopy
such as XPS, Auger, and EXAFS (§-12);
TPD (13-15); chemical trapping (16—18); IR
or UV spectroscopy (/19-23); and N,O titra-
tion (12, 24). These studies have not settled
the controversy. Many of these instrumen-
tal and/or technique-oriented studies also
reported limited kinetic data on the role of
CO, in the synthesis. Nevertheless, the pri-
mary source of kinetic data for studying the
role of CO, are four extensive but appar-
ently conflicting studies by Klier et al. (25),
Vedage et al. (2), Rozovskii et al. (26), and
Liu et al. (27). Klier and co-workers found
that CO, activates Cu/ZnO catalysts at low
concentrations or R ratios (R is the fraction
of CO, in the carbon oxide portion of the
feed) but inhibits formation of methanol
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(MeOH) at higher R ratios. On the other
hand, Kung and co-workers (27) observed
an increasing rate of response as R in-
creased. Others (4, 28, 29) besides Liu et
al. (27) have reported that the rate of CO,
hydrogenation to methanol is much greater
than the rate of CO hydrogenation. It seems
appropriate, therefore, to investigate the
role of CO, to supplement the kinetic mea-
surements of the Klier and Kung teams as
well as other investigators.

The results reported in this paper are
drawn from an examination of periodic op-
eration of methanol synthesis (30) in which
the partial pressures of H,, CO, and CO,
were varied with time. Interpreting the peri-
odic results requires an extensive collection
of steady-state data. These data are the sub-
stance of this paper. Methanol synthesis ki-
netics are reported for two catalysts: Cu/
ZnO (as Cu:Zn = 30:70 atomic ratio) and
Cu/ZnO/ALO; (Cu:Zn: Al 60:30:10
atomic ratio). The former was used by both
Kung and co-workers and by Klier and co-
workers, whereas the latter is the approxi-
mate composition of a widely used industrial
methanol catalyst (4). The Klier group
worked at 5 MPa and 225 to 250°C with 0
< R < 0.3, whereas Kung and co-workers
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DATA RECORDER

operated at 1.75 MPa and 198 to 228°C with
0 < R < 1. Both groups used 70 mol% H,.
In addition to the kinetic measurements,
catalyst deactivation, as well as XPS—Auger
measurements of surface composition, is re-
ported.

EXPERIMENTAL
Experimental System and Procedure

A schematic of the apparatus used in this
study is shown in Fig. 1. High-pressure
gases, CP grade CO (99.5%), instrument
grade CO, (99.99%), and prepurified H,
were used to avoid a booster compressor.
Each of these gases passed through a high-
pressure microfilter to eliminate dust and
the CO stream was directed through a bed
of 4A molecular sieves to strip out iron and/
or nickel carbonyls. As shown in the figure,
the composition of the feed gas was formu-
lated using Brooks Model 5850D mass flow
controllers (MFCs). The CP grade CO con-
tained trace quantities of methane whereas
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Fi1G. 1. Schematic of the experimental system: BPR, back pressure regulator; DPT, differential
pressure transducer; F, microfilter; GC, gas chromatograph; MFC, mass flow controller; MS, molecular
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nitrogen was the major contaminant in CO,
and H,.

By means of a three-way switching valve,
the feed mixture could be sent either to the
reactor or directly to an on-line gas chroma-
tograph (GC) for feed composition analysis.
The product analysis of the effluent stream
from the reactor was initiated and controlled
by an automated DEC PRO-380 microcom-
puter connected to various field devices via
a Taurus One interface. The individual
MFCs and the entire reactor were under
supervision of the automated data acquisi-
tion system. Solenoid valves were em-
ployed on each stream to shut off the flow
of gas completely when required.

A differential packed-bed reactor was
used for the study. Constructed from a
0.635-cm (1/4-in.). o.d. copper tubing, the
reactor was filled to a depth of about 3 cm
with catalyst. Two chromel-alumel thermo-
couples were used to measure the tempera-
ture of the feed gas at the inlet to the catalyst
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bed. The reactor operated virtually isother-
mally in all the steady-state runs reported.
Total flow through the reactor was main-
tained at 14.8 ml (STP) s~!. The catalysts
described below were ground to 40/60 US
mesh with a mean particle size of 0.3 mm.
The charge was diluted with nonporous glass
beads in a mass ratio of 1:2 (beads:cat-
alyst) to distribute the heat generation and
thereby maintain an isothermal condition in
the reactor. The reactor was housed in a
rectangular, aluminum, electrically heated
furnace where temperature could be held to
within 0.3°C of the desired level. A separate
preheater raised the feed temperature to
within 5°C of the temperature within the re-
actor. The reactor outlet led to a backpres-
sure regulator, which served to maintain the
total pressure at 2.86 MPa. The pressure
drop across the catalyst bed was less than 5
kPa. After the backpressure regulator, the
product stream passed into the sampling
valve of the gas chromatograph. The gas
chromatograph employed 80/100 mesh Por-
apak Q packing. Both thermal and flame
ionization detectors in series provided the
analysis at a maximum frequency of a mea-
surement every 4 min. Integration was on-
line. A mixture of 8.5% H, in He was used as
a carrier gas to resolve the hydrogen peaks.
Calibrations were performed for methanol,
CO, and CO,, whereas the response factor
method (37) was used for water and meth-
ane. Further details of the equipment and
analytical technique are given by Chan-
chlani (30).

Catalyst

The composition and preparation of in-
dustrial methanol catalysts are for the most
part proprietary information. Samples are
not readily available. Consequently, Cu/
ZnO and Cu/ZnO/Al, O, catalysts were pre-
pared for this study following the recipes
given by Klier and Herman (32). Once the
catalyst charge was loaded into the reactor,
it was conditioned by passing 15% H, in N,
over the catalyst at high throughput for 10 h
at250°C and 101.3 kPa. When an experiment

TABLE 1

Catalyst Properties

Catalyst Cw/ZnO Cuw/ZnO Cu/ZnO/ALO,
(30/70)  (30/70) (60/30/10)

Composition

Cu 30.97 30.82 60.51

Zn 69.03 68.18 30.90

Al — — 8.58
BET surface

area (m? g~ ) 40 30 54
Mean pore

diameter (nm) 4 - 45
Internal porosity 0.45 0.45 0.45
Bulk density

(gml™h 1.2 1.2 0.9
Mean particle

diameter (mm) 0.3 0.3 0.3

was not in progress, the reactor temperature
was maintained, but the catalyst was contin-
vously flushed with N,.

