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ABSTRACT

The effect of thallium on the copper = zinc oxide methanol
synthesis catalyst has been studied. This investigation was
undertaken in order to determine the effect of thallium on the
activity of the catalyst, to determine the nature of the observed
poisoning, to gain insight into the nature of the active sites,
and to gain insight into the mechanism of product formation over
this catalyst. A series of thallium-doped catalysts were pre-
pared, tested for activity, and then characterized by surface
area measurements, by x=ray diffraction, and by x=-ray photo=-
electron spectroscopy.

The major products observed during the testing of these
catalysts were methanol and carbon dioxide (when water was added
to the feed gas stream), with small amounts of methane, methyl
formate, and ethanol also formed. The amount of methanol,
methyl formate, and ethanol produced was always less than the
amount of these products seen over the undoped catalyst, with
the formation of these products decreasing with increasing
thallium content in the catalyst. Small amounts of water in
the feed gas increased formation of these products while large
amounts of water inhibited their formation. The production of
carbon dioxide increased with the addition of water to the
synthesis gas, and was essentially the séme as the production

-1-



over the undoped catalyst.

All of the thallium=doped catalysts showed a decrease in
surface area upon testing, which was not observed for the undop=
ed catalyst. This loss of surface area can be correlated with
the sintering of the copper and the zinc oxide particles
observed in the x=ray diffraction analysis. The x=ray photo-
electron spectroscopic analysis found all of the thallium to be
on the surface of the catalysts.

An attempt was made to explain the observed poisoning of
the catalyst by thallium using models of the active methanol
synthesis sites on the copper = zinc oxide catalyst. This
analysis indicated that the models which use copper(I) dissol=
ved in zinc oxide or the copper = zinc oxide interface as the
active sites were plausible ones. The model in which the active
site is the copper surface area was not plausible based on the

data.



1.0 INTRODUCTION

1.1 The Role of Methanol

Methanol, a relatively simple organic molecule, is one of
the host important chemicals in today's world. The production
of methanol in 1983 was over three million tons. This demand
ranks methanol twenty=second on the list of most produced
chemicals (1).

The demand for methanol arises from a number of different
areas. One of the uses for methanol is as an industrial
solvent. Tt is used in very large quantities as a basic raw
material in the production of formaldehyde, and is also used
for production of acetic acid, methyl halides, methyl amines,
methyl methacrylate, methyl tertiary-butyl ether, and other
chemicals., The newest use for methanol is as a fuel, by itself
or in blends with other fuels.

It was the potential use of methanol as a fuel which
caused the gfeat interest for research into the catalytic
synthesis of methanol in the last decade. While the impact of
methanol on the fuel market has not been as great as initially

expected, the interest in methanol still continues (2).

1.2 Methanol Synthesis

Methanol is currently produced by hydrogenation of carbon
-3-



monoxide and carbon dioxide, equations 1 and 2. This is

co +  2H CH..OH (1)

||

co, +  3H, CHjOH + - Hy0 (2)

remarkable in light of the fact that methanol is one of the
least thermodynamically favorable products of this reaction
(3,4). Other initial products which could be formed include
methane and larger hydrocarbons by a Fischer=Tropsch reaction,
equations 3 and 4, carbon dioxide via the Boudouart reaction,
equation 5, and carbon dioxide or carbon monoxide from the

Water~Gas Shift reaction, equation 6. Furthermore, methanol

© 4+ M, . ——= CH + HO (3)
nCo +  2nH, —_— (c:H?_)n + nH,0 (4)
2C0 —_— co, + o (5)

co + H20 _——— co 5 + 1-12 (6)

may not be the final product in the synthesis and may react
further through a number of possible paths. Ethers, equation 7,
higher alcohols, e.g. equation 8, and acids, e.g. equation 9, are

-l -



all possible produéts. Some of these products may react even

further to produce: quite a variety of final products.

_— CH, 4 H
2CH0H CH.0CH . (7)
8
CHBOH + CO + 2H, — 02}1501{ + . HD (8)
‘CHBOH + CO _ CH,CO0H (9)

Because of the many possible paths for the reaction of
carbon monoxide and hydrogen to take, a very selective catalyst
is needed for methanol synthesis. Formation of methanol by
hydrogenation of carbon monoxide was commercialized in 1923 (35).
This process employed a zinc oxide = chromia catalyst which
operated at 20 MPa and 625 XK. The inductrial manufacture of
methanol began to change in the 1960's when a better catalyst
based on copper was brought into use. Currently, copper = zinc
oxide - alumina catalysts operating at 5 = 10 MPa and 490 -
520 XK are in use, Selectivity toward methanol formation over
these catalysts is near 100%. The active species here is the
Cu/Zn0, with the other oxide believed functioning mainly as a
stabilizing support.

The exact mechanism of the reaction of carbon monoxide
and hydrogen to form methanol over these catalysts is still
subject to much research and debate. Even though methanol is

- 5 -



being commercially produced via this route, a great deal of
study is still being put into elucidation of the mechanism,
The reason for the study is that when the reaction mechanism
is known, one may be able to steer this reaction and other

similar reactions toward any desired possible product.

1.3 The Interest in Thallium

The interést in studying the effect of thallium on the
Cu/Zno cataljsts arose from the results of some recent work
on this catalyst system with alkali promoters.

The effect of alkali dopants on the old high pressure
methanol catalysts had been studied many years ago but the
effect on the low pressure copper based catalyst was only
recently investigated (6). It was found that doping a 30/70
Cu/Zn0 catalyst with 0.4 atom® of lithium and sodium decreases
the activity of the catalyst while potassium, rubidium, and
cesium increase the rate of methanol formation over this
catalyst. At 508 K and 7.6 MPa with a gas flow of 10.5 dm/hr
of hydrogen and 4.5 dn3/hr of carben monoxide over 2.45 g of
the catalyst, the uwndoped Cu/Zn0 produced 240 g CHBOH/kg cat-
alyst/hr while the Cs/Cu/Zn0 produced 455 g CHBOH/kg catalyst/
hr. The cesium also caised an increased production of efha.nol
and methyl formate at these conditions. Vedage (7) reported
addition of small amounts of water to the feed gas increased
the activity of Cu/Zn0O toward methanol formation. Larger

-f -



amounts of water then decreased the activity of the catalyst.
The effect of cesium doping of the Cu/ZnO catalyst on methanol
formation in synthesis gas containing water has also been |
recently studied (8). Cesium has been shown to promote
methanol formation in the water~free synthesis gas and in
synthesis gas containing more than about 5 % of water.

Thallium forms a stable +1 oxidation state which has a
chemistry very similar to that of the alkali ions, especially
potassium and rubidium (9). The formation of this oxidation
state results from the so=called inert pair effect in which the
6 s electrons in thallium form a stable subshell (10). There
are many known inorganic and coordination compounds of thallium
which resemble compounds of the alkali metals (11). While the
chemistry of thallium (+1) is rich in this respect, there is
essentially no organometallic chemistry of thallium (+1), with
all of the known organometallic chemistry of thallium associated
with the +3 oxidation state (12).

Because of its similarity to the alkalis, the effect of
thallium on catalysts is often studied when the effect of the
alkalis is studied. Thallium is seen in small amounts on
dehydrogenation and oxidation catalysts where it is used as a
poison to improve the catalysts' selectivity toward desired
products.

The effect of thallium on the Cu/Zn0 methanol éynthesis

catalyst has been briefly surveyed (13). It was found that

—7-
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small amounts of thallium poison the Cu/Zn0 catalyst. This is
in contrast to the effects of potassium, rubidium, and cesium
which increase catalytic activity. It is this poisoning effect
. which, when studied further, could prove useful in helping to
explain the way in which the Cu/ZnO catalyst converts carbon
monoxide and hydrogen into methanol and other products and to
identify the location as well as the concentration of the

active centers.

1.4 Scope of the Research

The present investigation deals with the effect of thallium
doping on the catalytic activity of the Cu/ZnO methanol synthesis
catalyst. A number of catalysts containing thallium in varying
concentrations were prepared and tested for activity toward the
synthesis of methanol and other products. Furthermore, these
catalysts were characterized by surface area measurements, by
x=ray diffraction, and by x-ray photoelectron spectroscopy in
order to determine their physical characteristics.

This study was undertaken in order to determine the effect
of thallium on the activity of the catalyst, to determine the
nature of the poisoning effect, to gain insight into the nature
of the active catalyst sites, and to gain insight into the

mechanism of product formation over this catalyst.



1.4.1 Catalyst Testing

The main objective of catalyst testing was to determine
the carbon monoxide conversion activity and product distribu-
tion of the thallium containing catalysts in both water~free
and water containing synthesis gas consisting of 30 paxrts of
carbon monoxide and 70 parts of hydrogen.

The water-free synthesis gas was used in the standard
testing of these catalysts, in which methanol was selectively
produced. Addition of water to the feed gas stream changed
the distribution of products and led to the formation of

carbon dioxide.

1.4.2 Surface Area Measurements

The surface area of all catalysts was measured using the
BET method. In this method, the amount of inert gas adsorbed
on a weighed solid sample as a function of pressure at a
constant temperature was accurately measured. The experimental
adsorption isotherm data were then treated using equations
which describe the adsorption process based upon the inter—
molecular forces (mainly van der Waals attraction) present
between the gas and the solid (14).

The surface area of a catalyst is an important parameter
because the number of active sites exposed to the reactants
influences the rate of the reaction, and the number of sites
exposed is a function of the surface area.



