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ABSTRACT

This report summarizes the progress made under the seven month
project "Study of the Deactivation of Methanol Synthesis Catalysts,"
which was supported by the Electric Power Research Institute by
Contract Number RP 779-12. A brief review on the commercial
production of methanol is presented, as well as a commentary on

the use of methyl fuel by the electric utility companies.

buring this project, sets of reference, used, and deliberately
poisoned Cu/Zn/Al catalysts were examined by Auger and X-ray
photoelectron (XPS) spectroscopies, and the surface areas and pore
size distributions were determined. These catalysts were obtained
from Chem Systems Inc., who are developing a methanol conversion
process based on a liquid phase reactor for EPRI under contract
number RP 317-2. Methods for sample preparation for the surface
analyses of catalysts taken from the liquid phase process were
developed. Massive contamination occurred with both sulfur and
chlorine on samples exposed to 5 ppm st or 10 ppm CH3C1; their
surface areas decreased significantly but the pore size distributions
were not altered. In comparison, the surface areas of the deactivated
catalysts (Nos. 11 and 13) were a maximum of only 10-15% lower than
the surface areas of the reference catalysts and of the used active
catalysts. XPS and Auger analyses did not detect any major differ-
ences between the active catalysts and the deactivated catalysts;
all contained traces of sulfur, chlorine, and perhaps nickel.

Since the sensitivity of XPS-Auger analyses is 1% of surface
concentration, these results indicate that the catalysts (11 and

13) were deactivated by minute quantities of undetected impurities
other than sulfur and chlorine, or by an impurity removed with the
white o0il during sample preparation, or by a reaction that transfers
copper from the proposed active Cu+/ZnO phase (cf. below) into the

inactive metal Cu(Q) phase. A deactivation mechanism such as the
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latter was indicated by a separate experiment in which a laboratory
prepared Cu/ZnO/A1203
activity upon over-reduction. The final proof for over~reduction

catalyst suffered an irreversihle loss of
could be obtained by combined UPS and optical measurements.

Preparation and characterization of a series of binary Cu®/Zn0
catalysts yielded additional insights into the mechanism of methanol
synthesis and of catalyst deactivation. Following either simple
reduction or catalytic testing, the catalysts, particularly the

lower copper-containing preparation, exhibited a black absorption
edge in the neighborhood of 15,000 cm“l. The intensity of this
absorbance paralleled the catalytic activity of the lower copper-
containing catalysts. The absorption edge is assigned to cu’ in solid
solution with Zno. It is proposed that this moiety activates CO

and determines the catalytic activity of methanol synthesis catalysts.
The single phase catalysts that were prepared contain only a small
concentration of this active species but display a significant

low pressure activity. Poisoning of the active sites by sulfur- and
chlorine-containing compounds can occur through complexation of a
number of catalyst components, but the copper species are considered
most susceptible to attack by HZS and Cl compounds. There are in-
dications that COS in low concentrations behaves as a promoter

of the synthesis rather than as a poison.
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I. SUMMARY

The primary objective of the research was to investigate the
causes of deactivation of Cu/Zn/Al and Cu/Zn/Cr methanol synthesis
catalysts encountered in industrial and laboratory practice. Em-
phasis was placed on the physical examination of both the unused
and the used catalysts, such that carbon deposits, chemical con-
tamination, changes in chemical composition, and loss of active
surface area would be readily noted. To aid in the interpretation
of results, simplified binary catalysts composed of Cu0/ZnC were
prepared and studied. The research program was divided into four
tasks and summaries of the results from each of the tasks are

presented below.

Task 1. Eight catalyst samples were received from Chem Systems,
Inc. Four were used catalysts from methanol conversion tests, two
were deliberately poisoned samples and two were unused reference
samples. Six catalysts were coated with white mineral oil since
that was the medium used during the liquid phase methanol synthesis
testing. A procedure involving extraction and vacuum drying was
developed for removing the oil from the catalyst pellets. All of
the catalysts were examined by XPS and Auger Spectroscopy and the
surface areas and pore size distributions were determined. The
surface areas of the poisoned catalysts were lower than those of
the reference and used samples. XPS indicated that all of the
copper was in the zero-valent or monovalent state, and the Auger
data showed that the surface layers of the used catalysts were in
general zinc-rich, which was in contrast to the bulk data obtained

after crushing the catalyst pellets.

Task 2. A series of 12 catalysts was prepared in which the weight

% Cu0 in the Cu0/Zn0 samples was varied from 0 to 100. It was found
that the catalyst precursors, as precipitated, could form 3-phase
systems; the pure copper sample (100:0) precipitated as CuZ(OH)3NO3



and the pure zinc sample (0:100) precipitated as ZnS(OH)G(C03)2,
while the mixed samples (e.g. 50:50) contained various amounts of
(Cu,Zn)z(OH)2C03 as a third component. Following calcination

to the oxides, scanning transmission electron microscopy (STEM)
demonstrated that there were two ranges of ZnC morphologies; a
needle-like morphology existed between 0 and 30% CuC, while hexagonal
platelets were observed between 40 and 100% CuO.

A maximum in the activity for methanol synthesis was observed at
the cata19st composition of CuO/Zn0:= 30:70. This corresponded
to the maximum surface area and to the maximum intensity cf an
optical absorption edge at about 15,000 cm'-l observed for this
system of catalysts. X-ray fluorescence, in conjunction with
STEM, indicated that the zinc oxide crystallites in the tested
catalysts contained over 10% copper (% of metal content). Con-
sidering the XPS data, it is proposed that the copper is present
in the zinc oxide in the univalent oxidation state as a solid
solution.

A synthesis mechanism for the conversion of CO and HZ into methanol
(CH3OH) is proposed whereby the cut centers in the zinc oxide
nondissociatively chemisorb and activate carbon monoxide, while the
ZnO surface dissociatively activates the hydrogen. The observed
rate enhancing effect of C02, HZO' and O2 is due to the maintenance
of an oxidation potential high enough to keep the copper in the ac-
tive centers as cu’.

Task 3. Attempte to prepare single phase catalysts, e{g. solid
solutions of copper in zinc oxide, were made. Samples corresponding
to 2:98, 5:95, and 10:90 Cu0O/Zn0O were coprecipitated. Upon cal-
cination to 900°C, the 2% CuO sample formed a Cu2+/Zn0 solid solution,
but the 5% preparation appeared to yield CuO, as well as the solid
solution. Manual mixing of the pure components in proportions to
yield 5:95 d4id not produce a single phase solid solution after
calcination at 900°C for 48 hours. The 2:98 catalyst exhibited

a definite, but low, catalytic activity for methanol eynthesis when
it was calcined only to 350°C prior to reduction and testing at
250°cC.



Task 4. A preliminary poisoning study was carried out at 100 atm
and 250°C utilizing a Cu/Zn/Cr catalyst. In the usual synthesis
gas stream of H2/CO/CO2 = 70:24:6 vol %, gradual but steady de-
activation occurred. Addition of 2 ppm COS to the synthesis gas
did not further deactivate the catalyst, but rather, it stabilized
the catalytic conversion. 1In fact, an increase in the catalytic
activity was noted.
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IT. INTRODUCTION

BACKGROUND OF METHANOL SYNTHESIS

The impetus behind the current research program at Lehigh University
on methanol synthesis catalysis is our conclusion that, among energy
resources, methanol is probably the most versatile in scope. It

can be synthesized from a large range of materials, e.g. wood,
biomass, natural gas, coal, petroleum products, and atmospheric
carbon dioxide. Besides its use as a primary solvent and as a
feedstock for the manufacture of plastics and aliphatics, methanol
is used or is projected for use as follows:

1. Automotive fuel,

2. Fuel for peak electric power generation,

3. Replacement of coke in the manufacture of steel,

4. Source of pure hydrogen, e.g., in fuel cells,

5. Feedstock for single cell protein (SCP) production,

6. Alkylation and solubilization of coal,

7. Substitute for propane in LPG applications,

8. Ethylene production via ethanol synthesis,

9. Transportation medium for coal in slurry pipelines, and
10. Direct conversion into gasoline.

Upon consumption as a pure energy chemical, methanol is non-~polluting

and exhibits low corrosiveness.

At the present time, methanol is catalytically produced from syn-
thesis gas (equation 1), most of which is obtained by partial

oxidation or steam reforming

+ CH.,OH (1)

co + 2H2 3

of natural gas. Although natural gas is a rather pure source of
synthesis gas, the quantity available for new or expanded uses is



and will continue to be very limited. To illustrate this point,
it can be noted that the U.S. production of natural gas leveled
off during the period 1971-1973 at 637 + 3 billion m> of gas [1].
By 1976, the production had dropped to about 538 billion m3/year
[2] . The Federal Energy Administration has forecast that natural
gas production will decrease to approximately 480 billion m3/year
by 1985 if price regulation is continued, but if there is deregula-
tion, as well as completion of the Alaskan gas pipeline, natural
gas production could approach that obtained during the 1971-1973
period [2]. If industry accelerates its exploration and develop-
mental off-shore program, the U.S. outer continental shelf might
supply a maximum addition of about 70 billion m3 of natural gas
per year in 1985 [3].