The Cu/ZnO and Cuw/ZnO/Al,O, catalysts
were chosen on the strength of having the
highest activity for the two- and three-
component catalysts for methanol synthe-
sis, according to Klier and Herman (32).
The composition of the Cu/ZnO/Al,0; is vir-
tually identical to a widely used industrial
catalyst (4) while the Cu/ZnO catalyst has
been used for many laboratory studies.

Nominal compositions of the catalysts
prepared were determined by atomic ab-
sorption spectrophotometry and are given
in Table 1. BET surface areas and mean
pore radii from N, physisorption are also
shown.

Experimental Procedure

Blank runs at 225 and 275°C at 2.86 MPa
pressure with a H,/CO/CO, feed (= 70/23/
07 mol%, hereafter understood to be simply
%) established that the glass beads, reactor
walls, and stainless-steel supporting screen
for the catalyst were catalytically inactive.

The activity of both catalysts decayed
slowly during the runs. No attempt was
made to regenerate the catalyst. There was
also some variability in the catalyst activity
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from batch to batch, so only data from sam-
ples with essentially the same initial activity
are reported. The catalyst activity was mon-
itored every 3 or 4 runs at 250°C and 2.86
MPa with a standard feed gas mixture (H,/
CO/CO, = 70/23/07). All of the methanol
steady-state reaction rates were corrected
to a common initial activity for each of the
two different catalysts. These corrected
data are reported. This technique requires
the inspection of reproducibility, which was
performed several times using a set of three
to five replicated experiments.

Tests were undertaken for heat and mass
transport interference employing various
criteria (for gradients of temperature and
concentration within the catalyst and within
the film surrounding it) proposed in the liter-
ature (33). All of these tests were strongly
negative, indicating the absence of transport
masking. From these calculations, particle
sizes and gas flow rates at which masking
would be eliminated were selected, and
these conditions were used in subsequent
experiments. In addition, catalyst dilution
(as already mentioned), reactor diameter,
and the ratio of particle to reactor diameters
were chosen to ensure isothermality.

Conversions based on carbon were, for
the most part, less than 1%, establishing that
the reactor operated differentially. Further-
more, the molar gas flow rates were practi-
cally unchanged. This permitted correlation
of rates and yields with inlet conditions.

Material balances were made for carbon
and oxygen. These closed to within about 2%
for the experiments reported in this paper.
Replication runs provided a coefficient of
variability (standard deviation/mean rate of
reaction) of from 4 to 27% for the experi-
ments made witha Cu/ZnO catalyst and from
5 to 29% for the experiments made with a
Cu/ZnO/AlL,O; catalyst. The mean coeffi-
cient of variation was about 14%. Further-
more, the approach to steady state was
closely monitored at each steady state and it
was observed that 120 to 150 min were
needed to obtain time-invariant composi-
tions.
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F1G. 2. Methanol synthesis rate as a function of R
and % H,. Feed contains CO, CO,, and H,; T = 225°C;
P = 2.86 MPa; flow = 14.8 ml (STP) s~!; Cuw/ZnO
catalyst.

Experiments were performed at 225°C,
2.86 MPa, and a space velocity of about
37 ml (STP) (g cat.)~! s~ ! unless otherwise
noted. The hourly space velocity at reaction
conditions was between 8500 and 11,300
h™1.

RESULTS

Experiments are separated by catalyst
and arranged in the sequence

(1) effects of R and H, mole percentage
on the synthesis rate,

(2) effect of H, mole fraction on the syn-
thesis rate for CO-H, and CO,~H, mix-
tures,

(3) effect of temperature on the synthesis
rate, and

(4) catalyst deactivation and surface
analysis.

Cu/ZnO Catalyst

Kinetics. For the CW/ZnO catalyst, the
experimental measurements are plotted in
Fig. 2 as the rate of methanol formation vs
R, where R is the fraction of CQO, in the
carbon oxide feed to the reactor. The rates
are shown for different mole percentages of
hydrogen in the feed. All results are for a
temperature of 225°C and a total pressure of
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2.86 MPa. Atlow % H,, the rate of methanol
formation seems to be independent of R,
whereas by 43% H,, the rate has become a
strong function of R, as seen in Fig. 2. The
curves for 66.4, 65, and 83% H, are in gen-
eral agreement with the results obtained by
Kung and co-workers (27) who observed a
linear relation between rate and R in the
range 0.1 < R < 1.0 that they studied at 70%
H,. However, their rates (27) were about
two orders of magnitude below those given
in Fig. 2. This difference reflects total pres-
sure, catalyst conditioning, and correction
for deactivation. It is worthy of note that
at high values of R and hydrogen content
(>66%), the rate again appears to be weakly
affected by R. We believe this is not a conse-
quence of the water—gas shift reaction. Nei-
ther does it appear to represent water inhi-
bition. Vedage et al. (2) report water inhibi-
tion at ca. 2% water in the exit gas, while
Liu et al. (27) show strong inhibition below
1%. Water measurements in this study were
poorly reproducible but were nevertheless
below 1% as carbon conversion to methanol
exceeded 1% only at 83% H, in the feed.

Explanations of the positive effect of R
on the methanol formation rate go to the
heart of the controversy over the role of
CO,, namely:

(1) CO, functions only to control the sur-
face composition, oxidation state, and dis-
persion of CuO in the catalyst but is not a
direct reactant.

(2) Methanol is formed solely through CO,
hydrogenation.