1.4.3 X=Ray Diffraction

X=ray powder diffraction is an important method for bulk
characterization of materials. It can be used to identify the
material phases present in the bulk substance, to calculate the
sizes of the particles making up the component phases of the
material, and to determine the deviations in the lattice
structure of the components from that of standard materials.

Since x=rays have wavelengths comparable to the spacing
between atoms in solid lattices, they can be diffracted by the
lattices, Figure 2. The lattice planes give rise to construc-
tive and destructive interference in these diffracted beams
based upon the difference in path length of x~rays through the
solid. Reflections due to constructive interference can be
detected when the Bragg condition is satisfied. 1In the Bragg

equation, equation 10, n is an integer, A is the x=-ray wave-

nA = 2dsing (10)

length, d is the spacing between planes, and 6 1is the angle
between the incident rays and the crystal plane. Powdered
samples are used so that some crystallites of every orientation
necessary to produce all possible reflections are present. The
resulting diffraction pattern, with the location and intensity
of the reflections, is characteristic of the compound making up
the particle. Deviations in the lattice spacings can be

-1l -



calculated using the Bragg equation and comparing experimental
values with the standard values.

As particles become smaller and smaller, the ability of
the particle to give rise to total destructive interference of
diffracted beams decreases. The result is a broadening of the
diffraction peaks. An exact treatment of this problem leads
to the Scherrer formula, which can be used to calculate the

thickness of particles. The Scherrer formula is. (15):

0.9 A

t = T
(Bi - BZ)2 cos 6

(11)

where t is particle thickness, A is the x-ray wavelemgth, B o
is the inzgtrumental broadening, B is the width of the peak at

one half of its height (in radians), and 0 is the Bragg angle.

1.4.4 X-Ray Photoelectron Spectroscopy

X=-ray photoelectron spectroscopy (XPS) is a powerful tool
used in the surface analysis of materials. It can be used tb
identify the elements present in a material and to determine
their relative amounts and chemical oxidation state.

In XPS, monoenergetic x-rays are used to ilrradiate a sample.
These x=rays can interact with atoms up to a few micrometers
deep in the sample and can cause an electron to be emitted from
the atom via the photoelectric effect, Figure 3. 'i‘hese photo=
electrons have characteristic kinetic energy, KE, given by:

-12 -
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Figure 2 = Diffraction of x=-rays from a crystal lattice.

X=ray
photoelectron

i

g, Lv

Figure 3 = The photoelectric effect: a = incoming x=-rays,
b = emitted photoelectron



KE = hy - BE (12)

where hv is the incident x-ray energy and BE is the binding
energy for the atomic level from which the photoelectron
originates. Since the binding energy is close to the ionization
energy of a given level, it depends upon the element it is
associated with and upon the orbital that the electron comes
from. Only those electrons which arise from atoms in the top
few nanometers near the sample surface can leave the solid
without undergoing some other interaction with the sample. It
is these escaping electrons which are analyzed for kinetic
energy, and therefore give an analysis of the elements present
on the surface of the sample.

One must go into a more in-depth treatment in oxder to
obtain quantitative information from the above qualitative
analysis. Electrons of different energieé have different
probabilities of escaping from the solid, characterized by a
parameter termed the escape depth. Also, electrons in differ-
ent atomic orbitals have different probabilities of interacting
with the incoming x=-rays, called the photoionization cross
sections. The amounts of surface species can be calculated
based upon escape depths, photoionization cross sections, and
other experimental parameters. The equation which best fits
our particular purpose is the one given by Dreiling (16):

- 14 -



kgA. 0. x. ]
I, = L [1 - exp( )] (13)
* A

By 8 Ay

where: Ii is the intensity of the detected photoelectron signal
from a particular orbital of the element i; k is a constant
which includes instrumental factors such as the analyzer accep-
tance angle and x=-ray flux; g is a specimen=-spectrometer
geometrical factor which takes into account the angle of escape
of the electron with respect to the surface normal; xg is the
atomic volume concentration of element i; o, is the photoion=
ization cross section for the photoelectron observed from
element i; Ai is the escape depth for the photoelectron from
element i; Ei is the kinetic energy of the photoelectron; and

z 1s the thickness of the layer from which the signal arises.
Intensities of signals from all elements present can be
normalized to give the relative distribution of elements in

a surface layer of the sample.

Information about the chemical state of the elements can
sometimes be obtained. Since the energy of atomic levels is
influenced by the bonding of the atom in the surrounding
lattice, the binding energies of the levels are also slightly
changed. Therefore, information about the chemical state of
elements can be obtained from an analysis of the changes in
the binding energy of the electrons.

X=ray photoelectron spectroscopy was used in this study
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to determine the elements present on the surface of the catalyst,
to determine their relative surface concentrations, and to

determine the chemical state of these species if possible,

1l.4.5 Scientific Information Gained

The relation between the extent of poisoning under various
reaction conditions, surface area measurements, x=-ray diffrac-
tion analysis, and x-ray photoelectron spectroscopic anal&sis
allows qualitative conclusions to be drawn as to the loéation
of active surface sites in the two phase catalyst and quanti-
tative estimates of the surface concentration of active sites

to be made,
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2.0 EXPERIMENTAL

2.1 Catalyst Preparation

The thallium doped catalysts were all prepared in the same
manner. The 30/70 Cu/ZnO catalyst was prepared by coprecipita-
tion of the catalyst precursor from a solution of the nitrates
by addition of sodium carbonate solution. The precursor was
then calcined and reduced, giving the Cu/Zn0. Portions of this
material were doped by addition to an aqueous solution of
thallium formate, followed by evaporation of the water.

The Cu0/Zn0 base catalyst was made in 50 g batches as
described previously (17). To 2000 cm of distilled water in a
large beaker were added 41.5 g (0.187 mol) of Cu(N03)2°3H20
(Fisher Scientific Co., Certified ACS grade) and 129.0 g
(0.433 mol) of Zn(N03)2'6H20 (Fisher Scientific Co., Certified
grade). The resulting solution was stirred vigorously and
heated to 353 = 363 K. While maintaining the temperature, a
solution of 1.0 M Na2C03 (Fisher Scientific Co., Certified ACS
grade) was slowly added to the nitrate solution, until the pH
rose to 6.8 to 7.0. Over a period of 2 hrs, approximately
600 cm3 of sodium carbonate solution were added. The resulting
precipitate was collected, washed thoroughly with distilled
vater, and air dried, affording the catalyst precursor -
(Cu,zn) 5(003)2(0}1)6. This material was calcined in air by
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heating initially to 373 K and then increasing the temperature
50 K every 30 min until a final temperature of 623 K was
reached. This material was left at 623 K for 3 hrs, and then
cooled, giving the desired Cu0/Zno.

The oxide powder was pelletized by addition of enough
distilled water to make a thick slurry. The slurry was placed
into a Teflon mold and dried overnight in an oven at 373 K,
giving cylindrical pellets (3mm dia by 10 mm long). These
cylindrical pellets were cut and sieved to 10/20 mesh (U.S.
standard sieve size).

Approxinately 4.5 g (7.5 cm’ volune) of the 10/20 mesh
Cu0/Zn0 pellets were diluted to 15 cn® volume with 3 mm glass
beads and centered into the catalyst testing reactor. After
attaching the reactor to the testing a.ppé.ratus, a 60 cm3/min
flow of 2% HZ/NZ (Air Products and Chemicals Inc., Zero grade
gas mixture) was started over the catalyst and the temperature
was raised to 523 K. The effluent gas was monitofed by gas
chromatography for the water produced in the reduction. When
the effluent gas water concentration decreased, the reduction
was stopped by cooling the reactor. Working in a glovebag
(Instruments for Research and Industry) filled with nitrogen
(MG Scientific Gases, 99.998%), the reduced Cu/Zn0 was
removed from the reactor and collected.

Two solutlons of different concentrations of thallium

formate were prepared and used in the doping process. Enough



TL(00CH) (Alfa Products, 97%) was added to 10 em’ of deoxygen-
ated distilled water to make a 0.4 M solution. One cm3 of this
solution was diluted to give a 0.04 M solution.

The doping procedure, described below, was all done in a
large glovebag filled with nitrogen. Based upon the weight of
the Cu/Zn0 and the desired concentration of thallium in the
final catalyst, the necessary amount of thallium formate solu=-
tion was added to 25 - 30 cm3 of deoxygenated distilled water
in a medium beaker. The reduced Cu/Zn0 was added to and
immersed in the thallium containing solution. A hotplate set
on low heat and a slow stream of nitrogen directed into the
beaker were used to evaporate off the water. After 4 = 6 hrs,
the dry catalyst was collected and bottled for testing and
characterization.

For characterization purposes, a portion of one of the
doped catalysts was re-reduced. Working in a glovebag under
nitrogen, about 0.3 g of the 0.08% T1/Cu/Zn0 was loaded into
the testing reactor. The sample was reduced using the same
procedure used for the Cu/Zn0. After reduction was completed,
the catalyst was recovered under nitrogen and saved fof

characterization.
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2.2 Catalyst Testing

2.2.1 Catalyst Testing Unit

The apparatus used for catalyst reduction and testing is
shown schematically in Figure 4. This unit is capable of
routinely operating at a pressure of 7.6 MPa and temper-
atures up to 573 K and higher.

The feed gases, hydrogen and carbon monoxide (MG Scientif=
ic Gases, hydrogen - 99.999%, carbon monoxide = 99.5%) were
removed from the cylinders using high pressure regulators (Air
Products and Chemicals Inc.) and passed through activated
charcoal traps. The individual gas flows were adjusted using
mass flow controllers capable of operating at high pressures
(Union Carbide Corp.), and then allowed to mix together.