The conclusion is that the synthesis gas required for the increasing
production of methanol will be obtained by the gasification of

coal. A major difficulty in conjunction with this arises from

the fact that coal is a complex mixture of polymers that is

heavily contaminated with metals, as well as with non-metals such
as sulfur and the halogens. Upon gasification, the non-metals are
volatilized and are carried along with the synthesis gas stream.

The volatile impurities must usually be removed because they are
corrosive and, as the following discussion will show, often behave

as catalyst poisons.

The formation of methanol according to equation 1 is thermo-
dynamically favored by low temperatures and high pressures. Prior
to the mid-1960's, methanol synthesis catalysts consisted of
mixtures of zinc oxide and chromia (Cr203). To obtain reasonable
conversions to methanol, e.g. 5-10%, temperatures in the range of
350-400°C were needed, which necessitated the use of pressures

in the range of 300-350 atm. It was subsequently found that copper-
based catalysts promoted with zinc oxide and chromia or alumina
were much more active, and this allowed lower temperatures, e.g.
250°C, and lower pressures (50-100 atm) to be used. While the ZnO-
Cr203 catalyst is rather insensitive to sulfur-poisoning, the
copper-based catalyst is extremely sensitive to the presence of
sulfur compounds in the synthesis gas. For the latter catalyst,
the synthesis gas has to be purified to a level below 0.1 ppm
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sulfur by a multi-step adsorption procedure or by a Sulfinol or

Rectisol purification process.

The purification step following gasification is very important from
an economic viewpoint since the raw gas from a Kopper-Totzek gas-
28 and 0.02-
0.2% COS [4]. There are definite economic advantages to the low

ifier utilizing U.S. coals typically contains 0.3-2% H

pressure methanol synthesis, e.g. lower compression and pipework
costs, that mitigate against the use of the high pressure methanol
synthesis catalyst.

FUEL GRADE METHANOL FOR ELECTRIC POWER GENERATION

Fuel-grade methanol contains appreciable quantities of higher
alcohols in addition to methanol. This fuel would probably be
used for power generation, rather than pure methanol, because it
has a higher caloric content and would be more economical than
methanol. It could be used for firing steam boilers in electric
utility, industrial, and institutional power generation, or it

could be used directly to drive gas turbines.

In the first category, a large scale demonstration using methanol
to generate electricity was carried out in September 1972 at the
New Orleans Public Service A. B. Paterson Station using a com-
mercial 50 megawatt capacity utility boiler [5-7]. The test was
sponsored by Southern California Edison Company, Consolidated
Edison Company (New York), New Orleans Public Service, Inc., and
Vulcan-Cincinnati, Inc. In comparison to natural gas and to fuel
0il, methanol burned more efficiently and yielded less nitrogen
oxides and carbon monoxide. In addition, no sulfur compounds or

particulates were emitted [7].

The usage of gas turbines for electric power generation has steadily
increased in recent years. This growth parallels the increase in
the number of hours of peak shaving required by the major utility
companies, since the turbines are generally used as auxiliary power
units. During the hours of peak demand, methanol could be fed

to the auxiliary gas turbines for the production of the required
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electricity. The feasibility of using methanol directly as a fuel
for peak shaving gas turbines has been successfully demonstrated [8].
The fuel, of course, could be delivered to the power station by
pipeline, rail, or barge. Alternatively, if coal is the fuel used
to generate electricity, a portion of the synthesis gas produced
during the gasification could be diverted, desulfurized, and
converted into methanol [9]. Thus, a constant stream of coal could
be fed to the electric power station; during low demand periods,
e.g. the middle of the night, methanol would be synthesized and
stored, while during periods of peak load requiring peak shaving
the methanol would be used to generate electric power via the gas
turbines. Major utility companies that supply their base loads
from large capacity nuclear power stations could still take advan-
tage of methanol driven gas turbines. During off-peak periods,
methanol could still be generated from coal and stored, while coal,
rather than fuel o0il, would be used for intermediate loads [8].

Advantages of fuel grade methanol over current fuels for gas turbines
include the following:
1. lower output of nitrogen oxides due to the lower flame
temperature,
2. lower or no output of sulfur-containing pollutants,
3. 1lower compression horsepower requirements, and
4. lower blade erosion and deposit rates due to the absence
of metallic elements.
In regard to the fourth point, it has been estimated that due to
the cut-back in "corrosion", less maintenance would be required and
the time between overhauls of the turbines could be tripled [7, 10].

To complete this discussion, it must be recognized that the problem
of catalyst poisoning by sulfur during the synthesis of methanol
from the generated synthesis gas is still to be faced. The stream
of synthesis gas still has to be purified to below 0.1 ppm sulfur
before undergoing catalytic conversion to methanol over the present-
day low pressure copper-based catalyst. This is much less than

the maximum allowable exposure for employees (8~hour weighted
average) of 20 ppm set by the Occupational Safety and Health
Administration [11, 12]. It is also much lower than the current
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on-site environmental standard (Clean Air Act) for ceal-based
power generation stations. The maximum allowable sulfur content
is 1.2 1b 802 in the stack gas per million Btu of coal consumed.
This converts to approximately 0.2 vol % st in the synthesis gas.
Thus, it is evident that the sulfur limits are set by the catalyst
sensitivity and not by environmental and safety standards.

RESEARCH OBJECTIVES AND PLAN

The primary objective of this research was to investigate the cause
of deactivation of Cu/Zn/Al and Cu/Zn/Cr methanol synthesis catal-~
ysts encountered in industrial and laboratory practice. Emphasis
was placed on the physical examination of both the unused and the
used catalysts, so that carbon deposits, chemical contamination,
changes in chemical composition, and loss of active surface area
could be readily noted. To aid in the interpretation of results,
the simplified binary system composed of CuQ/Zn0Q was prepared

and studied.
The research plan was divided into the following tasks:

1. Commercial catalysts tested by Chem Systems, Inc. in a liquid
phase methanol synthesis process were characterized. Two of the
Cu/Zn/Al catalysts had undergone successful testing [13], two were
tested catalysts that had become deactivated, two were poisoned
samples, and two were unused reference samples. The surface and
bulk compositions were analyzed by Auger and X~ray Photoelectron
(XPS) Spectroscopies. Surface areas and pore size distributions
were determined by the Argon adsorption isotherms and related

calculations.

2. A series of Cu/ZnO catalysts were prepared by coprecipitation
from nitrate solution by using Na2C03 as the precipitating agent.
Changes in the catalytic activity were determined as a function of
the Cu0/Zn0O ratio in the calcined, but unreduced, catalysts.

The tested catalysts were characterized by X-ray powder diffraction,
optical spectroscopy, and X-ray fluorescence combined with scanning
and transmission electron microscopy, as well as by the tools
listed under Task 1.
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3. Studies of model systems involving single phase catalysts were
initiated at a lower level of effort. These catalysts were based
on solid solutions of various metal oxides and sulfides in ZnO and
Zns.

4. Poisoning experiments using HZS and/or COS at 100 ppr (and
lower) levels were performed with a Cu/Zn/Cr catalysts that had
been previously characterized. After partial deactivation 2f the
catalyst had been achieved, the effect of 2 ppm COS was determined.
Characterization of the used catalysts will be carried out.



III. DISCUSSION OF RESULTS

A. TASK 1: CATALYSTS FROM CHEM SYSTEMS, INC.

Experimental

The eight catalysts received from Chem Systems, Inc. were commercial
Cu/Zn/Al catalysts that were purchased by Chem Systems. All of

them contained approximately 2% carbon, which acted as a lubricant
when the catalysts were pelletized from dry powders. A descrip-
tion of the catalysts is given in Table 1.

In the particular Chem Systems reactor used for deactivation studies,
the catalyst bed is centered in the reactor by means of layers of
glass beads above and below the bed, which is flooded by white oil.
The gas flow is downward through the reactor, in contrast to the
earlier experiments by Chem Systems [13]. The reaction temperature
was precisely maintained by means of a molten salt bath that
surrounded the reactor. A typical charge of catalyst was 33.2 g,
which was the charge used with catalysts 20-C and 21-C. During the
poisoning studies, the nominal gas composition was 33% Ny, 34%

HZ’ 17% CO, 7% C02, and 9% CH4, where the gas space velocity was
approximately 100 1/hr. 1In the chlorine poisoning experiment,

10 ppm CH3C1 was added to the feed gas. To accomplish the sulfur
poisoning, 5 ppm HZS by volume was maintained in the synthesis gas.
The duration of the poisoning runs were 1000-1500 hr. It should

be noted that the catalysts were in operation for 4000-5Q00 hr prior
to the addition of the trace poisons to the systems.

Extraction of the white o0il. Upon receiving the used catalysts

at Lehigh University, a procedure was established for removing the
white o0il from the samples by extraction in a Soxhlet extractor.
Using about 2 g of oil-soaked material (placed in a 1.5 x 7 cm
Soxhlet thimble), the 125 ml of cyclohexane used as the solvent
was refluxed such that the extraction thimble was filled every 20
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TABLE 1
Cu/Zn/Al CATALYSTS FROM CHEM SYSTEMS, INC.