(3) Both CO and CO, can be hydrogenated
to methanol and the predominant reaction
depends on operating conditions.

An increase in sites and/or the turnover
number at each site is supported by the ob-
servations of Chinchen et al. (13). In a com-
prehensive review, Klier et al. (25) cite the
pre-1982 evidence for a primarily CO route
to methanol and argue for this route based
on their studies of the effect of R on the
synthesis rate (25). The arguments support-
ing the second viewpoint are summarized
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FiG. 3. Methanol synthesis rate for CO/H, and CO,/
H, feeds. T = 225°C; P = 2.86 MPa; flow = 14.8 ml
(STP) s~'; Cw/ZnO catalyst.

by Chinchen et al. (34). The third explana-
tion is supported by most recent experimen-
tal data (1, 4, 7, 20, 24, 26, 27).

At low hydrogen concentrations (20%
H,), the R effect disappears. Neither of the
two explanations can account for this be-
havior. Perhaps the hydrogen concentration
on the surface becomes so small that hydro-
gen replacement becomes rate-limiting,
thereby decreasing the influence of the CO/
CO, ratio on the rate. Monnier et al. (11)
proposed that the chemisorption of the car-
bon oxides is competitive with hydrogen. If
hydrogen is capable of adsorbing on the
same site, this explanation becomes reason-
able. In another paper, Klier et al. (25) re-
port that the heats of adsorption, and thus
the strength of the adsorption bonds, de-
crease in the order CO, > CO > H,. Duprez
et al. (7) suggest that ZnO activates both
CO, and H,, so this could be the source of
the interference. According to the formyl
mechanism, now thought to be an intermedi-
ate in the CO route, atomically adsorbed H
is needed. Formate, the apparent intermedi-
ate in the CO, route, is formed by the inter-
action of adsorbed H, and CO,.

The two explanations can be evaluated by
comparing in Fig. 3 the methanol formation
rates for a feed containing only CO and H,
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and another containing only CO, and H,. In
this figure, the methanol formation rate at a
mixture of 10% carbon oxides and 90% H,
is five times greater for CO, than it is for
CO. The reverse water—gas shift does not
go to equilibrium (see Discussion). Even if
it does proceed, this shift cannot explain
the rate difference. The CO/CO, equilibrium
ratio is about 1 (corresponding to R = 0.5).
From Fig. 2 at R = 0.5, the rate would be
about 100 mmol (kg cat.)~!' s~!. This rate is
still well above the H,/CO curve in Fig. 3.
Since the CO/H, mixture cannot undergo
the water—gas shift when water is not pres-
ent, the assumption that the reaction pro-
ceeds only through CO requires an unlikely
fourfold increase in the turnover number of
density of active sites due to the presence
of CO, in order to reach the 100 mmol (kg
cat.)”! s ! rate required at R = 0.5 in Fig.
2. Thus, the data in Figs. 2 and 3 suggest
that methanol is formed in separate reaction
pathways from CO and from CO,.

Small amounts of methane were detected
in the experiments when CO was part of
the feed mixture. However, it was observed
that methane concentration was nearly a lin-
ear function of the CO content. With just
CO, and H,, methane was not observed in
the products. Thus, it appears that methane
is not formed over this catalyst. This was
confirmed by measuring the methane con-
tent of the CO cylinders after the experi-
ments. It was determined that most of the
methane originated with the CO feed. Water
was measured when CO, was present in the
feed mixture. No water was found when the
feed contained only CO and H,. Conver-
sions were very low in these experiments so
that the water content in the product was at
the limit of detection by the TCD determina-
tion. The reproducibility and accuracy of
the water measurements were consequently
quite low. Indeed, in some cases, water lev-
els measured were greater than those calcu-
lated assuming both methanol and wa-
ter—gas shift equilibria were attained. Thus,
water content was determined from an oxy-
gen balance and accurate measurements of
methanol, CO, and CO,.
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Fic. 4. Effect of temperature and R on the methanol
synthesis rate. Cu/ZnO catalyst: P = 2.41 MPa, 65%
H, in feed.

Temperature effect. Figure 4 plots In
meon VS R for 65% H, at 2.41 MPa for four
temperatures between 200 and 275°C at a
space velocity of 37 ml (STP) (g cat.)~'s™ .
Below 250°C, the synthesis rate increases
with R. At 250°C, however, R has only a
slight effect on the synthesis rate, whereas
at 275°C, the rate decreases rapidly with R
in the range 0.1 < R < 0.66. Figure 4 is a
logarithmic plot of rate. The drop between
0.1 and 0.3 is almost an order of magnitude.
This is in good agreement with the data of
Klier et al. (25) for 0.02 < R < 0.3 and 70%
H, in the temperature range from 225 to
250°C at 7.5 MPa.

Figure 4 shows a temperature effect on
the influence of R not previously observed.
An effect of this type would usually be at-
tributed to a change in the rate-controlling
step, but since independent routes to metha-
nol from either CO or CO, appear to be
possible, it could arise from activation en-
ergy differences between parallel routes.
Conversions at 275°C were greater than
those at 225°C, but did not exceed 1.5%.
Water in the reactor off-gas accounted for
from 0.4 to 0.6%, a range below those re-
ported by Vedage et al. (2) and Liu et al.
(27) for severe inhibition. Therefore, water
inhibition cannot be the explanation of the
change in the effect of R on rate shown in
the figure.
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F1G. 5. Arrhenius plots for methanol synthesis as a
function of R. Cu/ZnO catalyst: P = 2.41 MPa, 65%
H,; in feed.

Liu et al. (27) attempted to explain Klier’s
results in several ways. Their most persua-
sive argument dealt with water effects. If
methanol in Klier’s experiments was largely
formed from CO, rather than CO, water lev-
els at the end of the Klier reactor would
reach levels at which strong water inhibition
occurs. Liu et al. suggest that water activa-
tion of the catalyst at low water levels, as
reported by Vedage et al. (2), and inhibition
at high values of R, corresponding to higher
water levels, explain the Klier results. Our
results do not dispute their hypothesis; how-
ever, they do suggest that part of the expla-
nation may be due to the effect seen in Fig.
4. The pressure difference, 7.5 MPa vs 2.86
MPa, and differences in catalyst preparation
and conditioning may explain the change in
the effect of R at temperatures at least 50°
below 275°C.