Water and water/isopropanol mixtures were introduced into
the feed stream through the use of a high pressure liquid pump
(Gilson Medical Electronics, Inc.). Initially, the pump was
capable of adding liquid in multiples of 5 mm3/mi.n , and was
later modified to allow lower pumping rates, in multiples of
0.5 mm3 min. |

The reactor was constructed from a staihless steel tube
(18 mm ID x 25 mm OD x 640 mm long). A thermocouple well was
incorporated into the reactor and was centered lengthwise
through it to allow accurate temperature measurement of the

catalyst bed. The exit end of the reactor contained a large
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metal "O" ring coupling which facilitated catalyst loading and
unloading. The reactor was heated using a split tube furnace
(S B Lindberg Co.) and was regulated by a temperature
contraller (Theall Engineering Co.).

Effluent gas leaving the reactor passed through stainless
steel lines which were maintained at 463 K using heating tapés.
A back pressure regulator (Tescom Corp.) was used to reduce the
pressure to atmospheric while maintaining the upstream pressure
at the desired level. The gas was then split into two streaﬁs,
one of which passed through an automatic gas sampling valve
attached to a gas chromatograph, after which the two streanms
were reunited. The gas lines downstream from the back-pressure
regulator were heated to 423 K using heating tapes. Finally,
the exit gas passed through a wet test meter (Precision Scien=-
tific Co.) before being directed into the exhaust system.

The temperatures of the reactor and the gas lines were
monitored using thermocouples and a multichannel digital

temperature readout unit (Omega Engineering).

2.2.2 Catalyst Testing Procedure

The initial testing of all of the catalysts studied here
was the same. Working in a nitrogen filled glovebag, 2.45 g
of doped catalyst (3 = 4 cn’ vol) was diluted with enough 3 mm
glass beads to bring the total catalyst bed volume to 10 cm3.
This mixture was then centered in the reactor through use of
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more glass beads. The reactor was sealed, removed from
the glovebag, and attached to the testing unit.

First, a 10.5 dnJ(STP)/hr flow of hydrogen was established
over the catalyst, followed by addition of 4.5 dm3/hr of carbon
monoxide to this feed stream. After allowing the feed gas to
flow through the system for about 1 hr, the pressure inside the
apparatus was increased to 7.6 MPa by adjusting the back=pres-
sure regulator, which allowed the feed gas flow to buildup the
Pressure., Following pressure bulldup, the reactor temperature
was increased at a rate of 2 = 3 K/min to 523 K. This was the
initial test:‘u_:g condition for the thallium=doped catalysts.

This initial condition was maintained for 12 = 16 hrs
before decreasing the temperature to 508 K. For the next 6 hrs,
the testing conditions were 508 K, 7.6 MPa, 10.5 dn>/hr H,, and
4.5 an/ne CO.

It was at this point that water addition to the feed stream
was started. Tap water was distilled and then deoxygenated
prior to use by boiling and cooling with nitrogen gas bubbling
through it. Throughout the water addition, the temperature was
kept at 508 K, with the gas flows and pressure as before,
Initially, a water flow rate of 5 mms/min was started and
maintained for 12 hrs using the liquid pump. The water addition
was then changed to 10 mm3/min for 6 hrs, 15 mm3/min for 6 hrs,
20 mm’/min for 12 hrs, and 25 mn’/min for 6 hrs. After this
point, the testing of the catalysts varied slightly from sample
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to sample, and is described next.

The catalyst testing for the 0.23% T1/Cu/ZnO was completed
by stopping the water addition and allowing the system to reach
a water-free steady state., Testing of this catalyst was then
stopped by cooling the reactor and depressurizing the system.

The 0.08% T1/Cu/Zn0 catalyst was also allowed to reach a
water-free steady state, as with the 0.23% T1/Cu/Zn0 above,
before the testing was stopped.

Testing of the 0.02% T1/Cu/Zn0 catalyst was varied somewhat
since it was realized that catalyst deactivation and catalyst
activity in the water addition range between 0 and 5 n /min had
to be studied further. After the initial testing period of this
catalyst, the water addition rate was reduced from 25 to 5 mm3/
min for 18 hrs. The water addition was then stopped totally
for 12 hrs while the system returmed to a water—free state.
Then, water was again introduced at 5 mm3 /min for 12 hrs, and at
25 mm3/min for 6 hrs, after which time the water pumping was
again stopped for about 24 hrs. Since at this time the liguid
pump was only capable of pumping in multiples of § mm3/min,
solutions containing varying amounts of water had to be used to
obtain low effective water addition rates. Vedage (6) has
shown that water/isopropanol solutions could be used in these
systems. Isopropanol (Fisher Scientifie Co., Certified grade)
was deoxygenated by bubbling nitrogen through it for 2 = 4 hrs,
and solutions with water were made in a nitrogen filled gloveBag.
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Various water/isopropanol solutions were introduced into the
system at a rate of 5 > /min to give effective water addi-
tion rates of 3, 2, 4, and 1 mm3/min.for about 6 hrs each.
Following this, pure water was added at 5 mm3/min for 12 hrs,
and then stopped for 18 hrs while the system returned to a
water=free state. The testing was stopped by cooling and
depressurizing the reactor.

The last catalyst tested was a 0.17% T1/Cu/ZnO sample.
Following the initial testing in water=free synthesis gas and
synthesis gas containing 5 = 25 mm3/min of water, the water
addition was reduced to 5 mmj/min for 6 hrs and then stopped
totally for 12 hrs. The liquid pump had been modified with a
new pump head so that it was now capable of pumping liquid in
multiples of 0.5 - /min., Therefore, pure water continued to
be used instead of water/isopropanol mixtures. Water was added
at a rate of 1.0 mm3/min for 6 hrs, 2.0 mm3/m'1n for 6 hrs, and
then stopped for 12 hrs. This was followed by 3.0 mm3/min for
6 hrs, and 4,0 mm3/min for 6 hrs, after which the water addi-
tion was again stopped for 12 hrs. Lastly, water was added at
a rate of 0.5 mm3/mi.n and 1.5 mm3/min for 6 hrs each, followed
by no water addition for 15 hrs. The reaction was stopped by
cooling and depressurizing the systen.

In oxrder to gain more insight into the physical aspects of
the catalyst deactivation, some short~term testing was done.
Part of the extra doped but untested 0.08% T1/Cu/ZnO, about
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0.46 g, was loaded into the reactor and attached to the testing
unit. A hydrogen flow of 10.5 de/hr and a carbon monoxide flow
of 4.5 dm3/hr were intro&uced and the pressure was raised to

7.6 MPa. The temperature was increased 2 = 3 K/min to 523 K
where it was kept for 14 hrs. The temperature was reduced to
508 K for 6 hrs, followiné which, the reactor was cooled and

the system depressurized. Working in a nitrogen filled glovebag,
the catalyst was removed from the reactor. About 40% of the
catalyst was bottled and reserved for characterization, with
the rest being reloaded into the reactor. The reactor was then
reattached to the testing unit, placed under the same feed gas
flow, pressurized, and heated to 508 K. Water was added at a
rate of 5 mm3/min for 12 hrs, after which time, thg reactor was
cooled and depressurized.

After testing, all ca.talysts were recovered. This was done
by removing the reactor from the testing wnit while it contained
the feed gas atmosphere, and transferring it to a large glovebag
filled with nitrogen. Inside the glovebag, the reactor contents
were removed and the catalyst separated from the glass beads

using a 10 mesh sieve.

2.2.3 Product Analysis
Analysis of reaction products was accomplished using gas
chromatography. After the testing unit's back=pressure regula-
tor reduced the effluent gas pressure to near atmospheric, part
- 26 =



of the effluent gas was passed through a heated automatic gas
sampling valve attached to a Hewlett~Packard 5730A gas chroma=-
tograph. The gas sampling valve was heated to 423 K, and the
injection port was kept at 473 K. A 2 m by 3 mm nickel

column packed with 80/100 mesh Poropak Q (Foxboro/Analabs) run
at various temperatures was used for all separations. Products
. were detected using a thermal conductivity detector, operated
at 473 K with a 130 mA current. The detector signal was sent
to a Hewlett=Packard 3388 integrator for gquantitative analysis.
The carrier gas used was helium (MG Scientific Gases, 99.997%)
at a flow rate of 25 = 30 cm3/min.

A1l of the products and remaining reactants in the effluent
gas could not be separated and analyzed using one set of column
conditions. When run isothermally at 273 K, a good analysis for
carbon dioxide, water, and methanol was obtained. Carbon
monoxide and methane could not be resolved under these condi-
tions, and a com'bine;i carbon monoxide plus methane signal was
obtained. Higher products did not elute from the column at this
temperature. In order to prevent isopropanol from building up
on the column when wa.ter/isopropa.nol solutions weie added to
the feed, the column was run isothermally for 4 min and then
temperature programmed at 16 K/min to 473 K to remove the
isopropanol.

For the caxrbon monoxide and methane separation, the column
was run isothermally at 298 K, at which temperature the two
-27 =
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signals were sufficiently resolved to obtain their relative
amounts. The oven temperature was increased to 373 K (oxr
higher if isopropanol was present) after the carbon monoxide,
metha.ﬁe, and carbon dioxide had eluted from the column in order
to drive the remalning material off of the column.