CATALYST PARTICLE REDUCTION TIME
NUMBER SIZE (mm)? (DAYS) TREATMENT
5 2.4 x 2 0 Unused
7 6.4 x 3 0 Unused
9 16-20 Mesh 1 Used
10 2.4 x 2 1 Used
11 2.4 x 2 4 used®
13 2.4 x 2 1 used®
20-C 6.4 x 3 ? Chlorine poisoned
21-C 6.4 x 3 ? Sulfur poisoned

a) Tablets (diameter x height), except for Catalyst Number 9
b) Deactivated after prolonged use.

minutes. After the extraction was carried out for 5 hours, the
catalyst was placed in a small bottle of clean cyclohexane and allowed
to stand overnight. Following decantation of the solvent, the

solid was washed three times with 10 ml portions of petroleum

ether (20°-40°C boiling fraction). Extraction with the latter

solvent was then carried out for 2 hours, at which time the solvent
was replaced with fresh petroleum ether. Following 4 hours of
additional extraction, the catalyst was rgmoved from the thimble

and was rinsed with three 10 ml portions of petroleum ether.

The sample was then vacuum dried to remove any adhering solvent.

After this extraction process, no residual oil could be detected
by infrared spectroscopy, as is shown in Figure 1. Spectrum A
was obtained after wiping the excess oil off the catalyst pellets,
pulverizing the tablets, and then mulling with hexachlorobutadiene
(HCB). To determine the sensitivity of the infrared analysis,

a small quantity of white oil was accurately weighed, mixed with
three drops of HCB, and mulled with a weighted amount of oil-free
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Figure 1. The infrared spectra of Chem Systems Cu/Zn/Al catalysts: (A) Oil-saturated
Catalyst No. 13, (B) Ekxtracted Catalyst No. 13, and (C) Reference Catalyst No.
7 containing 0.7 wt % white oil. These were obtained as mulls with hexachloro-
butadiene.



reference catalyst No. 7. It is evident in Figure 1C that Q.7 wt %
of white o0il on the catalyst is clearly detectable.

Auger and X-ray photoelectron spectroscopic analyses. The Auger

analyses were carried out in the Physical Electronics Auger Spec-
trometer (Phi Model 50-220) equipped with a cylindrical mirror
analyzer. The catalyst samples were exposed to air, pressed into

an indium foil and inserted into the sample holder. Following
evacuation, the analyses were carried out with particular attention
to Cu, Zn, O, Cr, Al, Ni, Fe, C, 8, Cl, Na, and Ca. The X-ray
photoelectron analyses were performed using the Physical Electronics
ESCA-Auger Spectrometer Model 548. The sample preparation was

the same as for the Auger analyses.

Surface areas and pore distribution determinations. A standard BET

method was used for the determination of surface areas from argon
adsorption at -195°C. An argon area of 16.8 Az was used in the

calculations of monolayer areas.

The mesopore distribution was determined by analysis of the ad-
sorption-desorption isotherms based on Brunauer's corrected modelless
method and its analytical modification {14]. The micropore volume
was calculated according to Sing [15], where the shape of the
experimental isotherm is compared with that of a standard isotherm
obtained on a reference non-porous material (chromia gel).

Hydrogen reductions. Prior to being characterized, the reference

catalysts Nos. 5 and 7 were reduced in a stream of 2% H2 - 98% N2.
The catalysts were first dehydrated at 200°C under flowing N,.
After changing the gas stream to the reducing mixture (GHSV = 1375
hr—l), the catalysts were reduced at 250°C for 14 hours. After
being cooled, the samples were transferred to small bottles and
were stored briefly under nitrogen before undergoing analysis.

Results

The argon adsorption-desorption isotherms were obtained for all
eight Cu/Zn/Al catalysts, and all of the isotherms were of the same
general shape and exhibited the same amount of hysteresis. The
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isotherms for the reference catalysts and for the poisoned catalysts
are shown in Figure 2. It is evident from the figure that the surface
areas of the poisoned catalysts are appreciably lower than are

those of the reference catalysts. The calculated surface areas,

including those of the used catalysts, are compiled in Table 2.

TABLE 2
THE SURFACE AREAS OF THE Cu/Zn/Al CATALYSTS [CHEM SYSTEMS, INC.]

CATALYST NUMBER SURFACE AREA (mz/g)

5 99.8

10 95.6

11 83.7

13 85.7
7 88.0
9 90.6

20-C 45

21-C 67

An analysis of the mesopore volume distribution, assuming cylindrical
pores, was carried out for each catalyst. The distribution curves
for the four catalysts referred to in Figure 2 are shown in Figure
3, where the mesopores are the intermediate size pores having

radii in the 1.5-20 nm range. For comparison, the distribution
curve obtained for a Cu/Zn/Al = 60:30:10 catalyst prepared at Lehigh
University is shown. Following a 10-fold magnification, the shape
of the latter curve is found to be the same as for the commercial
catalysts. The mesopore volume distribution curves for the two
active used catalysts and for the two deactivated catalysts are
exhibited in Figure 4. It can be noted that catalysts 9 and 10
contain a significant number of pores having diameters in the 8

to 24 nm range.

Auger analysis of the reduced reference catalysts showed nothing un-
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poisoned catalysts (Nos. 20-C and 31-C).
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expected. The spectra were clear and showed the absgence of Na,
Ca, S, and Cl. Analysis by XPS demonstrated, by line position,

that copper was present in the materials as Cu+ and/oxr Cuo,

but not as Cu2+. The Auger spectra of the poisoned catalysts
confirmed the presence of the poisons in appreciable quantities,
The spectrum of catalyst 20-C is shown in Figure 5. It is evident
that this catalyst is very heavily chlorinated, and that the chlorine
(chloride) is not withdrawn from the solid in the high vacuum of
the Auger spectrometer. No evidence for the presence of iron is
visible (iron would exhibit three lines of equal intensity between
the oxygen and copper sets of lines). However, the surface of

the glass beads associated with the used catalyst was covered

with large amounts of both iron and chlorine. It can be noted
from Figure 5 that carbon has evidently been remaoved from the

catalyst.

In Figure 6 is the Auger spectrum of the sulfur-poisconed catalyst.
A strong line due to sulfur is visible, as well as a line corre-
sponding to chlorine. This poisoning experiment was carried out

in a different reactor than was the chlorine poisoning test. Again,
there is no evidence of the presence of iron in the catalyst, and
XPS indicated that copper was present as Cu+. The indium lines,
are, of course, due to the supporting foil.

The active (Nos. 9 and 10) and deactivated (Nos. 11 and 13)
catalysts were studied in a more systematic way by Auger Spectro-
scopy. At least two samples of each catalyst were examined; one
consisted of a carefully powdered sample while the other was a

whole pellet mounted in the vacuum chamber. The powdered samples
yielded bulk analyses, that is the analyses of the internal volume
of the catalysts. The Auger spectra of the whole pellets yielded
information in regard to the surface composition. Figure 7 shows
the spectrum for a powdered sample of catalyst No. 11, and this

is representative for catalysts 10 and 13 also. Traces of S

and Cl are visible, although none were added to the synthesis gas.
The major copper line is more intense than are the zinc and aluminum
lines, as expected. It is possible, although not definite due to
peak overlap, that a trace of nickel is also present in the catalyst.
For comparison, the Auger spectra obtained from the face of pellets
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of catalysts 11, 10, and 13 are shown in Figures 8-1Q,

Discussion

It was found that the extraction procedure developed at Lehigh
University to remove the white o0il from the catalyst pellets used
in the liquid phase methanol synthesis testing was successful.

The infrared band due to the white oil disappeared after extraction
(see Figure 1B). During surface area measurements, no interference
by white oil was observed. In addition, the Auger spectra were
reproducible in regard to the carbon line, and XPS indicated the
presence of only one type of carbon (graphitic carbon). In the
case of a carbon-clean catalyst, no residue carbon due to the white
0il was noted (Figure 5).

The volumetric gas adsorption-desorption experiments demonstrate
that the Chem Systems Cu/Zn/Al catalysts exhibit similar behavior
and contain mesopores of similar size. As noted in Table 2 and

for Figure 2, the surface areas of the poisoned catalysts were only
50-70% of those of the non-poisoned samples. The poisoning de-
creased the number of pores but not the distribution of the existing
pores, as is shown in Figure 3. It is interesting that Catalysts
No. 9 and 10 exhibit an enhanced number (volume) of mesopores of
intermediate size (Figure 4). While the Catalyst No. 9 sample
consisted of 16-20 Mesh particles and the other samples were
pelletized, Catalysts 9, 1Q and 13 were reduced for one day and
then tested in the synthesis gas system previously described,

Thus, the cause for the increase in the number of intermediate
mesopores in Catalysts 9 and 10 is not evident.

The chlorine-poisoned catalyst exhibited the lowest surface area

of those submitted by Chem Systems. Besides showing that the
catalyst is very heavily chlorinated, the Auger spectrum in Figure

5 indicates a low aluminum content (compare with Figures 6~1Q). 1In
our experience at Lehigh University, much of the surface area of
Cu/Zn/Al catalysts is associated with the alumina component. There-
fore, in this chlorine-poisoned catalyst, part of the decrease in
surface area might be related to the possible loss of the A1203 com-
ponent from the catalyst. It is particularly interesting to note
that the sublimation temperature of AlCl3 (or A12Cl6) is 177.8°C at

IT11-12



. €T-1II1

| ™ T T [ T T T T

Chem System Catalyst i1

2 L o am e aang b rrywer |
b abiide o et ol Lo M

T . e b Ep =.5 kev
S g g
Vmod = 3 eV

L L | o ] I L L ] |
0 ; 1000 3600

ELECTRON ENERGY (eV)

Figure 7. The Auger spectrum of a powdered sample of catalyst No. 11. : -



PT-1I11

l ' | T | T I T | T ]

Chem System Catalyst 11
0 (Pellet Facel

Cu

e
Qo
(@

| I—
Zn
[ 1 L 1 | N [ | ) B
0 1000 ELECTRON ENERGY (eV) 2000

Figure 8. The Auger spectrum obtained from a pellet face of catalyst No. 1ll.