The data on the temperature effect are
presented in an Arrhenius plot in Fig. 5 with
R as a parameter. The apparent activation
energies for the synthesis on the Cu/ZnO
catalyst depend on both temperature and R.
Nevertheless, the values for 0.067 < R <
0.24 are in good agreement with published
values, which range between 90.8 and 104.6
kJ/mol (35, 36). At 65% H,, Fig. 3 shows
about a threefold difference in the rates of
methanol synthesis, from CO,~H, and
CO-H,. Thus at R = 0.067 (CO, is less than

10% of the carbon oxides), methanol must
be formed primarily from CO. The R =
0.067 curve in Fig. 5 shows the least curva-
ture. On the other hand, the most curvature
(greatest change in slope, In r vs I/T) occurs
for R = 0.33 and 0.66, where both CO and
CO, are important methanol sources. These
considerations suggest that the changing ac-
tivation energy reflects a change in the im-
portance of the CO and CO, sources of
methanol. Note that at 275°C, the rate for
R = 0.067 is about 10 times the rate at R =
0.66.

Deactivation behavior. Deactivation of
the Cu/ZnO catalyst occurred with time-on-
stream as noted earlier. To describe this pro-
cess, experiments were performed at 225°C,
2.86 MPa, and a space velocity of 37 ml g !
s~!. Catalyst samples were exposed for at
least 72 h to a feed that was 70% H,, 23%
CO, and 7% N, or to a feed of 70% H,,
23% CO, and 7% CO,. In both tests, the
deactivation was interrupted for periods of
48 or 72 h in which the catalyst was held
at 225°C but under N,. The purpose of the
interruption was to see if additional aging
processes were at work. Two samples of
the Cu/ZnO catalyst were employed, one of
which was freshly prepared while the other
sample had been reduced for 10 h under H,,
as discussed earlier.

Figure 6 shows the methanol yield for
both samples, normalized with respect to
the initial yield, as a function of time-on-
stream. Freshly prepared catalyst is acti-
vated by exposure to the syngas mixture.
Although the sample was measured 6 h after
the first exposure, it is likely that there is a
rapid initial increase in activity, probably in
the first hour on stream. Activity continues
to increase to a maximum at about 15 h
on stream; thereafter it declines relatively
slowly.

By contrast, the activity of the H,-re-
duced catalyst begins to decline after the
first hour on stream. Although Fig. 6 shows
that the initial time-on-stream deactivation
is more rapid with a feed containing CO,, a
conclusion on the role of CO, in deactivation
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Fi1G. 6. Deactivation of the Cu/ZnO catalyst with time
of exposure to syngas. T = 225°C; P = 2.86 MPa;
(—@—) freshly prepared catalyst exposed to 70% H,,
23% CO, and 7% N,; (@) reduced catalyst exposed to
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cannot be drawn because of the different
pretreatment undergone by the catalyst
samples. The line through the data points is
not a fit but is intended only to show the
data trend. The scattering of the normalized
yields indicates, we believe, reproducibility
of the measurements.

The sharp drop in yield at about 72 h on
stream for the freshly prepared catalyst rep-
resents measurements made immediately
after resuming syngas flow to the sample
after it was held under N, for 120 h. Deacti-
vation during this holding period was 30%.
The activity is rapidly restored within about
a 6-h time-on-stream, so that the net loss
due to interruption of the syngas and substi-
tution of nitrogen was negligible. We specu-
late that the drop and the restoration of ac-
tivity result from adjustment of the Cu/Zn
composition of the surface. Sensitivity of
surface composition to the gas-phase com-
position is noted further on and has been
reported in the literature (7, 24). Reversibil-
ity of the enrichment or depletion of surface
metals has been observed.

An interruption in the catalyst exposure
to syngas was made for the second sample
shown in Fig. 6 after 43 h on stream. In

this case, there was no loss of activity even
though the catalyst was held under a N,
atmosphere for 48 h. Instead, there was
about a 10% temporary increase in activity;
thereafter deactivation occurred at about
the same rate. Methane production surged
for about a 10-h period after the interrup-
tion. We are unable to account for this be-
havior. We note that this catalyst was ex-
posed to a CO,-containing feed.

The methane behavior is not shown on
the figure but it is nevertheless remarkable.
A burst of methane production occurs when
the freshly prepared catalyst is exposed to
the syngas feed mixture, but this drops to
essentially zero within 24 h on stream. For
the catalyst sample reduced with H,, there
is also a burst of H, production on the first
exposure to syngas. This increase occurs
during the first hour on stream but then de-
clines until, after 12 h, methane production
ceases. Methane formation nevertheless re-
mains much less than methanol formation
during this initial period. A possible expla-
nation for the methane surge is flooding of
the reduced, possibly Cu crystallites on the
catalyst surface by H adatoms. Duprez et al.
(7) quote a doctoral dissertation that claims
that ZnO can store hydrogen. The hydrogen
species, they claim, is highly mobile and can
spill over to the Cu crystallites dispersed in
the zinc phase. We speculate that some of
this hydrogen reduces the adsorbed oxycar-
bons to methane as well as forming metha-
nol, the dominant product.

Klier et al. (25) reported continuous deac-
tivation of their Cu/ZnO catalyst in a CO,~
free syngas mixture, but Kung’s group (27)
observed that a steady state was reached
after about a 60% loss of activity.