Products higher than methanol were analyzed for by temper=-
ature programming the column. The initial temperature of 373 K
was maintained for 2 min, followed by a temperature increase of
16 K/min until the oven reached a final temperature of 473 K,
where it was kept for 2 min. When isopropanol was present,
products which might form from reaction with the isopropanol
were checked for by remaining at the final temperature for 4 min

The integrator gave relative amounts of all species except
hydrogen using a combination of these three types of analysis.
Hydrogen was the first compound through the column in all cases,
but because of it's thermal conductivity, it produced a negative
signal which could not be integrated. Direct conversion of
relative amounts of products to molar concentrations based
upon the effluent gas flow rate could not be done since the
amount of hydrogen in the effluent gas was unknown.

The chromatographic peak areas were typically averaged over
a period of 2 = 4 hrs in which the catalyst activity seemed
fairly constant., The relative area percents of components were
converted into relative molar concentrations (less hydrogen
concentration) by dividing each component signal by a tabulated
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thermal response factor (18), Table 1, followed by normalization
of corrected signals to 100%. Conversion of relative molar
concentrations of species to moles per unit time was done based
upon balancing the amount of oxygen and carbon entering the
reactor with the amount leaving the reactor in the effluent.
Concentration of species in the effluent is based upon conserva-
tion of oxygen, and this concentration is checked based upon
conservation of carbon. A sample calculation is shown in

Table 2.
2.3 BET Surface Area Measurements

2.3.1 BET Apparatus

The apparatus used was a volumetric system designed for gas
adsorption work (19). The all glass unit incorporated the
following featuress 1) a vacuum system consisting of a mechan-
ical rough pump, an oil diffusion pump, and a liquid nitrogen
trap, capable of giving background pressures in the range of
1lx 10-4 Pa; 2) an electric manometer attached to a 133 kPa
pressure sensor (MKS Electronics), and a null offset adaptor
(Datametrics Corp.) capable of giving a sensitivity of 1 Pa
over the whole sensing range; 3) a glass manifold containing
5 d.m3 reservoirs of helium and argon (prepurified grade gases,
further purified by passage through copper turnings at 700 K
and 3A molecular sieve at 77 K); 4) a dosing volume section
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Table 1 - G. C. Thermal Response Factors¥

Compound TRF
co L2
co, L8
CHu 36
H,0 33

CHBOH . Ly %
02H50H 72
HCOOCH3 72

* taken from ref. 18
** this value from ref. 6
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Table 2 = Example of Determination of Product Distribution from
Gas Chromatographic Data
Testing Parameters: 2.45 g of 0.02% T1/Cu/Zn0
. 523 K, 7.6 MPa 3
10.5 dno/hr H,, 4.5 dn’/hx CO
No Hzo
co co, H,0 CH,OH CH),
GC Peak Areas 87.580*  0.228 0 12.277  0.432°
Normalized Areas 87.202 0.228 0 12.277 0.378
TRF L2 48 33 s 36
Area/TRF 2,0762  0.0048 0 0.2728 0.0120
Molar Concentrationw 87.813 0.201 0 11.539 0.448
Yie1d® mol/hr 0.1623  0.0004 0 0.0213  0.0008
Molecular Weight 28.01 4,01  18.01 32.00 16,04
Yield g/hr L,5460  0.0176 0 0.6820 0.0128
kg/kg cat/hr {1.8555  0.0072 0 0.2780 0.0052

a - area of CO and CH;, signals

b = signal relative tg' CO of 100%

¢ - based upon conservation of incoming oxygen from

CO - 0.1844 mol/hr
0 in products: CO

co
i

ch

87.813
2x 0,201

0

OH 11.530

99.754 mol% = 0.1844 mol/hr
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consisting of four accurately calibrated bulbs connected to give. -
progressively lazgér dosing volumes; 5) and a sample vessel made
of glass tubing, about 200 mm long fitted with a glass joint at

one end (for attaching to the unit) and a small bulb for samples
blown out at the other end.

Every time a new sample was tested, the volume of the
sample vessel had to be redetermined, and helium was used for
this purpose. Argon gas was used as the adsorbate for surface
area determinations. Both the volume and the surface area
measurements were done with the sample vessel immersed in liquid
nitrogen to a mark specified on the vessel. Since the tempera-
ture of the liquid nitrogen varied from one measurement to
another, the vapor pressure of the argon at the liquid nitrogen
temperature had to be calculated. This was done by determining
the vapor pressure of nitrogen at the temperature of the liquid
using a differential mercury manometer filled with nitrogen gas
in one leg as a gas thermometer. The vapor pressure of the

nitrogen was converted to a vapor pressure of argon using a

calibration plot.

2.3.3 Isotherm Measurement
The first step in the experimental method was to accurately
weigh the sample vessel fitted with a cork in the ground joint.
Working in a glovebag filled with nit:ogen, the weighed vessel
was then loaded with approximately 0.1 g of catalyst pellets,
-33-



sealed using the cork, removed from the glovebag, and reweighed.
The sample vessel was then attached to the adsorption unit and
evacuated for a minimum of 6 = 8 hrs, followed by one hour of
heating to 373 K under vacuum. The sample vessel was cooled
usiné liquid nitrogen, and the larger dosing volumes were
filled with helium for the volume measurement. The smallest
dosing volume was filled with a certain dosing pressure of
helium, P&' The stopcock connecting this volume to the sample
vessel was then opened, allowing the helium to expand and the
pressure to come to an equilibrium value, Pe. After measuring
this pressure, the stopcock was closed, and the process was
repeated, starting with repressurization. Six helium dosing
pressures, ranging from 0.2 -~ 1.6 kPa, were used for the volume
determinations for each sample. The samplevwas warmed to room
temperature and evacuated for at least one hour after the
volume measurement. The sample was then again cooled in

liquid nitrogen and the dosing volumes were filled with argon
gas. Using a procedure similar to the volume measurement with
helium, the sample was exposed to 1l dosing pressures of argon

in order to obtain 11 equilibrium pressures ranging from 0.6 =
11 kPa.

2.3.3 Surface Area Calculation

The volume of the sample vessel, Vs. vas determined using:
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(Pd-Pe)
vs " v&
- Pt
(2, -P)

(1)

where: Pd is the dosing pressure of helium, Pe is the equilibrium

pressure of helium for the Pa, Pé is the equilibrium pressure

for the previous point, and Va is the dosing volume. This gave
six values for Vs, which were then averaged for further calcula-
tions.

The surface area was determined using the BET equation (14):

P 1 c-1 P
—————— = + — (15)
v (P -P) v, C v, ¢C P,

where: P is Pe’ V is the amount of gas adsorbed at the equilib-
rium pressure P/Po, Vﬁ is the monolayer capacity, and G is the
BET constant related to the first layer heat of adsorption. A
linear regression analysis of the relationship between P/V(PO-P)
and P/P_ between P/P_ of 0.05 and 0.30 gives V,. Multiplication
of Vm by the cross sectional area of argon, 0.168 nm2 (19),

gave the surface area of the sample.
2.4 X=-Ray Diffraction

2.4.1 Instrumentation
The instrument used for all x=-ray diffraction work was a
Phillips Electronics APD=3600 automatic x=ray powder diffracto=
-~ 135 =



nmeter, conmnected to a Phillips Electronics XRG=3100 x-ray
generator. The diffractometer was interfaced with a Tektronix
4010 terminal and a Tektronix 4631 hard copy unit. The x-rays
were produced using a copper anode x-ray tube operated at 45 kV
and 30 mA. The counter was of the scintillation type, and.
scanned the range of 20 in a stepwise manner., The counter
measured the diffracted beam intensity in 0.01° increments of
26 for a time of 0.6 sec at each increment. This gave an
effective scanning rate of l.Oo/min. The raw data were stored
on floppy discs for workup using the software associated with
the APD-3600 system. A software program (APDPEAK) was used to
find peaks and to determine the position and intensity of each
peak, Since this program was not infallible, all data plots
were checked manually as well. A second software program
(APDPLOT) was used to plot the total scans as well as to
enlarge portions of the scans for further analysis.

The instrument typically uses a sample holder having an
open sample cavity in it. This holder is convenient for some
x=ray work since it fits into the instrument's automatic sample
changer, but it exposes the samples to the atmosphere.: To
permit analysis without exposure to the air, a special holder
was previously fabricated. This holder consists of a beryllium
window mounted above a hole cut into a piece of aluminum, form=-
ing a sample cavity. A second piece of metal was then attached
to the first, and gave an airtight seal through use of a rubber
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"0" ring. The design was such that the top of the sample
against the beryllium window was in the correct geometrical
position for analysis when placed in the diffractometer.

2.4.2 X-Ray Analysis of Samples

The x=-ray diffraction pattern of tested and untested
samples of the 0.23, 0.08, and 0.02% T1/Cu/ZnO catalysts and
copper and zinc oxide standards were measured using the special
sample holder. Working in a nitrogen-filled glovebag, the
samples were ground to a fine powder and then loaded into the
holder. The holder was then removed from the glovebag and
placed into the diffractometer for analysis. The copper
standard, zinc oxide standard, tested 0.23% T1/Cu/ZnO, and
untested 0.23% T1/Cu/Zn0 were scanned from 5 to 95° (in 26)
at lo/min. The other samples were scanned from 25 to 450 at
1°/min, since this range included the three most intense
zinc oxide reflections, (100), (002), and (101), and the most
intense copper reflection, (111).