ST-III

T L | ] ) I | l 1 ]
Chem System Catalyst 10
0 (Pellet Facel
g\ Cu
T 1
dN
dE Cl ¢ |
l
| L1
S Al
| S |
Zn
! l I 1 i | L | ! J
0 1000 ELECTRON ENERGY (eV) 2000

Figure 9. The Auger spectrum obtained from a pellet face of catalyst No. 10.



9T~-11IX

' | ' | ' 1 T |

: Chem System Catalyst 13
0 - [Pellet Facel
Cu

J

aN W!ﬁhﬂ el
3 |
L
Al
| I |
Zn
| [ l 1 l L l L — : l
5 1000 ELECTRON ENERGY (ev) 2000

Figure 10. The Auger spectrum obtained from a pellet face of catalyst No. 13.



atmospheric pressure [16].

Due to the large quantity of chlorine present in the catalyst,

it would appear that it must also react with the copper and zinc
components. In consideration of the data to be presented in the

next section of this report under Task 2, it is proposed that the

loss of catalytic activity is associated with the reaction of chlorine
with Cu and not with the Al moiety. The same is true in the case of
sulfur-poisoning, where no formation of volatile components should
occur, but the clogging of pores could occur by the formation of
sulfides. The mechanism of sulfur-poisoning will be briefly discussed

under Task 2.

All of the used catalysts showed traces of sulfur and chlorine,
although these were not intertionally added to the reactor system
(e.g. see Figures 7-10). It appeared that the surface of Catalyst

13 (Figure 10) contained a trace of iron. For the carefully powdered
samples of used catalysts, the intensities of the Cu, Zn, and Al
Auger lines bore a direct relationship to the composition of the cata-
lysts. An example is shown in Figure 7. Analysis of the faces of
the catalyst pellets yielded a variation in the expected line intensi-
ties, however. While the aluminum appeared to he randomly and uni-
formly distributed throughout the bulk and surface of the catalyst,
the surface faces were rich in zinc and deficient in copper

(Figures 8-10). This result was very unexpected, However, it is
expected that copper will at least partially agglomerate into
metallic crystallites upon reduction. During the generation of

the Auger spectra, the electron beam might simply have missed

the copper-rich (metallic copper particles) areas. An indication

of the composition of the zinc-rich surface is provided by the Cu/Zn
ratio derived from the intensities of the most intense Auger lines.
The ratios calculated from Figures 8-1Q fall in the range of (.38

to 0.56. These can be compared to the ratio of 2.0 derived from
Figure 7, which is the expected ratio since most aluminum-based
commercial catalysts have initial compositions of CuO/ZnO/A1203 =
60:30:10 wt %. No major differences were noted between the active

catalysts and the deactivated catalysts.

ITI-17



Conclusions

The Cu/Zn/Al catalysts received from Chem Systems, Inc. were
characterized by surface area measurements, mesopore volume dis-
tribution curves, XPS, and Auger Spectroscopy. Effects due to
poisoning of the catalysts were noted, but the specific mechanisms
of sulfur- and chlorine-poisoning were not established. However,
it appeared that sulfide formation, chloride formation, and loss
of alumina are contributory factors that decreased the surface
area. The Auger spectra showed a difference in the surface com-
position as compared to the bulk composition of the catalyst
pellets. In the future, the external surfaces of the catalyst
particles should be analyzed as well as the internal bulk com-

position.
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B. TASK 2: BINARY Cu/Zn0O CATALYSTS

The mechanisms, kinetics, and reactive species involved in methanol
synthesis and in sulfur- and chlorine-poisoning have not yet been
established. An interesting feature of the tertiary catalysts is
the fact that the mixed catalyst is at least three orders of
magnitude more active than each of the separate catalyst components
[17]. To gain insight into the methanol synthesis process, the '
following pertinent questions were addressed in Task 2:
1. What is the nature and origin of the promotional effect
in the mixed catalyst -- are there solid-state compounds
formed cr is there a special structural feature that makes

the mixed catalyst more active and selective than the
simple catalyst components?

2. What is the role of oxidizing gases on the reaction
mechanism and catalyst performance?

3. What are the reactive species and probable mechanisms
involved in methanol synthesis and catalyst deactivation?
To simplify this investigation, binary catalysts rather than
tertiary catalysts were prepared, and a detailed characterization
using X-ray powder diffraction, optical methods, Auger and X-ray
photoelectron spectroscopies, BET-pore distribution measurements,
and electron microscopic and microdiffraction techniques was carried

out with both tested and unused catalysts.

Experimental

Testing apparatus. The catalyst activity was evaluated in a pres-

sure unit (Figure 1l1) equipped with a flow reactor and with pressure,
flow rate, and temperature controls. The catalytic reactor con-
sisted of 1.27 cm ID, 316 stainless steel tubing fitted with 0.32
cm OD thermowell and a volume permitting the testing of catalyst

samples ranging in size from 1.0 cm3 to 35 cm3.

Downstream from the reactor, the pressure was reduced to atmospheric

by a pressure pilot controlled Research valve, and the product
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mixture was led through a heated stainless steel tube to the gas
sampling valve of a gas chromatograph. The HP 5730A model coupled
with a HP 3380A reporting integrator was used for quantitative
analysis of the products. All gases used in this work were high
purity (CO, co, and 0, > 99.3%, H, > 99.995%) and were obtained,
either pure or premixed to desired compositions, from Air Products
and Chemicals.

Catalyst preparation. Catalysts were prepared so as to vary the

chemical composition from pure components to ternary mixtures

in order to identify the compound active in the low pressure methanol
synthesis. A series of copper-zinc oxide catalysts with final
composition ranging from pure zinc oxide to pure copper was pre-
pared by coprecipitation of basic salts of copper and zinc from
approximately 1M nitrate solutions by dropwise addition of 1M

sodium carbonate at 85-90°C until the pH was raised from approximately
3 to between 6.8 and 7.0. The reaction typically took 1.5 hr and
consumed between 350 and 450 ml of the Na2CO3 solution per 1500

ml of the (Cu, Zn) nitrate solution. Following a 1 hr digestion
while the solution cooled, the precipitate was collected on a

fritted glass filter and was washed thoroughly with distilled

water. The samples were then dried overnight at 60-110°C. The
subsequent calcination was carried out in air by heating the catalyst
sample in a furnace from 150° to 350°C in increments of 50°C

every 30 min. X-ray analysis showed a mixture of CuO [18] and ZnO
(19] phases. The oxides were pelletized from agqueous slurries,

dried at ambient temperature, and then broken to a uniform 10-20

mesh size. The catalyst samples (typically 3 ml) were then placed

in the reactor (Figure 11) and reduced in 2% H2 in N, (1 atm) at
245-255°C at a flow rate of approximately 4 1l/hr for 4-20 hr.

Samples for X-ray diffraction, surface area measurements, Auger
spectroscopic and optical measurements were taken before and after
the catalyst use and maintained in an N2 atmosphere to avoid re-

oxidation.

X-ray powder diffraction. The powder patterns were obtained by

using a Siemens X-ray diffractometer with CuKa radiation. Samples
were slowly exposed to air, mounted on a glass slide using double-

IIT-21



seal tape and inserted into the sample holder. Values for d-
spacings listed in reference 20 were used to identify the com-
pounds contributing to the diffraction pattern. After a compound
has been identified, its diffraction pattern was computed from
the published structure, using the atomic scattering factors

{21] and making corrections for multiplicity of reflectionms,
geometrical and polarization factors according to equation (2)

1 + cos2 2 6

I=NK~1—2 |F|2p (2)
\'4

sin2 6 cos 6

where I is the intensity of an X-ray diffraction line, N is the
number of unit cells in the irradiated volume, K is a constant
common to all structures, V is the volume of the unit cell, lF|2

is the complex square of the structure factor, p is the multiplicity
of the reflection, and the last term is the Lorentz polarization
factor [22]. The structure factors of the reflections of each of
the investigated compounds were calculated from the tabulated
atomic scattering factors. No corrections were made or deemed
necessary for absorption of CuKa radiation in the samples. A
comparison of experimental intensities with the calculated ones for
all pure compounds investigated here showed an agreement satisfactory
for using the X-ray intensities for a quantitative analysis of
mixtures. This analysis naturally excludes any amorphous compounds
but does account for line broadening due to microcrystallinity

by taking areas under the diffraction peaks rather than peak

heights as a measure of diffraction intensities.

XPS, Auger analysis, surface areas, and pore distribution determina-

tions. These analyses were carried out using the procedures that

were described under Task 1.