Surface alteration with exposure to syn-
gas. Activity loss for the methanol synthesis
catalyst is usually attributed to sulfur poi-
soning, depletion of Cu from the surface,
sintering or agglomeration of Cu crystallites
in a ZnO matrix, or to copper overreduction
(12, 25). Sulfur can be rejected as a source,
because the feed gases were sulfur-free. To
explore the remaining explanations, X-ray
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H, at 250°C for 10 h, (¢) reduced and exposed to 65%
H,, 35% CO, (d) reduced and exposed to 65% H,, 35%
COZ-

photoelectron (XPS) and Auger spectros-
copy measurements were made on catalyst
samples on our behalf by the Surface Sci-
ence Laboratory of the University of West-
ern Ontario. The results presented below
are drawn from their report (30). Catalysts
sent to their laboratory were loaded into
clean glass vials using an N, glove bag and
were maintained under N, pressure until
use. Spectra were obtained from catalyst
samples pressed into an indium foil. A sepa-
rate set of samples was used, so the relation
to deactivation behavior is by inference. An
AlKa X-ray photon excitation source (hv
= 1486.6 ev) was employed to obtain the
Cu,Zn 2ps, photoelectron lines as well as
the Cu (LMM) Auger lines. Figure 7 shows
the XPS spectra obtained for the four Cu/

Zn0 samples and the Auger spectra. Peaks
are identified from literature data relative to
the C 1s line and the relative amounts of zinc
and copper on the surface were determined
from the respective 2p, peaks. The oxida-
tion state of the copper was determined from
the Auger a parameter on the basis of a 2-
eV shift between Cu®* and Cu™. The pres-
ence of Cu shakeup satellite peaks of ap-
proximately 40% of the intensity of the Cu
2pyp, line indicated Cu presence as Cu?*,

Comparison of the Zn and Cu 2p;, intensi-
ties indicates a low ratio of Cu:Zn on the
surface in spectra (a) for a freshly prepared
catalyst. Despite the low intensities, the sat-
ellite peaks for Cu 2p,, and for Cu 2p,,
are clearly evident at about 40% intensity.
These satellite peaks disappear in the spec-
tra for the reduced catalysts; namely (b)
prior to use; (¢) exposed for an extended
period to CO-H,; or (d) exposed for an ex-
tended period to CO,-H,. A 65:35%
H, : CO, mixture did not reoxidize the cata-
lyst to Cu?* to any detectable extent. Com-
parison of the 2p,, intensities shows, how-
ever, that the CO,~H, feed brought the
surface Cu to its level in the bulk of the
catalyst. Low surface levels of Cu have been
observed (37) and the role of CO, in drawing
Cu to the surface is discussed by Menon and
Prasada Rao (38).

The shift of the Auger a parameter for the
Auger data led to the assignment of Cu* for
Cu on the surface. This observation does not
agree with the literature. Syngas exposure
results in Cu metal (39) or a mixture of Cu
and Cu* on the surface. Constancy of the
Auger o for Zn indicates Zn remains as ZnO
regardless of the gas environment.

The carbon 1s line is not intense in the
freshly prepared catalyst sample, but in-
creases substantially in spectrum (b) for the
sample reduced in hydrogen. Because this
sample has not been exposed to syngas, we
believe that the C 1s line must be due to
contamination during handling of the sam-
ple. The line intensity decreases in spectra
(c) and (d). Contamination is probably re-
sponsible for the Cl 2p line also present in



68 CHANCHLANI, HUDGINS, AND SILVESTON

TABLE 2

XPS Results on Surface Composition of the Cu/ZnQ Catalyst in Various Stages of Usage

C1e Cc2t C3¢ C4¢

Cu:Zn*

(atomic ratio) 16:84 21.3:78.7 20:80 30:70
Binding energy of Cu, 2p;,”

(eV) 933.4 932.14 932.5 932.79
Auger parameter of Cu, «f

eV) 364.8 362.8 362.6 362.6

100% 100% 100%

Percentage of total Cu in a particular Cut! Cu*! Cut!

oxidation state 100% Cu*? mostly CuO Cu,0 Cu,0 Cu0
Binding energy of Zn 2p;;°

(eV) 1021.9 1021.5 1021.9 1022.1
Auger parameter of Zn, ¥

V) 523.5 523.3 523.4 523.3

¢ Unreduced/unused catalyst.
b Reduced/unused catalyst.

¢ Reduced and used catalyst. Exposed finally to a steady-state feed gas mixture, Hy/CO (65/35 mol%).
4 Reduced and used catalyst. Exposed finally to a steady-state feed gas mixture, H,/CO, (65/35 mol%).
¢ Bulk elemental composition Cu:Zn = 30.97:69.03 atomic ratio.

f References to carbon 1s = 285.0 eV.

¢ a = K.E. of Auger electron — K.E. of photoelectron (1486.6 e¢V).

all spectra. Table 2 summarizes the XPS
study performed for us. Exposure of the
samples was done in situ.

The lack of change in the Cu:Zn ratio
between the reduced catalysts and one that
has had prolonged exposure to syngas sug-
gests that deactivation of the Cu/ZnO cata-
lyst is not due to the Cu:Zn ratio on the
surface. The Auger results indicate that for
this catalyst preparation and conditioning in
hydrogen, surface copper is predominantly
Cu* regardless of the exposure to either
CO-H, or CO,-H, (in a 35 : 65% ratio). Con-
sequently, deactivation is not the result of
reduction to the metal. If metallization did
occur, increased methane formation would
be anticipated. Methane was not formed
on this catalyst. We speculate that deactiva-
tion occurs through agglomeration (growth)
of the copper crystallites reducing the
Cu,0-ZnO synergism.

Cu/ZnO/AL, Oy Catalyst

Kinetics. Methanol synthesis on this cata-
lyst differs from synthesis on the binary

Cu/ZnO in several aspects: the ternary cata-
lyst is more active, the R vs % H, interaction
is somewhat different, and a small amount
of methane is formed.