All other samples were analyzed using the ordinary sample
holders. In order to minimize air exposure, the samples were
ground in the glovebag and placed into sample vials. The
sealed vials were then taken to the diffractometer, and the
samples quickly loaded into the holder and immediately analyzed.
These samples ‘were all analyzed from 25 to '+5° at a rate of
1°/min.
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2,4.3 Calculations

X=ray diffraction scans of the copper and zinc oxide
standards indicated that one peak due to the sample holder
window occured at 41.34°. This was used as an internal stan-
dard, and values for this reflection were adjusted to 41.34°
in all subsequent measurements. Other peak values were also
ad justed based upon this beryllium refiection. Values for
lattice spacings of the samples were calculated using the
Bragg equation, equation 10, with the Cu K, wavelength
0.15418 nm (15).

The reflections of interest were enlarged and the widths
of the peaks at one half of their heights were determined.
Values for particle sizes were then determined using the
Scherrer equation, equation 11, with the same value for the
x-ray wavelength as above. The values for instrumental line
broadening were those determined from the analysis of the
copper and zinc oxide standaxrds: ZnO (100) = 0.00312 radians,
70 (002) - 0.00342 radiams, Zn0 (101) - 0.00347 radians, and
Cu (111) = 0.00546 radians. |

2.5 X=Ray Photoelectron Spectroscopy

2.5.1 Instrumentation
The x=ray photoelectron spectroscopy was carried out using
a Physical Electronics Model 548 electron spectrometer. The
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x-rays were produced using a magnesium x-ray anode operated at
10 kV and 38 = 40 mA. The energy of the photoelectrons was V
analyzed using a double=pass cylindrical mirror analyzer which
detected the electrons as discrete events. The 'analyzer was
run as an energy window accepting electrons within the span of
the ﬁindow. Increasing the energy of the window, known as the
pass energy, increased the signal but decreased the resolution.
A variable retarding field placed before the analyzer was used
in the system to scan the energy spectrum. The vacuum chamber
used an ion pump to reduce the pressure to 1 x 1077 Pa. The
chamber also incorporated a 12 place sample carocusel, a
microscope for sample positioning, and equipment to do Auger
electron spectroscopy. The system contained a multichannel
analyzer (Nicolet), for signal averaging work. This analyzer

was attached to a tape deck to store data on magnetic tape.

2.5.2 Sample Preparation

Samples were prepared and mounted on the carousel for
analysis in two different ways, depending upon the type of
analysis desired. .

The first method was used for the tested 0.02, 0.08, and
0.23% T1/Cu/Zn0 catalysts and for the untested 0.23% T1/Cu/Zn0
catalyst in order to analyze for thallium, zinc, copper, and
oxygen. The method used double stick tape to hold the sample
in place for analysis. One side of a piece of gold plated
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copper, about 15 x 10 mm, was covered with double stick adhe=
sive tape. A layer of powdered sample was placed on top of the
tape and pressed onto it. This metal piece was then mounted on
the carousel. Carbon analysis could not be accurately done on
these samples since the adhesive tape contained carbon.

The second method was used for analysis of surface carbon
and made use of aluminum holders. The holders were approximat-
ely 18 mm long x 10 mm wide x 2 mm thick, and had a 6 mm dia x
1l mm deep cavity in the center. The holders were washed in
distilled water, trichloroethylene, and absolute ethanol before
being used. Powdered samples were pressed into the cavity.

The aluminum holder was then mounted onto the carousel. This
method was used for three samples, reduced undoped Cu/ZnO,
untested 0.23% T1/Cu/Zn0, and tested 0.23% T1/Cu/ZnO.

Sample preparation was done in air for both analysis
methods. Alir exposure time was from 30 to 60 min in the first
'method, and from 15 to 30 min in the second method.

2.5.3 Data Acquisition

Initially, a survey scan covering the full range of bind=-
ing energies was performed on each sample. This scan ran from
1100 to O eV binding energy, and was done with a pass energy of
100 eV, a time constant (response time) of 0.1 sec, a scan rate
Of 2 eV/sec, and a sensitivity of 30 = 300 k (k = 1000 events).

This survey scan was used to determine the elements present.
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High resolution scans were then performed on the most intense
signal or signals for all of the elements present. The signals
used were Zn 2p%and 2p 71‘, Cu Zp% and 2p¥ and 0 1s. These
high resolution single scans were done using a 50 eV scanning
range centered on the peak or peaks, a pass energy of 100 eV,
a time constaﬂt of 0.1 sec, a scan rate of 0.2 eV/sec, and a
sensitivity of 30 = 200 k. The thallium signal was too weak
to be analyzed using a single pass scan. The Tl 4f_-g and llvfg_
signals were scanned along with the Zn 3p signal using signal
averaging on the multichannel analyzer. The three peaks were
analyzed within a 50 eV scan range and scanned 32 times with a
50 eV pass energy, 0.l sec time constant, a 0.5 eV/sec scan
rate, and a 1 k sensitivity. An analysis of a catalyst contain-
ing no thallium showed a small Cu 38 peak located where the T1
Llrf_s_ peak would appear in doped catalysts. Because of the
sigzna.l averaging, the thallium signal could not be directly
compared to the zinc, copper, and oxygen peaks, and a cvompa.r-
ison had to be done in a stepwise manner. One more scan was
done on each sample, using a 500 eV range which included the
0 1ls and Zn 3p peaks. Eight scans were signal averaged using
a 100 eV pass energy, 5 eV/sec scanning rate, 0.1 sec time
constant, and a 30 k sensitivity. This gave the ratio of the
0 1s to Zn 3p signals, and since the T1 4f7 to Zn 3p ratio
could be determined from the thallium ana.l;sis, the thallium

signal could be determined relative to the O ls signal.
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The analysis for surface carbon was done on samples mounted
on the aluminum holders. Again, the first scan done was a
survey scan from 1100 to O eV, using a 100 eV pass energy,
0.1 sec time constant, a 2 ev/sec scanning rate, and a 100 =
300 k sensitivity. A high resolution scan was performed on the
Zn 2p doublet using a 50 eV scanning range, with a 100 eV pass
energy, 0.l sec time constant, 0.2 eV/sec scanning rate, and a
100 - 300 k seﬁsitivity. The carbon signals were signal averag-
ed due to thg low ixitensity. This was done using a 50 eV
scanning range which included the C 1s and Zn IMM signals. For
this signal averaging, 16 scans were averaged using a 100 eV
pass energy, 0.1 sec time constant, 0.5 eV/sec scanning rate,
and a 10 = 30 k sensitivity. The averaged data was then stored

on magnetic tape for analysis.

2.5.4 Data Treatment

Identification of elements present was done by identifying
the signals on the survey scan and high resolution scans and
comparing the experimental binding energies with tabulated
values (20). Determination of true binding energies for the
above analysis and for possible determination o.f chenical state
of species required some data treatment. The raw data values
for binding energy may be higher than the true binding energies
because when electrons are lost from these catalyst samples,
the samples may become charges which results in an apparant
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increase in binding energy. It is known that zinc is present
as zinc oxide, and the Zn 2ps signal was therefore set equal f.o
a known value of 1021.7 eV fzr zinc oxide (20). All other peaks
were shifted by the same amount to give corrected binding ener=—
gles, which could then be compared to tabulated values.

Determination of the surface concentration of thallium
required a number of calculations, some of which were based
on assumptions and on the experimental results themselves.
Dreiling's equation, equation 13, related the intensity of an
observed signal to the atomic volume concentration of that
element. The catalyst samples analyzed are not homogeneous
with respect to the distribution of elements and Dreiling's
equation needed to be further modified. The thallium doped
onto the already prepared Cu/Zn0 was assumed to be present only
on the surface of the sample, as depicted in Figure 6. In this
model, the value for z in Drei.ling'.s equation, the thickness of
the particle from which the signal originates, becomes equal to
the diameter of thallium when one considers the intensity of the
thallium signal, and equal to the thickness of the Zn0 particle
when one considers the intensity of the zinc signal. For the
thallium, Zm is small compared to g )“1‘1 and the intensity
equation is simplified to equation 16. The value of Ty 18
large when compared to g 7n? and the intensity equation can
also be simplified. The intensity of the zinc signal is
attenuated by the thallium on the surface by a factor of
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Figure 6 - Model of T1/Cu/ZnO catalyst surface used in XPS
calculations. Thallium is present only on the
surface of copper a.nd/or zinc oxide particles.



exp ( -le/g XZn)' which is approximated as (1 - % /8 xZn)

for the thin thallium layer. The factor le here is the effec~
. . . . . s /.S

tive thickness, which is an approximation for le(le/xZn)

where xi is the surface concentration of species i. These

approximations lead to the equation for the intensity of the

zinc signal, equation 17. One can rearrange these equations to

k Opy X 2q

Ig = - (16)
ko, x g\ 4
IZn a Zn “Zn Zn 1 - T1 (17)
EZn g AZn

solve for the atomic volume concentrations, X3 o To get surface
concentrations, each side of the equation is then multiplied by
the thickness of a monolayer, t;l or t;n. The ratio of the
surface concentrations of thallium and zinc can then be deter-
mined by division of the two equations. In equation 18, Xi |

represents the surface concentration of each of the species,

S ’ 0

p I, 8\ O, I ty I

’(21 . Jn : T ™ Crm :1)'1 ol (18)
Xzn ; IZn th Ion ETl th IZn

thallium or zinc. The intensities, Ii’ are the measured peak
areas; g is an instrumental factor, equal to 0.75 (16); Ay 1s
the escape depth for zinc, equal to 0.86 nm (23); o; are the
photoionization cross sections; relativg cross sections 11.77
for T1 and 18.01 for 2n (24); E, are the kinetic energies of the
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electrons determined from equation 12; tgl is the thickness of
a monolayer of thallium, 0.28 nm (9); and t;n is the thickness
of a monolayer of zinc in the sample, set equal to the spacing
between the (100) planes of zinc oxide 0.2824 nm (25).