Optical spectroscopy. Optical measurements were carried out by

diffuse reflectance in Cary 17I or Cary 14R spectrometers in the
range of wavelengths from 240 nm to 2400 nm, covering UV, visible,
and near-infrared regions. The samples were placed in silica

front window cells [23] without exposure to air, either by transfer

under nitrogen or by a direct reduction in a closed system con-
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taining the optical cell by a procedure identical to that described
in the Catalyst Preparation section above.

Results

Phase Composition of the Catalyst Precursors and of the Catalysts.

1. The Cu-Zn precipitates. The powder patterns of the precipitates

from Cu-Zn nitrate solutions showed the presence of three
compounds, Cuz(OH)3NO3(I), ZnS(OH)G(CO3)2(II), and (Cu, Zn),
(OH)2C03(III). The relative proportions of these compounds
were determined by the initial Cu:Zn ratio in the solution.
The diffraction patterns of compounds I, II, and III accounted
for all the lines in each of the mixed precipitates. Figure
12 shows the relative abundances Ni of compounds I, II, and III,
calculated from the observed diffraction intensities Ii
according to equation (2) in which the structure factor was
determined from the published structures of compounds I [24],
II [25], and III [26] and the atomic scattering factors as
outlines in the Experimental section.

2. Calcined Cu0-ZnO samples. After the final calcination step

at 350°C (3 hrs.), all mixed precipitates of compounds I,

II, and III formed a two-phase system consisting of hexagonal

ZnO0 [19] and tetragonal CuO [18] of relative abundances as

shown in Figure 13. Beginning with 15% Cu0/85% ZnO, the samples
showed 2-4% less than the theoretical amount of CuO. This result
suggests that 2-4% of CuO is dissolved in Zn0. Further evidence
of solution of Cu in 2nO has been obtained from electron induced
X-ray fluorescence analysis in the scanning transmission electron
microscope [27]. Although the concentrations of the crystalline
phases of Cu0 and ZnO vary uniformly throughout the whole
compositional range, there are two ranges of zZnO morphologies,
one between 0 and 30% CuO, in which the ZnO crystallites

appear in the form of needles or rods with their sixfold

crystal axis parallel to the major dimensions, and another
between 40 and 67% CuO, in which the ZnO crystallites are
hexagonal platelets with the sixfold crystal axis perpendicular
to the major dimensions [27].
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3. Reduced and used Cu-Zn0 catalysts. Upon reduction at conditions

specified in the Experimental section, the product consisted
of metallic copper and hexagonal ZnO. Electron microscopic
investigations showed that the 2Zn0O particles did not change
their crystal habit described in the previous paragraph while
the copper assumed spherical (for 1Q to 40% CuO samples)

or irregular blunted (for 50 to 100% CuO samples) shapes [27].
Neither the phase composition nor crystallite morphology of
the reduced catalysts changed upon a regular use in methanol
synthesis under the conditions reported in this work. The
phase compositions of the catalyst precursors and the calcined,
reduced, and used catalysts were determined by X-ray powder
diffraction. The diffraction patterns obtained with the Cu/Zn
= 67:33 catalyst are shown in Figure 14. The patterns for the
reduced and used catalysts were identical.

Surface Composition of the Catalyst Precursors and of the Catalysts.

Surface analysis of selected catalyst precursors, reduced catalysts,
and used catalysts was carried out by X-ray photoelectron and Auger
' spectroscopies. The precipitate precursors containing 5, 30, and
67% Cu were subject to XPS/Auger analysis which showed all the
expected elemental constituents and no impurities such as S, Cl,

Na, and Ca. More detailed analysis of the 67% Cu sample provided
evidence of two superimposed oxygen ls peaks, a major one at 535

eV and a minor one at 529 eV. A significant carbon l1ls but only a
very small nitrogen ls peak were observed despite the large quantity
of nitrate in the sample, indicating that the nitrate groups were
not on the surface; in view of this observation the 535 eV oxygen
peak is assigned to hydroxyl and the small shoulder at 529 eV to
carbonate oxygen [28].

Particular attention was paid to tracing carbon during the catalyst
preparation and use. Figure 15 shows the Auger spectra of a calcined
(A) and used (B) Cu/ZnO/Cr203 catalyst demonstrating that the

carbon l1ls peak, be it residual carbonate or an impurity, disappeared
and also that carbon deposits were not formed during the use., The
displayed surface analysis was typical of all catalyst preparations
studied in the present work including catalysts deactivated by re-
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ducing the co, concentration in the reaction mixture.

Electronic Properties of Catalyst Components and of the Mixed Cata-

lysts. Visual observations of the individual catalyst components
and of the mixed catalysts indicated a profound mutual influence of
the catalyst components in intimate contact upon each other's
electronic spectra. For example, the reduced copper (pink)-zinc
oxide (white) catalysts were black, despite the presence of only
metallic copper and hexagonal zinc oxide phases identified by X-ray
diffraction. To characterize the indicated electronic interactions
in greater detail, near-infrared-visible-UV absorption spectra

of pure components and the mixed catalysts were obtained. Figure
16 shows the electronic absorption spectra of (A) pure zinc oxide
with its characteristic absorption edge at about 27,000 cm_l [29],
(B) metallic copper with the "d-hump" near 17,500 cm-l [30] and (C)
Cu,0 with its absorption edge around 16,500 em 1 [31].

The spectra of the reduced Cu/ZnO catalysts are displayed in Figure
17 for the compositions (A) 5%, (B) 10%, (C) 30%, and (D) 67%

copper. These spectra show, in addition to the spectral features

of the pure components (i.e. the absorption edge of zZn0O and the "d-
hump" of metallic copper in the 30% and 67% Cu samples), a new
near-infrared absorption with shoulder maxima at 4500 cm_l and

14,000 cm"l accompanied by an intense absorption continuum in the
visible, which accounts for the black appearance of the mixed
catalysts. The new absorption shoulders appear at frequencies sub-
stantially lower than those of the red Cu20 (Figure 16C) and are
present in all reduced Cu/ZnoO, Cu/ZnO/A1203, and Cu/ZnO/Cr203
catalysts. A particular point of interest is the presence of this
absorption in the single phase 5% Cu/ZnO sample in which ZnO is

the only crystallographically identifiable phase. As metallic
copper begins to nucleate in the 10% Cu/ZnO catalyst, X-ray diffrac-
tion shows weak copper lines and the "d-hump" begins to appear in

the electronic spectrum (Figure 17B) but the infrared absorption con-
tinuum persists indicating that the major part of the copper is

in the black ZnO. Upon further increase of copper concentration

to 30% and 67%, both X-ray diffraction and electronic spectra

provide evidence of a substantial amount of metallic copper;
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absorption shoulder becomes even more pronounced (Figures 17C,
17D) .

Surface Areas and Pore Structures of the Cu/Zn0, Cu/Zn0/Al. 0., and
L I
Cu/Zn0/Cr,0, Catalysts. The BET surface areas of the Cu/ZnO

catalysts are given in Table 3.

TABLE 3
BET ARGON SURFACE AREAS OF THE Cu/ZnO CATALYSTS

CATALYST COMPOSITION SURFACE AREA (m2/g)

(Cu0/Zn0) Reduced Used
0/100 25.2
2/98 43.1 28.9
10/90 27.0
20/80 30.0
30/70 37.1
40/60 13.5
50/50 10.3
67/33 6.3 8.6
100/0 1.5, 1.3 —-——

For comparison, the surface area of the Cu/ZnO/Al O, (60/30/10)
catalyst tested in the present work was 33.4 m /g after use, whlle
surface area of the Cu/ZnO/Cr2 3 (60/30/10) catalyst was 15.6 m /g
after- use. The comparable tested Cu/ZnO/A1203 catalyst that had
been prepared from the acetates exhibited a final surface area

of 26.1 mz/g. The mesopore distributions of the Cu/ZnoO, Cu/ZnO/A120
and Cu/ZnO/CrZO

mesopore distribution of a commercial catalyst. The micropore

3’
3 catalysts are displayed in Figure 18 along with the

volumes of these catalysts were found to be approximately the
following: Cu/ZnO (67/33), 0.3 and 0.6; Cu/Zn0O (30/70), 1.0;
Cu/ZnO/Al 3 (from acetates), 0.0; and Cu/ZnO/Cr 37 1.2 cm3/g. The

commerc1a1 catalyst had a micropore volume of about 3.0 cm /g at STP.
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Catalytic Activities of the Cu/ZnoO, Cu/Zn0/Al,0,, and Cu/zn0/Cr,0,
Catalysts in Methanol Synthesis. The catalyst testing was carried
out in a flow reactor at a flow rate of 5000 GHSV with a HZ/CO/CO2
= 70/24/6 mixture at 75 atm and in the temperature range 200-300°C.
All catalysts investigated here were more than 99% selective to

methanol with respect to carbon conversion. Under steady state
conditions, carbon dioxide was not consumed but before steady
state was reached, the CO2 concentration sometimes temporarily
decreased with concomitant formation of water.

The activities of the Cu/Zn0O catalysts are compiled in Table 4 and
compared in Figure 19 in terms of carbon conversion and methanol
yields per gram of the catélyst as a function of catalyst composition.
The table also contains the same activity date per unit total surface
area of the catalyst. The activities at 250°C of pure ZnO and pure
copper were zero within detection limits that were estimated to

be less than 0.005 kg/l1/hr in methanol yield. The activities of

the A1203- and Cr203—based catalysts are given in Table 4, and it

is evident that they are comparable to the activities of the binary
Cu/Zn0 catalysts. Side product analysis showed that no carbon
containing products other than methanol were formed over the Cu/Zn0O
catalysts.