Methanol production as a function of R,
the CO, fraction in the carbon oxide portion
of the feed, appears in Fig. 8 for this cata-
lyst. Rates of production are shown for four
levels of H, in the feed. A comparison with
Fig. 2 shows that the rates are about 30%
greater for the Cu/ZnO/ALO; catalyst at
each % H,. Increasing the hydrogen partial
pressure in the feed mixture increases the
synthesis rate. In general, the rate also in-
creases with the increasing CO, content of
the feed mixture. With the ternary catalyst,
at the lowest % H,, the influence of CO, on
the rate rises rapidly to R = 0.4, thereafter,
increasing the CO, content does not seem
to affect the methanol production rate. This
was not seen for the Cu/ZnO catalyst.

Figure 9 isolates the experiments using
either CO or CO, alone in the feed stream
from the data in Fig. 8. As in Fig. 3, there
is a fivefold rate difference between CO- and
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Fi1G. 8. Methanol synthesis rate as a function of R
and % H,. Feed contains CO, CO,, and H,; T = 225°C;
P = 2.86 MPa; flow = 14.8 ml (STP) s~!; Cuw/ZnO/
AlL,O; catalyst.

CO,-containing feeds at high values of %
H,. These two figures clearly indicate inde-
pendent routes from CO and CO, to
methanol.

The Cu/ZnO/Al,O; catalyst produces
methane as a minor product, roughly 5 to
10% of the yield of methanol. Methane for-
mation is not usually observed for this cata-
lyst (35, 36, 40). Only Nappi et al. (41) re-
port CH,, but their catalyst was prepared
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F1G. 9. Methanol synthesis rate for CO/H, and CO,/
H, feeds. T = 225°C; P = 2.86 MPa; flow = 14.8 ml
(STP) s~!; Cu/ZnO/ALO; catalyst.

from the same precursors used in this study.
It is possible that methane arises from iron
impurities in the Al,O, used to prepare our
catalyst. The rate of methane formation is
proportional to the H, partial pressure and
varies with the CO, content of the feed as
may be seen in Fig. 10. Because of trace
amounts of methane present in the CO cylin-
ders used, the experimental data were cor-
rected for this contribution. Inaccuracies in
the measurements or very small variation
in the trace methane led in some cases to
negative values of the rate of methane for-
mation seen in the figure. This occurred only
at low ratios of hydrogen to carbon oxides.
Methane content was not measured for all
cylinders. Figure 10 suggests that methane
is not formed unless the hydrogen content
of the feed exceeds 30%. At higher levels,
the production rate appears proportional to
the hydrogen partial pressure, following the
relation (yy, — 0.3)!°. The figure also shows
the methane yield increasing with R up to
0.75. The rate, however, is less for a Hy/
CO, mixture. Unfortunately, our data do not
indicate the value of R at which the methane
yield decreases. The dashed line in the figure
connects the data points for the appropriate
% H,.

A comparison of Fig. 10 with Fig. 8 shows
that up to R = 0.75 the methane and metha-
nol rates increase more or less proportion-
ally. Clearly CO, cannot be a diluent for
methane formation. One interpretation of
the parallel rates of formation would be that
methane and methanol are formed at the
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FiG. 10. Methane formation rate for Cu/ZnO/Al,O;
catalyst. T = 225°C; P = 2.86 MPa; flow = 14.8 ml
(STP) s~ }; Cu/ZnO/AL,O; catalyst.
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FiG. 11. Effect of temperature and R on the methanol
synthesis rate. Cu/Zn0O/AlL,0O; catalyst: P = 2.86 MPA;
70% H, in feed.

same catalytic sites, if indeed methane does
not result from impurities in the alumina
used.

Temperature effect. Comparison of Fig.
11 for the Cu/ZnO/Al,O, catalyst to Fig. 4
for the Cu/ZnO catalyst indicates different
behaviors. The synthesis rate increases ini-
tially as R increases for all four temperatures
used. At 275°C, the rate becomes constant
at higher R, however, Moreover, the slope
of the In r vs R curves drops as temperature
increases, suggesting that at a sufficiently
elevated temperature, the effect of R van-
ishes and the rate may even decrease as the
fraction of CO, in the carbon oxide feed
increases. Indeed, judging from the data at
275°C, this temperature may be under
300°C. Conditions for Fig. 11 differ slightly
from those in Fig. 4: reactor pressure was
2.86 MPa and 70% H, was used in the feed.
Chinchen et al. (12) argue from “C labeling
experiments at about 5 MPa and 250°C that
methanol arises predominantly from CO, for
this ternary catalyst. Figure 11 suggests that
at higher temperatures the role of CO as a
methanol source becomes more important.

The data of Fig. 11 are replotted as an
Arrhenius plot in Fig. 12. Just as for the
Cu/ZnO catalyst, the activation energy is a
function of R and temperature. However,
with the Cu/ZnO/Al,O, catalyst, activation
energy changes little with increasing tem-
perature with a CO/H, syngas mixture.

Addition of CO, to give R > 0 causes a
fall in activation energy and a decrease in
this parameter as temperature increases. At
275°, the rate of methanol synthesis be-
comes independent of R (see Fig. 12). For
the Cu/ZnO catalyst, this is observed at
about 250°C (Fig. 5). Activation energy at
R = 0 was found to be 75 kJ/mol methanol,
whereas at R = 1, it was 39 kJ/mol. Activa-
tion energies at R = 0.23 and 0.50 were 34
to 35 kJ/mol, quite close to the value for a
CO,/H, syngas. These observations support
the contention of Chinchen et al. (4) that the
reaction through CO, dominates methanol
formation from CO-CQ, mixtures.