The amount of zinc on the surface had to be independently
determined in order to determine the concentration of thallium
on the surface using equation 18. This was because equations
similar to equation 17 for copper and oxygen could not be used
due to the unknown amount of oxidation of the catalyst. Data
from the BET surface aréa analysis and x-ray diffraction analy-
sis were used to determine the zinc oxide surface area. The
value for the thickness of the copper particles from the Cu
(111) reflection was used as the diameter of spherical copper
particles assumed to be in the catalyst. This diameter value
was used to calculate the volume of the spheres, the number
of spheres in each gram of catalyst, the surface area of each
of the spheres, and finally, the copper surface area. The
contribution of copper to the surface area was then subtracted
from the total BET surface area, leaving a value for the zinc
oxide surface area. The value of 1.1744 x 1019 zinc atoms
ver square meter of zinc oxide (100) was used to determine
the number of zinc suwface atoms (25). From this value and
the ratio of zinc to thallium atoms, one could determine the
concentration of thallium on the surface of the T1/Cu/znO
catalysts. A sample calculation is given in Table 3. Values
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for all parameters are listed in Table 4.

The suxface carbon analysis was not straight forward.
Carbonaceous species in the air caused sample contamination
upon exposure of the sample to the air (20). In order to see if
the carbon signal consisted of peaks other than this contamina-
tion peak, the carbon signals'were analyzed using a computer
peak fitting program. The raw data, on magnetic tape, were fed
into a computer and analyzed using the fitting program. The
Zn IMM auger signal was used to determine the baseline under the
carbon signal. The minimum number of peaks necessary to make up

the carbon signal were used.
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Table 3 = Sample Calculation of Surface Thallium Concentration

Parameter Value
Sample Tested 0.08% T1/Cu/Zn0
Ipy/Ip, 0.0035%
xgl/x;n 0.05887
Cu particle thickness 16.01 nm
Cu sphere volume 1.248 x 10718 pr,
Cu spheres/g catalyst 2.235 x 1016 /&
Cu sphere surface 5.607 x 10-16m2/sphere
Cu surface area/g catalyst 12.53 mz/g catalyst
Total surface area 21.2 m2/g catalyst
Zn0 surface area/g catalyst 8.7 mz/g catalyst
Surface zinc atoms 1.022 x 1020/3 catalyst
Surface thallium atoms 6.016 x 1018/g catalyst
2.837 x 1017/m2 catalyst




Table 44 - XPS Parameter Values

Parameter Zinca' 'l‘ha,lll.:iumb
Ei’ eV 232.3 1136.4
o3 18.01 11.77
A;, nm 0.86 —
t;.’_, nm 0.2824 0.28

a = for Zn 2p3,2
b - for T1 ll—f7,2




3.0 RESULTS
3.1 Observations About the Catalysts

3.1.1 Untested Catalysts

Four thallium-doped catalysts were prepared using the
procedure described previously. Three of the catalysts were
prepared from one batch of Cu/Zn0 (30/70 mol%) and had thallium
concentrations of 0.02, 0.08, and 0.23% (mol% on a metals
basis)(21). A catalyst containing 0.17% thallium was pre-
pared using a second batch of'Cu/ZnO (21). The observations
made during the catalyst preparations were the same in all
cases.

The calcined material, Cu0/Zn0, was a brown powder which
became hard and brittle upon pelletization. The reduced Cu/Zn0O
pellets were an intense black color. Wheﬁ the reduced Cu/Zn0O
was added to the thallium containing solutions, there was an
immediate gas evolution, an effervescence. This gas evolution
slowed after a few seconds and then eventually stopped in less
than a minute. After the water was evaporated off, the doped
catalyst pellets were a dark grey color, but had a definite
green to yellow-green tint. Based upon the weight of the
recovered catalyst, the doped pellets typically contained an
estimated 2 = 4% by weight of water.
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Re-reduction of the 0.08% T1/Cu/ZnO produced a black
catalyst without the green color. Not much water was detected
from the gas chromatographic analysis of the effluent gas.

3.1.2 Tested Catalysts

The recovered tested catalysts were all red=brown in color.
The weight of the recovered catalysts and a visual inspection of
them indicated no large amount of carbon bulldup on the surface.
There was also no visual indication of any material buildup on
the glass beads, in the reactor, or in any of the gas lines.

The red=brown color was also seen on the short-term tested
0.08% T1/Cu/Zn0 catalysts although thev intensity of the color
may have been less than in the fully tested catalysts.

3.2 Catalyst Testing

The results of the testing of the thallium doped catalysts
are shown in Figures 7 = 9 and in Tables 5 = 10. 1In all cases,
the major products were methanol and carbon dioxide (when water
was contained in the feed gas), with small amounts of methane,
methyl formate, and ethanol produced. The catalysts showed
decreasing activity toward methanol, methyl formate, and ethanol
with increasing concentration of thallium. Methane did not
appear to vary with thallium concentration. Unreacted hydrogen,
carbon monoxide, and water (if added to the feed) were also

present in the effluent gas. The detailed results are separated
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Figure 7 = Methanol in effuent gas (less H,) versus the
thallium loading on the catalys% Conditignss
5231( 0) or 508 k (O), 7.6 MPa, 10.5 dn’/hr H,,
4.5 dm?/hr CO, 2.45 g of x/30/70 T1/Cu/Zno0 catalfst.
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Figure 7 = Methanol in effuent gas (less H,) versus the
thallium loading on the omamp%mm. oobmw,s..wumn
523 K ([0) or 508 K (O), 7.6 MPa, 10.5 dn’/hr H,,
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Figure 8 - Methanol in effluent gas (less H,) versus the
amount of water added to the fee& gas strean.
Conditions: 508 K, 7.6 MPa, 10.5 dm3/hr H.,
4.5 an3/hr €O, 2.45 g of x/30/70 T1/Cu/Zn
catalyst, x = 0 gﬂg, 0.02 (dh), 0.08 (A),
0.23 (0), 0.45 (Q)-
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Table 5 = Product Distribution over 0.02% T1/Cu/ZnO

-GG -

Conditions Products
Temp., Water Co CHL; 002 HZO CHBOH , HCOOCH3 CzH 50]{

K mmhgl mol % mol % mol % mol % mol % mol % mol %
523 0 87.813 0.448 0.201 0 11.539 a a
508 0 192.662 0.421 0.048 0 6.869 a 0
508 16.6 57.394 0.275 6.997 0.616 h.654 0.064 a
508 33.2 68.250 0.506 19.080 2.195 9.920 0.048 a
508 k9.9 57.898 0.347 29.035 6.187 6.533 a 0
508 66.5 55.154 0.313 33.296 7.886 3.350 a 0
508 83.1 s, 754 0.266 41.805 10.117 2,057 a 0
508 3.3 71.679 a 2.251 0.079 26.026 a 0
508 6.7 64,119 a L, 2244 0.228 31.386 a 0
508  10.0 63.327 0 5.421 0.340 30.881 0.031 0
508  13.3 68. 540 0 7.368 0.595 23.458 0.038 0

a - trace amount observed, less than 0.02 mol %




Table 6 ~ Product Distribution over 0.08% Tl/Cu/ZnO

Conditions Products
Temp. Water Co CH), co, H,0 CH5OH HCOOCH, CoH ;0H

K E%%l mol% mol% molé% mol% mol% mol% nol%
523 0 91.499 0.2u46 0.106 0 8.148 a 0
508 0 ol Lol 0.328 0.071 0 5.109 a 0
508  16.6 76.499 0.3% 8.722 0.802 13.583 a 0
508  33.2 74,112 0.325 19.650 1.731 4,183 a 0
508  49.9 65.110 0.198 27.119 L, 324 3.248 a 0
508  66.5 59.699 0.199 31.804 6.533 1.765 0 0
508 83.1 52.073 0.175 37.620 1.147 0 0

8.985

a = trace amount observed, less than 0.02 mol %
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Table. 7 = Product Distribution over 0.17% T1/Cu/ZnO

Conditions Products
Temp. Water co CHj, co, H,0 CHaoﬁ HCOOCH C,H 01
ﬂﬁ% mol % mol % mol % mol % mol % nol % mol %
523 0 90,768 0.089 0.188 a 8.956 a a
508 0 ok .603 0.113 0.123 a 5.161 a 0
508 16.6 81.746 0.042 9.870 0.727 7.616 a a
508 33.2 7H.671 0.085 19.787 1.912 3.5146 a 0
508  49.9 67.505 0.119 26.698 3.701 1.977 0 0
508 66.5 59,304 0.043 32.805 6.655 1.193 0 0
508 83.1 51.304 0.076 37.765 9.955 0.863 0 0
508 1.7 88.476 b 1.038 a 10.485 a a
508 3.3 88.1469 b 1.798 0.109 9.623 a 0
508 5.0 88.851 b 3.047 0.167 7.935 a 0
508 6.7 88.537 b 3.964 0.243 7.255 a 0
508 10.0 88,414 b 5.980 0.426 5.179 a 0
508  13.3 87.560 b 7941 0.535 3.964 a 0

a = trace amount observed, less than 0.02 mol %; b - not measured




Table 8 =~ Product Distribution over 0.23% T1/Cu/Zno0

Conditions Products
Temp., Water o CHy, co, H,0 CH10H HCOOCH,, C,H LOH

k oL mol % mol % mol % mol % nol % nol % mol %
523 0 93.554 a 0.098 0 6.348 a a
508 0 95.859 0.191 0.084 0 3.866 a a
508 16.6 83.427 0.327 9.439 0.739 6.067 a a
508 33.2 76.288 0.254 18.840 2.081 2.537 a a
508  49.9 67.755 0.398 25.891 L, 584 1.372 a a
508 66.5 60. 504 0.168 31.107 7.336 0.885 a a
508 83.1 53.849 0.24 36.094 9.156 0.657 a a

a = not measured
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Table 9 = Methanol Yield Over T1/Cu/Zn0 Catalysts