Discussion

The activity pattern of the Cu/Zn0O system (Table 4) demonstrate

that the active and selective low pressure methanol catalyst
requires a simultaneous presence of copper and zinc oxide and that
the effects of A1203 and Cr203 are secondary. Moreover, optical
spectra of active catalysts show continuous absorption in the visible
and near-infrared which disappears upon deactivation of the catalyst
in a highly reducing mixture. For this reason, the genesis and
electronic structure of the black active phase in the mixed catalysts
is of prime interest for an explanation of the catalyst function

and will be discussed first.

Catalyst Genesis and Electronic Structure. The precipitates in the
Cu/Zn system, namely Cu2(OH)3(NO3(I), Zn5(OH)6(CO (I1), and

3)2
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TABLE 4

THE CATALYTIC TESTING RESULTS FOR THE Cu/ZnO SYSTEMS
OBTAINED AT 250°C, 75 atm, AND GHSV + 5000 HR™L wWITH
SYNGAS OF H2/CO/CO2 = 70/24/6 VOL %.

Catalyst Compositiona Carbon Yield Yield 2Yield )
CuO/ZnO/M293 Conversion kg/l/hr kg/kg/hr kg/m”/hr (x]iP
0/100/0 0 0 0 0
2/98/0 0.7 0.02 0.03 0.10
10/90/0 1.0 0.02 0.02 0.70
20/80/0 10.2 0.22 0.24 0.80
30/70/0 51.1 1.10 1.35 3.63
40/60/0 9.6 0.21 0.18 1.33
50/50/0 11.3 0.25 0.20 1.94
67/33/0 21.8 0.48 0.41 4.76
100/0/0 0 0 0 0
60/30/10b 40.0 0.95 1.52 5.82
60/30/10° 17.0 0.45 0.58 1.73
60/30/10° 47.0 1.17 1.01 6.47

a) Weight percent as the oxides

b) M=Al, prepared from the acetates

c) M=Al, prepared from the nitrates, tested at 100 atm
d) M=Cr, tested at 100 atm

(Cu/Zn)z(OH)2CO3(III) and their relative proportions did not
influence the phase composition of the calcined Cu0O/Zn0O or the re-
duced Cu/ZnO samples; however, they appeared to determine the cata-
lyst dispersion and mofphology by mechanisms that can be well under-
stood from the structures of the compounds I, II, and III. It should
first be noted that all three precipitates I, II, and III are
thermodynamically more stable than simple hydroxides Zn(OH)2,
Cu(OH)z, or carbonates of these two metals [32]. However, hydroxides
may well be kinetic precursors of the hydroxycarbonates or hydroxy-
nitrates as was indeed concluded by Vasserman and Silant'eva from

their studies of the precipitation of compound I [33]. The sequence

ITI-36



of reactions based on the Vasserman-S$ilant'eva mechanism applied

to our system is as follows:

2- > e - -
Co, + H,0 ¥ HCO, + OH (3)
Cu(NO4), + 20H - Cu(OH)z(s) + 2N03 (4)
3 Cu(OH)Z(s) + Cu(NO3)2 > Cu(NO3)2'3 Cu(OH)Z(S) (5)
(1) :
Zn(NO3)2 + 20H -~ Zn(OH)z(s) + 2N03 (6)
2 Zn(Hco3)2 + 3 Zn(OH)2 - ZnS(OH)G(CO3)2(s) + H,0 + CO, (7)
(I1)
Zn(HCO3)2 + Cu(OH), ~ CuZn(OH)2 co3(s) + H,0 + CO, (8)

(III)

As the precipitation occurred carbon dioxide was
Reactions (3) through (8) may be used to explain
the precipitates at various Cu/Zn ratios (Figure
ing Cu/Zn ratio, the relative amount of the zinc

in fact released.

the compositions of
12). With increas-
hydroxycarbonate (II)

continuously decreases, indicating an independent precipitation

mechanism (equations (6) and (7)). Simultaneously, the amount of

the two copper compounds (I) and (III) increases
range where zinc concentrations are large (Cu/Zn

so that in the
= 0.1 to 0.5)

the mixed copper zinc hydroxycarbonate (III) is preferred, whereas

at large copper concentrations the copper hydroxynitrate (II)

is preferred. Compound III provides for the most intimate mixture

of copper and zinc and is known as the mineral rosalite with Cu/Zn

ratios varying from 1.4 to 1.8 [34].

Upon stepwise calcination to 350°C, all three compounds I, II, and

ITI decompose to oxides MO where M is zinc or copper. Compound II

gives rise to zinc oxide, compound III to mixed zinc oxide and

cupric oxide, and compound I to cupric oxide. Possibly some copper

may be substituted for zinc in compound II and zinc for copper in

compound I but the whole precipitation pattern shows a clear
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preference of zinc for II and copper for I. The structure of the
mixed copper zinc hydroxycarbonate III (Figure 20) is such that
each metal atom is in square planar or near square planar coordina-
tion of oxygen atoms belonging to the OH and CO3= groups. Its
decomposition may be visualized as a reactiqn of each CO3-

group with two protons from the nearest OH groups followed by the
release of H20 + Co2 along channels parallel to the c axis, leaving
behind an open network of Cu and Zn atoms square planarly and linear-
ly coordinated to the O atoms originating from the OH groups. This
network is structurally related to the tetragonal CuO [18] but not
to the hexagonal zZnO [19]. Since 2n0 and CuO have to segregate
because of their different crystal structures and limited solubil-
ities, the (Cu,Zn) oxide network generated by the decomposition of
compound III will initially separate into a very fine interdis-
persion of Zn0O and CuO with highly imperfect 2n0O. This is indeed
confirmed by X-ray line broadening and electron microscopy of the
30% Cu catalyst [27] which originates from the precipitate having
maximum concentration of compound III. On the other hand, at
concentrations of 40% copper and higher the ZnO crystallites

formed during calcination are well-developed into hexagonal plate-
lets [27]. The platelet morphology coincides with the presence

of compound I in the catalyst precursor, indicating that an epi-
taxial mechanism may be operating in determining the ZnO morphology.
Indeed, compound I has pseudohexagonal stable planes (00l1) of the
structure shown in Figure 21. That these are surface planes is
corroborated by the XPS analysis in which the nitrogen peak cor-
responding to the hidden nitrate groups is very small compared

to those of copper and oxygen. Also drawn to scale in Figure 21

is the triequiangular net of zinc atoms in the basal (0001) plane

of 7ZnO, demonstrating that zinc oxide may epitaxially grow on copper
hydroxynitrate I with its basal plane including the major growth
directions. The explanation of hexagonal platelet morphology of

Zn0 at Cu concentrations equal to or greater than 40% presently
proposed is based upon a greater thermodynamic stability of copper
hydroxynitrate I than that of the carbonates II and III [35]: as the
carbonates II and III decompose during the stepwise calcination,

the undecomposed Cuz(OH)3No3 acts as a seed for crystallization of
the nascent 2ZnO, which is forced to grow as hexagonal platelets
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rather than as its normal needle-like habit. 1In the latter stages
of calcination, Cuz(OH)3NO3 decomposes into a separate phase of
CuO, leaving the ZnO crystallites unchanged. The ZnO morphology
is also retained after reduction in which Cu metal is produced
from CuO in the mixed samples. Thus, the composition of the pre-
cipitates determines the crystal shape and dispersion of ZnO in
the final catalyst.

It has already been noted in the Results section that the ZnO
crystallites contain, after calcination, 2-4% of dissolved CuO

at nominal compositions between 15% and 50% CuO. The amount of
copper dissolved in ZnO after reduction was even larger, up to 12%
in the Cu/2n0 catalysts and up to 14% in the Cu/ZnO/A1203 or Cr,0,
catalysts [27]. At the same time, optical measurements revealed

a new black compound with a spectrum unlike that of Cu metal, Cu++

ions in 2ZnO [36], or Cu20. This new spectrum is assigned to Cu1+
species dissolved in ZnO as there remains no other possibility
consistent with all of the experimental observations reported here.

The dissolution of Cul+ in Zn0 is certainly favored by the fact

that Cu1+ is isoelectronic with Zn2+ and that is assumes, like

2+ . . . . . .
Zn” , a tetrahedral coordination in a number of its inorganic

+ .. . . . .
1 dissolution in ZnO consists in

compounds. The limitation of Cu

the requirement of electroneutrality upon substitution of some
2+ 1+

Zn by Cu

by interstitial zinc. It is tentatively suggested that the solubi-

, which must be ensured either by oxygen vacancies or

lity limit, 12% of Cu1+, is determined by the number of oxygen
vacancies, 6%, that the Zn0O crystal can accomodate without loss

1+

of crystallinity. Further increase of Cu concentration may be

obtained if trivalent ions are simultaneously dissolved in ZnO,

1+ _ 3+ 2+ 2+

since the Cu pairs substitute for Zn - Zn pairs without

increasing the number of oxygen vacancies.