Deactivation behavior. Deactivation was
observed for the same gas mixtures, temper-
atures, and space velocities employed with
the Cu/ZnO samples. However, for the ter-
nary catalyst, both catalyst samples were
conditioned in flowing hydrogen for 10 h at
225°C. Figure 13 shows the loss of methanol
activity with time-on-stream for the two
samples. These tests were not interrupted.
Clearly, the presence of CO, in the syngas
mixture moderates the deactivation so that
the rate of activity loss is about half of the
rate at 70% H, and 23% CO with CO, absent
from the feed. After 72 h on stream, the
activity loss is 35% with CO, in the feed
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FiG. 12. Arrhenius plots for methanol synthesis as a
function of R. Cu/ZnO/Al;,O; catalyst: P = 2.86 MPa,
70% H, in feed.
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FiG. 13. Deactivation of the Cu/ZnO/Al,O; catalyst
for methanol synthesis with time of exposure to syngas.
T = 225°C; P = 2.86 MPa; (—@—) reduced catalyst
exposed to 70% H,, 23% CO, and 7% N,; (@) reduced
catalyst exposed to 70% H,, 23% CO, and 7% CO,.

vs 80% in its absence. Moreover, with CO,
present, the Cu/ZnO/Al,O; catalyst under-
goes a 30% activation in the first 6 h on
stream. Only after this period does deactiva-
tion commence.

Comparison of the deactivation data of
Figs. 6 and 13 shows further differences be-
tween the binary and ternary catalyst. The
initial (z = 0) activity of the ternary catalyst
is about 65% greater when CO, is present
(although this is not evident from the figures,
which show activity normalized with re-
spect to time zero). Over 72 h, the binary
catalyst with CO, present loses 90% of its
initial activity (lower curve in Fig. 6),
whereas the ternary catalyst loses just 35%
(upper curve in Fig. 13). Exposure of the
hydrogen-conditioned binary catalyst to the
CO,-rich syngas furthermore does not in-
crease its activity.

As observed with Cu/ZnO, exposure of
the hydrogen-conditioned ternary catalyst
to syngas causes an initial burst of methane
production regardless of the presence or ab-
sence of CO, in the feed gas (Fig. 14). Ex-
cess methane formation falls rapidly over
ca. 6 h when CO, is present; in its absence
it persists for 6 h, before tailing off in the

next 6 h. Methane formation, initially some
10% of methanol formation, drops in parallel
with methanol formation with the CO,-free
syngas, whereas with CO, present, it drops
over 6 h to ca. 5% of methanol formation
and then follows the methanol behavior as
a comparison of Figs. 13 and 14 shows.
Surface alteration with exposure to syn-
gas. The surface analysis techniques dis-
cussed earlier for the binary catalyst were
applied to three samples of the Cuw/ZnO/
Al,O, catalyst.: (1) a freshly prepared, un-
used sample; (2) a sample reduced in H,
but unused; and (3) a sample used in both
steady-state and cycling experiments with
and without CQO,. The spectra obtained are
collected in Fig. 15. Spectrum (a) for the
fresh sample confirms that copper is present
primarily as Cu?*; however, the relative
magnitudes of the Cu and Zn 2p;, peaks
indicate surface depletion in Cu. Other spec-
tral data suggest Al depletion in addition.
On reduction in H, for 10 h at 225°C, the
value of the Auger « for Cu suggests partial
reduction of the surface Cu to Cu*. The
relative intensities of the Cu and Zn 2p;,
lines in (b) indicate further depletion of Cu
in the surface. There is little change between
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FiG. 14. Deactivation of the Cu/ZnO/Al,0O; catalyst
for methane synthesis with time of exposure to syngas.
T = 225°C; P = 2.86 MPa; (—M—) reduced catalyst
exposed to 70% H,, 23% CO, and 7% N,; (W) reduced
catalyst exposed to 70% H,, 23% CO, and 7% CO,.
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Fi1G. 15. X-ray photoelectron spectra for Cu/ZnQ/
Al O, catalyst. (a) Freshly prepared, (b) reduced in H,
at 250°C for 10 h, (c¢) reduced and exposed to various
CO-CO,-H; mixtures.

spectra (b) and (c) so that exposure of the
ternary catalyst to various syngas mixtures
does not alter surface composition or the
oxidation state of Cu substantially. The
Auger o measurement for Cu, however, sug-
gests that no Cu?* is present in the catalyst
surface.

Results of the XPS study of the Cu/ZnO/
Al,O; catalyst are summarized in Table 3.
The carbon peaks in Fig. 15 spectra are not
significant. The relative intensities of the C
1s peaks are about the same for samples (1)
to (3) even though the first two samples were
not exposed to syngas; thus, these carbon
readings arise from contamination. In all the
ternary catalyst surface measurements, Cu
content is greater than for the binary cata-
lyst. This difference may account for the
higher activity of the alumina-containing
catalyst. The latter catalyst is clearly more

difficult to reduce and the higher level of the
Cu?* (see Table 3) could explain the higher
initial activity of the ternary catalyst when
both catalyst go on stream.

DISCUSSION
Role of the Water-Gas Shift

If methanol is formed only via CO,, as
suggested by Chinchen et al. (4) for some
catalysts, or only via CO, as Klier and co-
workers (2) claim, the water—gas shift
(WGS) must occur when 0 < R < 1. Data
obtained in this study allowed an examina-
tion of how completely the shift is achieved.
The extent of the shift could be measured
by comparing the experimentally deter-
mined CO/CO, mole ratio or mole fraction
to the ratio calculated from the known H,
mole fraction and the measured water vapor
mole fraction. This is done in Figs. 16 and
17. Measuring water vapor chromatographi-
cally using a TCD detector was inaccurate
because of the low conversions in the exper-
iments. Consequently, water was estimated
from an oxygen balance using the much
more accurately measured CO, CO,, and
methanol concentrations. This procedure
correlates errors in the measured CO/CO,
ratio with variations in the equilibrium ratio;
this undoubtedly accounts for much of the
scatter in Figs. 16 and 17.

Figure 16 includes data for both catalysts
studied and suggests that for most of the
measurements, the shift proceeds to equilib-
rium. The solid line in the figure is not a
fitted line, but shows the equality condition.
With the exception of points at experimental
CO/CO, ratios of 17, 23-26, and 31, the
equality condition (meaning full attainment
of equilibrium) is achieved.