Conditions Methanol Yield g/hr/kg catalyst

Temp. Water | 0.0% T1/Cu/Zn0 0.02% T1/Cu/Zn0 0.08% T1/Cu/Zn0 0.23% T1/Cu/Zn0
523 0 301.4% 270.2 192.3 150.9

508 0 199.4% 161.0 120.7 92.1

508  16.6 1462.9° 827.3 321.7 143.8
508 33.2 1288, 5° 230.7 97.3 59.9

508 49.9 213.3b 150.6 76.5 32.9

508  66.5 — 80.1 42,9 21.8
508  83.1 1214 49.3 284 16.6

a = data from

screening of Cu/Zn0 used in preparation of T1/Cu/Zn0O catalysts
b - from ref. 8




Table 10 =~ Carbon Dioxide Yield Over T1/Cu/Zn0O Catalysts

-09-

Conditions Carbon Dioxide, Yield, g/hr/kg catalyst
Temp. Water | 0.0% T1/Cu/Zn0 0.02% T1/Cu/Zn0 0.08% T1/Cu/Zn0 0.23% T1/Cu/Zn0
523 0 6.3 6.6 3.6 3.2
508 0 4,32 1.6 2.3 2.9
508 16.6 ) 293.6b 236.8 | 292.9 316.9
508  33.2 587.0° 629.0 648.2 630.4
508 ho.9 869.?b 9lg.2 905.0 880.6
508 66.5 —~—— 1128.0 1095.7 1084.7
508  83.1 17,2 P 1418.7 1322.6 1292.5

a - data from screening of Cu/Zn0O used in preparation of T1/Cu/Zn0O catalysts
b - from ref. 8,




into sections: reaction in water—=free synthesis gas, reaction

in synthesis gas containing water, and catalyst deactivation.

3.2.1 The Reaction in Water—=Free Synthesis Gas

The initial catalyst activities toward methanol formation
in water-free synthesis gas at 523 K and 508 K are shown in
Figure 7. The value for conversion to methanol on a catalyst
containing no thallium was a value found during screening of '
the undoped Cu/ZnO catalyst that was subsequently also used in
the preparation of the 0.02, 0,08, and 0.23% T1/Cu/ZnO catalysts.
The amount of methanol produced decreased with increasing
thallium content in the catalyst. This decrease was not linear-
ly dependent upon the molar thallium concentration, and the
relative effect of the thallium decreased as its concentration
increased. Except for the 0.45% T1/Cu/ZnO points, the two
curves appear to be converging.

When the testing of the catalysts was commenced, the
system took about two hours to come to heax steady state
conditions after reaching 523 K. The activity of each of the
catalysts continued to decrease slightly with time, and the
points plotted in Figure 7 are those from the end of the 523 K
testing when the catalyst was most stable. The catalyst bed
temperature was then quickly changed to 508 K, and the system
took from 1 to 2 hrs to reach a steady state. The carbon
monoxide conversion to methanol was fairly constant during
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the remaining time at 508 K in the absence of water.

After the T1/Cu/ZnO catalysts were tested in water contain=-
ing synthesis gas, the activity in water=free synthesis gas was
again checked. Each of the thallium-doped catalysts showed some
deactivation after the first water cycle, with the deactivation

ranging from relative 12 to 30% (see séction 3.2.3).

Other products seen in the effluent gas were carbon
dioxide, methyl formate, ethanol, and methane. Carbon dioxide
was always present, ranging from 0.1 to 0.4 mol%Z in the effluent
gas at 523 K, and from 0.05 to 0.25 mol% at 508 K. 1In each
case, the amount of carbon dioxide formed decreased with temper=—
ature. Methyl formate was found to be a product over all
catalysts at 523 K, with the amount formed (estimated from gas
chromatograms) decreasing with increasing thallium concentra-
tion. 1In all cases, the amount of methyl formate formed at
523 K was less than 0,01 mol® in the effluent gas. Methyl
formate was also found at 508 K, but in smaller quantities than
at 523 K. The formation of the methyl formate followed the
same trend w.’gth respect to thallium concentration at both
temperatures.s Ethanol was seen in trace quantitie:s at some
testing conditions. It was detected for most catalysts at 523 K
but in smaller concentrations than the methyl formate. Again,
the amount formed decreased with increasing thallium concentra-
tion in the catalyst. The ethanol was not detected in the
water-free synthesis gas at 508 K over any of the T1/Cu/Zn0
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catalysts. Methane was always found in the effluent gas, with
the concentration ranging from about 0.1 to 0.4 mol%. The
amount of methane did not seem to follow any trend with

respect to temperature or thallium content.

3.2.2 The Reaction in Synthesis Gas Containing Water

The effects of water on the conversion of carbon monoxide
to methanol and carbon dioxide are shown in Figures 8 and 9,
respectively. Data obtained by Vedage (7) for the umdoped
catalyst were used in the figures for comparison. The effect
of water on methanol formation for the thalllum~doped catalysts
was similar to the effect on the undoped catalyst. Conversion
{0 carbon dioxide was essentially the same as for the undoped
catalyst until higher water concentrations were reached. The
points at water addition rates of 0, 17, 33, 50, 67, and 83
mmol/hr (per 2.45 g of catalyst) are the uncorrected (for
deactivation) steady state data points from the initial test-
ing of the catalysts. For the 0.02% T1/Cu/Zn0 catalyst, the
extra points between O and 17 mmol/hr of added water are steady
state points which were measured last in the testing cycle and
are corrected for catalyst deactivation. The curve shown for
the 0.23% T1/Cu/Zn0 catalyst was composed of data from two
catalyst testings. The points at 0, 17, 33, 50, 67, and 83
mmol/hr were from the 0.23% T1/Cu/ZnO catalyst. The extra
points are from the 0.17% T1/Cu/Zn0 catalyst testing, with the
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height of the steady state points adjusted to fit the height of
the transient maximum observed during testing of the 0.23%
T1/Cu/Zn0 catalyst.

The most interesting effect observed was that of water on
the formation of methanol. When water was first added to the
feed stream, about 1% hrs passed before water appeared in the
gas chromatograms. As soon as a trace of water was observed,
the methanol yield rose dramatically. In all of the catalyst
testings, a series of chromatograms indicated that the yield
rapidly went through a maximum and then decreased until a
steady state was reached, which was 4 to 8 hrs after the start
of the water addidion to the feed gas. Progressively more water
was added to the stream after the testing at 17 mmol/hr (5 mm3/
min). The conversion to methanol decreased and the steady
states were reached within 1 to 2 hrs. On the curve for the
0.02% T1/Cu/Zn0 catalyst in Figure 8, the data points for water
addition rates between O and 17 mmol/hr were obtained by addi-
tion of water/isopropanol solutions, and are corrected for
catalyst deactivation. The values for methanol formation at
6.7 and 10,0 mmol/hr of added water, corrected for catalyst
deactivation, are about equal to the value for methanol forma=-
tion observed in the transient maximum when water was first
introduced into the feed gas stream in the initial catalyst
testing. The height of the maximum on the 0.08% T1/Cu/Zn0O
curve was based upon the conversion to methanol in the transient
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maximum, observed when initially going from the O mmol/hr steady
state point to the 17 mmol/hr steady state point. The location
of this maximum with respect to water addition was estimated.
The 0.23% T1/Cu/Zn0 catalyst was not tested with water/iso-
propanol solutions and the exact location of its maximum for
methanol formation was not determined. This was the reason for
testing the 0.17% T1/Cu/Zn0 catalyst. There was always a trace
amount of water present durlng this -testing which created a
problem in determining the methano;'t formation in the water-free
synthesis gas and in calculation of the extent of catalyst
deactivation based on this "water-free" state. The data points
for methanol formation over the 0.17% T1/Cu/ZnO catalyst at
water addition rates between O and 17 mmol/hr, when corrected
for catalyst deactivation, were close to the value for the
transient maximum observed over the 0.23% T1/Cu/Zn0 catalyst
when water was first introduced into the feed gas streanm.
Therefore, the 0.17% T1/Cu/ZnO catalyst points are plotted as
the maximum in the 0.23% T1/Cu/Zn0 curve. Since the maximum
formation of methanol occurred at such low concentrations of
water in the feed, no great error was made by combining these
points. The height of the maximun for conversion of carbon
nonoxide to methanol over the 0.45% T1/Cu/Zn0 catalyst was
based upon a series of gas chromatograms of this transient
maximum, and the location with respect to water concentration
in the feed was estimated from the observed concentrations of
- 65 -



water and carbon dioxide in the gas chromatograms.

From the data, one observes that: the rate of methanol
formation decreased with increasing thallium content in the
catalyst; the maximum amount of methanol formed occurred at low
concentrations of water in the feed gas stream; and the location
of the maximum for methanol production shifted to lower water
concentrations as the amount of thallium in the catalyst was
increase.