Absorption spectra of the Cu/ZnO catalysts confirm that the new
electronic states are created in this system with an absorption

edge below those of ZnO, Cu metal, and Cu20, and parallel diffraction
studies show that ZnO is the host lattice to these new electronic
states. At the same time, the band edge of Zn0O is preserved, or

only slightly shifted indicating that the new electronic states
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Figure 20. Representations of the crystal structure of rosa-
lite (A) projected on the (001) plane and (B} show-
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Figure 21. A representation of the surface structure
(001) of Cu, (OH)3Noj that has a layer of
exposed copper atoms on which hexagonal ZnO
can easily crystallize along directions in
the basal plane.
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are located in the forbidden band of Zn0O. Such an electronic spect-
rum is entirely expected upon substitution of some Zn2+ in the zinc
oxide lattice by Cul+ as illustrated in Figure 22. The origin of
the band spectrum of Zn0O from atomic Zn 4s, O 2p, and Zn 3d levels
is shown in Figure 22A so that the atomic levels, the experimental
bandgap of 0.24 Ry (3.3 eV) [37], and the theoretical bandwidths

of the valenece and the Zn 34 band [38-40] are drawn to scale. 1In
contrast to the Zn 3d band, which lies below the valence band of
zinc oxide because the Zn 3d atomic levels are below the 0 2p
levels, the Cu 3d band is expected to be located above the valence
band of the zinc oxide because the Cu 3d levels are located well
above 0 2p and are, in fact, as high as the Zn 4s levels. 1In
addition, the Cu 4s level will give rise to band edges similar

to the Zn 4s level, but located higher in the energy scale with the
valence band maximum in the bandgap of ZnO. On the basis of the
energy levels discussed above, there are two possible sets of new
levels in the Cu1+/ZnO solution: the filled 3d band of copper

and the sp3 valence band originating from Cu 4s and 0 2p atomic
levels. The bandwidth of the Cu 3d band will depend on the copper
concentration since it is determined by Cu 3d-Cu 3d overlap; the
bandwidth of the sp3 Cu-0 valence band is expected to be indepen-
dent of copper concentration since it depends primarily only on

the energy difference of the Cu 4s and 0 2p atomic levels [41].

In view of the above model, the absorption spectra in Figure 17
indicate that the new electronic states in Cu/ZnO have a considerable
Cu 3d character. There is a significant shift to lower energies

of the absorption edge in the near-infrared between the 5% or 10%
Cu/Zn0 samples and the 67% Cu/Zn0 catalyst, which reflects the inc-
rease of the copper concentration in Zn0O from subsaturation in the
two low copper samples to saturation in the high copper sample.

A note should be added on the possible role of interstitial zinc
and oxygen vacancies in the absorption spectra. 2inc oxide with
excess zinc displays a weak absorption in the blue region [42] and
oxygen vacancies in copper-containing oxides give rise to lumines-
cence and weak absorption in the visible and near-infrared [31].
Neither of these features could account for the near-infrared
absorption continuum and its intensity, and thus interstitial zinc
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and oxygen vacancies may give rise at most to secondary spectral
features superimposed on the fundamental band spectrum of the Cul+/
Zn0 solution discussed above. A separate experiment confirmed that
the reduction and reaction conditions employed in methanol syn-
thesis are not sufficient to produce a visibly detectable color
change in pure zinc oxide, leaving this compound white after ex-
posure to 2% H,/98% N, at 250°C for 4 hr and to the H,/C0/CO,

mixture at 75 atm up to 320°C for 10 hr.

Activity Pattern of the Copper-Zinc Oxide Containing Catalysts and

the Synthesis Mechanism. The results of catalytic testing of the
Cu/Zno, Cu/ZnO/A120
that the Cu/Zn0 catalysts have an activity toward methanol synthesis

3 and Cu/ZnO/Cr203 catalysts clearly establish

comparable per weight and per unit surface area to that of the Cu/
ZnO/A1203 and Cu/ZnO/Cr203 catalysts. Also, the selectivity of the
Cu/Zn0 catalysts is equal to or exceeds that of the alumina or
chromia based catalysts. No special pore distribution is necessary
for highly effective Cu/Zn0O catalyst with or without alumina and
chromia, and thus the synthesis appears to proceed as a surface

reaction without diffusion control.

The mutual promotion effect of copper and zinc oxide is illustrated
by the activity pattern in Table 4 and in Figure 19, which shows
that a substantial activity is displayed by the various inter-
mediate Cu/Zn0O compositions while the pure components, i.e.

copper metal and zinc oxide, are inactive under the low-pressure
regime. Since no new phase other than normal crystal structures

of Cu metal and zinc oxide exists in the mixed Cu/Zn0O catalysts,

the promotion effect can only stem from the catalytic activity of

a solid solution such as the Cul+/ZnO system described in the previous
paragraph, from uncommon crystal planes and surface imperfections
stabilized by the presence of the second phase, and from long range
effects resulting from electron transfer between the active and sup-
port phases. 1In this report we shall discuss only the dominant
effect which is associated with the new electronic structure of the
Cu1+/ZnO solution. The effects of crystal morphology will be
reported in detail elsewhere [27]. It is only noted here that
both'principal ZnO morphologies, the rod-like network bounded by
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prism planes predominant at 2%-30% Cu/ZnO and the hexagonal
platelets bounded by the basal planes occurring at 40-67% Cu/ZnoO,
are catalytically active and selective to methanol. The rod-

like networks have a higher surface area and hence a higher activity
than the platelets, provided that ehough Cu1+ is dissolved in the
zinc oxide. Considerations of long range electron transfer in small
crystallites in contact with supporting phase, although conceptually
developed [43], give rise to estimates of only marginal effects

on the surface equilibria in the present systems, and will be

reported elsewhere in conjunction with a wider range of supports.

The mechanism of the catalytic function of the Cu+/ZnO solution
proposed here is based on the known properties of zinc oxide and
univalent copper. Zinc oxide is a good hydrogenation catalyst [44]
that activates hydrogen by heteropolar splitting giving rise to ZnH
and OH groups on the ZnO surface [45]. However, the chemisorption
activity of ZnO toward CO is poor [46], evidently because of unavail-
ability of the deeply lying Zn 3d orbitals for back-donation. The
behavior of Cu+ in various low coordinated compounds and surfaces
is just the opposite: certain Cu+ compounds quantitatively adsorb
carbon monoxide in solutions [47] and cut ions in zeolites form

1:1 complexes with carbon monoxide [48] while they do not absorb
hydrogen up to 100-150°C [49]. The binding of CO by Cu+ can be
easily understood from the high energy and spatial extent of the
unscreened Cu 3d orbitals available for backbonding into the w*
orbitals of CO [50]. Similar CO bonding is proposed here for the
cut centers in ZnO: the Cu 3d orbitals are now broadened into a
band as indicated in Figure 22, but they are still the highest
occupied orbitals suited for backbonding into the w* orbitals of
Co.

The initial step of methanol synthesis over the Cu+/Zn0 catalyst is
thus proposed to be chemisorption and activation of CO on the cu’
centers and of hydrogen on the surrounding ZnO surface. The hydro-
genation of CO may proceed in a series of subsequent steps, one

of which must effect hydrogenation of the oxygen end of CO and
another the hydrogenolysis of the Cu-C bond. A possible complete

mechanism involving formyl and hydroxycarbene intermediates is
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illustrated on the next page.

The heteropolar splitting of hydrogen and the binding of CO to
cationic cu® centers imposes electrophilic attack of thé carbon end
of CO by protons and nucleophilic attack of the oxygen end of CO
by hydride ions, if the complex process involving the electron
equilibria in the semiconductor surface can be expressed in the
simplified language of mechanistic chemistry of organic molecules.
As a limiting step is proposed the hydrogenolysis of the Cu—CHZOH
bond in view of earlier reports that a CH3O composition persists

on the catalyst surface exposed to H,:CO mixtures ranging from 1:2Q
to 100:1 [51}].

Effects of Poisons and Oxidizing Gases on the Synthesis. The

sensitivity of copper containing methanol synthesis catalysts to
poisoning by sulfur has been known for a long time, and, in fact,
Natta rejected the copper-containing catalysts as impractical because
of their rapid deactivation in the presence of hydrogen sulfide [52].
He attributed the sulfur poisoning to the formation of bulk Cus
according to reaction (9).

Cu + H,S = CuS + H 3.2 (9)

2 Kssqer T
Another bulk sulfide might be formed by reaction (10Q)

_ 4
2Cu + HyS = Cu,8 + H, 3.32 x 10 (10)

Kssqox =
However, it was later found that the copper-containing catalysts
were poisoned by levels of HZS as low as Q.1 ppm [53], an effect
that cannot be accounted for either by reaction (9) or by (10).
Reaction (9), because of its small equilibrium constant, does not
come into consideration for sulfide formation until the H,S con-
centration in hydrogen reaches 24%, and reaction (1Q) has equili-
brium shifted to the right cnly at more than 30 ppm st, while the
catalysts are severely poisoned at substantially lower levels.

According to the presently proposed synthesis mechanism, the active
catalyst is a zinc oxide phase with dissolved Cu+ species, and a
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simple surface poisoning reaction may be suggested in which no
hydrogen is produced and therefore a substantially greater driving
force than in reactions (9} and (10) exists for the formation of
the right-hand side products of reaction (11l).