Figure 16 does not resolve satisfactorily
the experimental data for CO/CO, ratios be-
low 2. These data are examined in Fig. 17,
in which the achievement of equilib-
rium, expressed as the quotient of (CO/
COZ)experimemal and (CO/ COZ)equilibrium’ is pIOt“
ted against the measured mole fraction of
carbon monoxide leaving the reactor. The
equilibrium condition is represented by a
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TABLE 3

XPS Results on Surface Composition of the Cu/ZnO/AlLQO; Catalyst in Various Stages of Usage

Cu:Zn: Al4
(mole%)

Binding energy of Cu, 2p;,°
€V)

Auger parameter of Cu, o
V)

Percent of total Cu in a particular oxidation state
Binding energy of Zn, 2p;,°

eV)
Auger parameter of Zn, o/

(eVv)

41.3:51.7:7.0 32.4:57.8:9.8 31.7:57.6:10.7
933.65 932.72 932.65
—_ 362.9 362.74
100% 20% Cu*! 100%
Cu*? 80% Cu*? Cut!
CuO Cu,0; CuO Cu,0
1022.16 1022.29 1022.37
522.89 523.08 523.14

@ Unreduced/unused catalyst.
b Reduced/unused catalyst

¢ Reduced/used in cycling experiments (pulsing of a syngas feed with CO, doses).
4 Bulk elemental composition, Cu:Zn: Al = 59.5:31.9:8.6 (atomic ratio).

¢ Referenced to carbon Is = 285.0 eV.

fa = K.E. of Auger electron — K.E. of photoelectron (1486.6 eV).

quotient of unity. This plot shows, however,
that the WGS equilibrium is not attained for
Yeo < 0.05. Indeed, Fig. 17 indicates that
the shift does not proceed at all for CO,—-H,
syngas mixtures over either catalyst. The
reason for this surprising but clearly sub-
stantiated observation is not known. Fig-
ures 3 and 9 show that methanol is formed
so that a WGS component, namely water,
is present even though its mole fraction does
not exceed 0.01. Only CO is absent. Perhaps
this component must be present for the
WGS to proceed. The shift reaction occurs,
even though equilibrium is not reached for
0 < yco < 0.05.
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F1G. 16. Test of the reverse water—gas shift equilib-
rium for both catalysts.

The absence of the WGS is further evi-
dence that separate pathways from CO, to
methanol and from CO to methanol must
exist. The shift reaction cannot occur for
CO-H, syngas mixtures. Nonetheless, the
WGS could be involved in methanol synthe-
sis for 0.05 < R < 0.95, since our experi-
ments indicate equilibrium is reached.

Activation Energy

Although the variation of the measured
activation energy with R and temperature
seen in Figs. 5 and 12 has not been reported
earlier, this behavior is anticipated by ki-
netic models for methanol synthesis such as
those offered by Kuznetsov et al. (42) and
Villa et al. (40) for binary catalyst, and by
Graaf et al. (43) for ternary catalysts. These
models all contain denominator terms in-
volving products of temperature-dependent
parameters and concentrations of CO or
CO,.

The significance of these Arrhenius plots
is with respect to the synthesis mechanism.
The decreasing slopes in the In r vs 1/7T plots
as R and T increase suggest that methanol
cannot be formed exclusively by separate
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F1G. 17. Variation of attainment of the reverse water—gas shift equilibrium as a function of outlet CO
mol fraction: (a) Cu/ZnO catalyst, (b) Cu/ZnO/Al, 0, catalyst.

pathways from CO and from CO,. Activa-
tion energies for the separate reactions are
quite different (Fig. 12), as various authors
demonstrate. If methanol formation from
CO, and CO is additive, then at high temper-
atures the measured activation energy
should approach the higher activation en-
ergy (for the CO— methanol reaction) while
at lower temperatures, the measured FE
should become the lower activation energy
(for the CO, — methanol reaction). Thus, In
r vs 1/T should be concave upward. How-
ever, the plots in Figs. 5 and 12 are convex
or concave downward.

Catalyst particle size and space velocity
were chosen to be well away from values
where transport interference arises using
the highest rates measured at 90% H, and
225°C. Therefore, it is unlikely that trans-
port interference is a significant factor at
275°C as the rate increase between these
temperatures never exceeds fivefold. There-
fore, the Arrhenius plots seem to indicate
the occurrence of either a decrease in turn-
over number or a decrease in sites for CO,
conversion to methanol between 225 and
250°C for Cw/ZnO and above 250°C for the
Cu/ZnO/AL,Q; catalyst. Alternatively, a
change in mechanism must occur with a sig-
nificant reduction in the activation energy.
Our data allow no further insight as to what
happens.

Deactivation differences, methanol for-
mation, and the sensitivity of activation en-
ergy to the Cu/Zn ratio and/or the presence
of Al,O; suggests that catalyst preparation

and perhaps purity of materials influences
the participation of CO and CO, in methanol
synthesis. Perhaps these factors influence
the temperature at which the synthesis from
CO, loses importance as illustrated by the
measurements presented in Figs. 4 and 11
for the two catalysts examined in this study.
This temperature dependence of the relative
participation of CO and CO, in methanol
synthesis may be a better explanation of the
widely different experimental results ob-
tained by Klier et al. (25) and Liu et al.
(5) than the explanation of water inhibition
suggested by earlier investigators.

CONCLUSIONS

Measurements of methanol formation
rates at different synthesis gas compositions
and temperatures confirm many earlier stud-
ies, which indicate that methanol can be
formed from either CO or CO,. When both
reactants are present in the syngas, the rates
from either reactant are additive, with a fur-
ther contribution to methanol arising from
interconversion, mainly CO to CO,, via the
water—gas shift, utilizing water formed in
the methanol synthesis. However, the wa-
ter—gas shift on both the Cu/ZnO and Cu/
Zn0/Al,0, catalysts does not proceed for a
CO,/H, syngas. A CO level above 5% seems
necessary for the WGS to proceed to equi-
librium. At temperatures greater than
225°C, formation of methanol from CO, de-
creases over the Cu/ZnO catalyst, whereas a
temperature above 250°C is needed to effect
the formation of methanol from CO, on the
ternary Cu/ZnO/Al, 0, catalyst.
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