2-

Cu+ + O + H

,S = cutsn™ + on~ (11)

Similarly, halogen poisoning, e.g. by hydrogen chloride [54],

may initially proceed as a surface reaction giving rise to Cu+Cl- and
OH species. This might be followed by escape of the volatile
cuprous chloride into the gas phase and an irreversible removal

of the Cu+ centers from the catalyst.

In contrast to the poisoning by sulfur and halogen containing gases,
methanol yields were enhanced by the presence of carbon dioxide,
water, and oxygen. Both oxygen and water increased the yields more
than an equivalent amount of carbon dioxide [55], and upon pulsed
additions of oxygen to the CO/H2 feed gas, up to a fifteen-fold
increase of methanol yields could be obtained [56]. An additional
observation of interest was made in the present work: in the absence
of co, (or HZO and 02), the catalyst gradually lost activity with
concomitant change of color from black to pink with no carbon de-
position and very little change in surface area. The physical changes
accompanying the catalyst deactivation indicated that the active
Cu+/Zn0 phase was reduced to inactive copper metal by the reaction
mixture CO/H2. In view of this mechanism of deactivation, the rate
enhancing effect of oxygen, water, and carbon dioxide is to de-
crease the reduction potential of the CO/H2 feed gas and to keep cut
in the active Cu+/ZnO state. It should be noted that the wvirtual
oxygen pressures for the COZ/CO and H20/H2 ratios frequently
employed in the synthesis are sufficient for oxidizing fine copper
dispersions but not bulk copper metal [57] so that the reduction-
deactivation mechanism is irreversible once large crystallites of
copper metal are produced from the Cu+/ZnO phase.

Summary

The catalytic activity of the low pressure Cu/ZnO/A1203 catalysts
for methanol synthesis resides in the Cu/ZnO system. No special
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pore distribution or presence of crystalline phases such as spinels
is necessary for selectivity to methanol. The Cu/Zn0O system
stabilizes a black substance which has been identified as a Cu’
solution in ZnoO.

A synthesis mechanism is proposed whereby the Cu+ centers chemisorb
and activate carbon monoxide and the 2n0 surface activates hydrogen.
Catalyst deactivation in the CO/H2 mixture is explained as the
reduction of Cu+ to inactive copper metal, and the promotion effect
of 02, H20, and CO2 as a maintenance of oxidation potential high
enough to keep the copper in the active cu’ state. Poisoning by
hydrogen sulfide and HCl is attributed to irreversible hetero-
polar chemisorption of HZS and HCl1l with blocking of the Cu+ centers
by the SH and Cl1 groups.
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C. TASK 3: SINGLE PHASE CATALYSTS

A low level effort was extended in the area of preparation of
single phase oxide catalysts, - This entailed trying to prepare:
pure solid solutions with zinc oxide as the major component. It
was found that this task overlapped with Task 2, and therefore
some of the results have already been presented in the preceeding
portion of this report.

Samples corresponding to 2:98, 5:95, and 10:90 were prepared by
coprecipitation, dried, and calcined to 350°C as previously des-
cribed. The colors of the calcined samples extended from light
gray (2:98) to brownish gray to brown. Portions of these samples
were heated to 900°C in air in 50°C-30 increments and then
equilibrated at 900°C for 17 hr. The 2:98 solid became bright
yellow while the 10:90 sample was a uniform light black color.
The 5:95 catalyst appeared to be a drab green. However, close
inspection showed that this sample was a mixture of yellow
particles and light black particles. The yellow color of the
2:98 catalyst indicated that a solid solution of Cu2+ in Zno

was achieved at 900°C, where the divalent copper ions are held

in sites of tetrahedral geometry. However, the color of the
catalyst calcined to 350°C might indicate that most of the copper
existed as CuO in a separate phase, but this phase could not be
detected by X-ray powder diffraction.

Samples corresponding to 5:95 and 10:90, prepared by manual mixing
of pure CuO with ZnO in the calculated proportions, did not yield
yellow products upon calcination at 900°C for 48 hr. However, a
2:98 catalyst prepared and treated in the same way did produce a
yellow solid solution.

Reduction studies were carried out on the coprecipitated samples

using the same techniques as were described in the previous sections
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of this report. Using a large heater around the vertical reduction
apparatus and a slow heating rate, a 20 hr reduction using 2%
H2-98% N, yielded samples varying in color from light gray (2:98)
to dark gray. Repeating the reductions with a smaller heater and
fresh samples, the products were uniformly black, in agreement with
the 20:80 and 30:70 catalysts.

Beginning with a pelletized portion of the coprecipitated, calcined
catalyst, a methanol .synthesis test was made. A small activity

was noted, which increased with temperature as expected; at tem-
peratures of 250, 275, and 290°C, the % carbon conversions were
0.68, 2.14, and 3.74, respectively. The used catalyst was light
black, but upon standing in air for a few months it became a uniform
gray color. A catalytic testing of the yellow solid solution has
not been carried out.

2+ i1l

These results corroborate other data [36] that suggest that Cu
form a solid solution with ZnO to an extent of only 2-3%. Upon
reduction, samples richer in copper can form greater concentrations
of solid solutions with copper in the monovalent state, plus fine
dispersions of metallic copper. Although a systematic study has
not yet been done, it appears that air can reoxidize at least part

of the reduced copper at ambient temperature to form CuO.
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D. TASK 4: POISONING OF TERTIARY METHANOL SYNTHESIS CATALYSTS

Only a preliminary poisoning experiment has been carried out since
the research projects under Task 1 and 2 were expanded and inten-
sively pursued. A Cu/Zn/Cr oxide catalyst (60:30:10) was reduced
and tested for methanol synthesis using the usual procedures and
conditions, except that a pressure of 100 atm was used instead of
75 atm. At 250°C, the catalytic activity was gradually decreasing
until a trace of COS was added to the synthesis gas stream. A

subsequent increase in catalytic activity was noted.

The apparent reactivation of the catalyst by COS suggests that the
mechanism of interaction of this impurity with the catalyst might
28 with
the catalyst. Hydrogen sulfide is a reducing gas that strongly

be entirely different from the mechanism of interaction of H

interacts with the catalyst and deposits sulfur on the catalyst
as sulfide. On the other hand, COS might act as an oxidant toward
the catalyst. Therefore, further experimentation using COS as

a minor component of the synthesis gas, with and without the presence
of coz, is desirable.

IIT-51



IV. CONCLUSIONS

The catalysts from Chem Systems were characterized with the aim of
discerning differences between the sets of reference, used and
active, used but deactivated, and poisoned catalysts. The poisoned
catalysts contained large amounts of sulfur or chlorine, which

were used as the poisoning agents. These latter catalysts had

also suffered an appreciable loss of surface area, as shown by
Argon adsorption measurements. However, the deactivated catalysts
showed little decrease in surface area and little surface contamina~
tion. All analytical measurements could be routinely carried out

on the catalysts used in the liquid phase methanol synthesis testing
because a successful method of removing the white o0il was developed

during this project.

The cause or causes of deactivation for the two used deactivated,
but unpoisoned, catalysts were not established. Possible reasons
for this include the following:
1. the small samples received at Lehigh University were not
representative of the deactivated catalyst charges,

2. the solvent extraction procedure used to remove the white
0il also removed the species that caused the deactivation,

3. the mechanism of deactivation is different from surface
area changes and from bulk compositional changes, or

4. the composition of the synthesis gas was such that the
concentration of reactive species (sites) on the surface
of the catalyst was gradually reduced.

Additional insight into the mechanism of deactivation was achieved
by studying the binary Cu/Zn0O catalysts., It was established that
the loss of surface area is not, of itself, the major contributing
factor in deactivation. The surface areas of the binary Cu/Zn0O
catalysts were appreciably lower than those of the tertiary
catalysts, yet the percent carbon conversions to methanol were

comparable. It appears that much of the surface area of tertiary



catalysts is due to the A1203 or Cr203,

It has now been demonstrated that this third component is not neces-

which is added as a support.

sary for methanol synthesis. In connection with this, the absence
of A1203 and Cr203 in the binary catalyst systems makes the hypo-
thesis, proposed by others, that the catalytically active species
is a spinel, invalid.

In consideration of the data contained herein, a mechanistic scheme
for methanol formation is presented. Hydrogen is dissociatively
activated on the Zn0O surface. It is proposed that CO is adsorbed
on adjacent sites that consist of cu’ ions in solid solution with
zinc oxide. The presence of CO2 in the synthesis gas produces enough
oxidizing power to maintain a "sufficient" quantity of active Cu+
sites for methanol synthesis to occur in a constant yield. It now
appears that COS might behave in a similar manner, but additional
experimentation is required to verify this. Poisoning of these
copper-based catalysts by HZS and CH3C1 could initially consist of
a simple surface poisoning reaction analogous to complex formation.
In the alumina-based tertiary catalysts, there appears to be a loss
of aluminum associated with chlorine poisoning that occurs by
volatilization of aluminum chloride. Although this would result

in a decrease of surface area, it is not clear whether this would

cause deactivation.

The most likely deactivation mechanism is believed to be over-
reduction of the catalyst, prior to or during the course of synthesis

. + . .
with a concomitant loss of the active Cu /ZnO species into the

inactive copper metal phase.
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