The effect of water on formation of carbon dioxide differed
markedly from the effect on methanol formation. Figure 9 shows
that there was an almost linear increase in carbon dioxide
production as more water was added to the synthesis gas mixture.
The line in Figure 9 was drawn through the points for the
undoped catalyst, the data being that of Vedage (7). When water
was initially added to the system, the carbon dioxide peak in
the gas chromatograms began to rise as the water began to
appear. Unlike the methanol amount, the amount of caxbon
dioxide in the effluent gas Jjust continued to increase until it
leveled off, about 2 to 4 hrs after the water addition was
. started. When more water was added, steady state was again
reached within 2 to 4 hrs. For water addition rates of 0, 17,
33, and 50 mmol/hr (per 2.45 g of catalyst), the correlation
between the amount of carbon dioxide formed and the thallium
concentration could not be established since the data points
were scattered about the undoped catalyst points. However, for
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higher water concentrations, the carbon dioxide formation de-
creased as the concentration of thallium in the catalyst
increased.

Methyl formate and ethanol were also formed in trace quan=
tities, and appeared to follow the same trends as methanol. The
production of methyl formate and ethanol decreased with increas-
ing thallium content in the catalysts, and went through a
maximum at the same place as the methanol. The amount of methyl
formate produced was always greater than the amount of ethanol.

Methane was always found in small amounts in the gas
chromatograms. From the data, it was difficult to determine any

general trend for methane production.

3.2,3 Catalyst Deactivation

The activity towa.?d methanol formation decreased slightly
with time for each of the catalysts. These decreases were
detected by periodically reﬁzmhg to the water-free state at
508 K. The activity decreases after the initial testing
procedure were typically about relative 30%, and are listed in
Table 11. The results of testing of the 0,02% T1/Cu/Zn0
catalyst are shown in Figure 10. The first two water cycles
show a progressive deactivation toward nethanol formation. The
conversion to methanol was only 88% of its original value of
11.5% upon returning to the water~free state after the first
cycle. The conversion was down to 68% of the original value at
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Table 11 = Deactivation of Methanol Synthesis

Activity in T1/Cu/Zn0 Catalysts

Catalyst Deactivation*
relative %
Cu/Zn0 0
0.02% T1/Cu/Zno0 12
0.08% T1/¢u/Zno 29
0.23% T1/Cu/Zno0 31

* Deactivation after initial testing cycle
as percentage of initial activity at
508 K in water~free synthesis gas.
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the end of the second cycle. In the third cycle of testing,
water/isopropanol mixtures were used to determine the position
of the maximum of methanol formation. At 2 and 3 mm3 /min (per
2.45 g of catalyst), the conversions of carbon monoxide to
metha;nol were approximately 31%, compared to the 42% conversion
to methanol in the initial transient maximum, and no deactiva- .
tion was observed during this cycle. When the deactivation was
taken into account, the 31% conversion of carbon monoxide to
methanol observed during the third water addition cycle was
corrected to about 45% conversion of carbon monoxide to methanol
and this value is near to the value observed for the initial
transient maximum.

The catalysts did not show much deactivation toward the
formation of carbon dioxide during the course of the testing.
The conversion of carbon monoxide to carbon dioxide over the
0.02% T1/Cu/Zn0 catalyst with 17 mmol/hr of water added to the
feed gas decreased from an initial value of 7.0 mol% to a value
of 6.3 mol% at the end of the testing. When considering the
activity of the catalysts toward formation of carbon dioxide,
the fact that the Water-Gas Shift reaction is running at near
equilibrium under these conditions must be taken into account.
3.3 BET Surface Areas

The results of the surface area measurements a:ée shown in

Table 12, The highest surface area was observed for the reduced



Table 12 = BET Surface Areas (mz/g)

Catalyst Untested Tested
Cu/Zn0 7.9% 37.1P
0.02% T1/Cu/2n0 .7 22,4
0.08% T1/Cu/Zn0 36.3° 21.2%
0.23% T1/Cu/Zno0 36.6 21.5
a = reduced, undoped Cu/Zn0 used to prepare the

T1/Cu/Zn0 catalysts.

from ref. 6.

o
]

c = rereducgd catalyst had a surface area of
36.6 n“/g.
2

when tested 16 hrs 523 K, 6 hrs 508 K = 32.6 mz/g
when tested 12 hrs 16.6 mmol/hr water - 26.6 m“/g.

o
[ ]
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undoped Cu/ZnO. After doping, the untested T1/Cu/Zn0 catalysts
had slightly lower surface areas, 3.7 to 36.6 mz/g. The
surface area of the re-reduced 0.08% T1/Cu/ZnO catalyst was
36.6 mz/g, which was essentially the same as that before
reduction. The surface areas decreased markedly upon testing.
The tested doped samples had surface areas of 21.2 to 22.4 mz/g.
The 0.08% T1/Cu/Zn0 catalyst which was tested for 14 hrs at

523 K and for 6 hrs at 508 K in water=free synthesis gas had a
surface area of 32.6 mz/g, indicating that a loss of suxrface
area had already occurred. Upon further testing at 508 K in
synthesis gas which contained water, the surface area decreased
from 32.6 to 26.6 mz/g. This value was now closer to the 21 to
22 mz/g average for the tested catalysts.

3.4 X=~Ray Diffraction

3.4.1 Identification of Bulk Phases

The copper standard and the zinc oxide standard were
analyzed first in oxder to locate reflections due to the
beryllium window of the sample holder (see section 2.4). The
experimentally found value of the reflection angle 26 (where#
is the Bragg angle) for the Cu(11l) lattice spacing was adJjust-
ed from 43.28° to 43.33° to fit the literature value (22).
When all other peaks in the x-ray diffraction pattern were
shifted by this 0.05°, a reflection due to the beryllium window
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was observed at 41.350. The zinc oxide standard was analyzed
next in order to confirm the identification of the beryllium
reflection. The reflection for the Zn0 (101) lattice spacing
occurred at 36.26°, in accordance with the literature value (22).
In this zinc oxide diffraction pattern, the reflection due to
the beryllium window occurred at 41.33°, This sample holder
line was used as the reference line in all subsequent x=-ray
diffraction scans, with an assigned ‘a.verage reflection angle

of 41.34°,

The tested and untested 0.23% T1/Cu/Zn0 samples were
scanned from 26 = 5 to 95° to identify the bulk phases present
in the catalyst, as shown in Figures 12a and 12b. ‘Reflections
attributed to the Zn0 phase were observed in both the tested
and untested samples. These reflections were not interfered
with to any extent by the singals from the sample holder. The
nature of the copper in the untested samples differed from the
copper in the tested samples. The metallic Cu (111) reflection
at 26 = 43.3° in the untested samples was very broad and weak.
In the tested samples, this copper reflection was much more
pronounced. The Cu (200) peak was masked by a very intense
sample holder signal, as was the Cu (311) peak. The Cu (220)
reflection was not interfered with, but was small compared to
the Cu (111) reflection, which was consistent with the litera-
ture (22). Reflections from a Cu,0 rhase, if present, would be
interfered with by other signals. The .Cﬁzo (111) would be
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Figure 12 - XRD scans of the untested (12a) and tested

(12b) 0.23% T1/Cu/2n0 catalysts. Peaks
identified as copper (O), zinc oxide (0),
or beryllium (a).
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covered up by the Zn0 (101). No CuO reflections were bbserved
in any of the analyzed samples.

No unidentified peaks were present in any of the samples
except for those assigned to the sample holder. These sample
holder reflections could not be identified since the beryllium
window was above the rest of the holder and was therefore out
of proper geomgtric alignment for analysis of the diffraction

angles.

3.4.2 Lattice Spacings

Values for lattice spacings, 4, calculated from values of
26 (corrected) are listed in Table 13. The accuracy of the d
spacings was estimated to be within 0.0002 nm.

Three reflections due to the zinc oxide phase were routine-
ly analyzed. The values for the lattice plane spacings of the
untested samples were slightly higher than for the Zn0 standard.
While this change was only 0.0002 nm, which is within the
experimental error, the values for the d spacings were always
on the high side. The d spacings were reduced slightly and
were more nearly equal to the standard values after testing.

The undoped Cu/Zn0 catalyst showed similar behavior.

Untested catalyst samples had very low and broad peaks due
to the metallic Cu (111) reflection. This peak was too low and
broad to be used to calculate the d spacing. Tested samples
showed the Cu (111) spacing to be greater than in the copper
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Table 13 - Lattice Spacings (d) and Particle Sizes (t) Determined by XRD

Reflection

Sample Zn0 (100) Zn0 (002) Zn0 (110) Cu (111)

a* t* a t a t a t

Cu, Zn0 Standards 0.2816 0.2605 0.2477 0.2088
Cu/Zn0 R 0.2819 13.0 0.2608 15.0 0.2481 11.7 0.2094 9.4
Cu/Zno T 0.2817 15.1 0.2606 17.9 0.2478 14.6 0.2102 10.7
0.02% T1/Cu/Zn0 U 0.2819 16.93 | 0.2610 16.86 | 0.2479 12.76 | === 7.9
0.02% T1/Cu/7no T 0.2817 25.3% | 0.2605 28.58 | 0.2478 22.75 | 0.2092 16.01
0.08% T1/Cu/Zn0 U 0.2817 15.21 | 0.2607 18.67 | 0.2478 13.80 | =--- 8.7
0.08% T1/Cu/Zn0 T 0.2816 23.63 | 0.2605 25.29 | 0.2477 20.28 | 0.2090 13.36
0.23% T1/Cu/Zn0 U 0.2817 16.32 | 0.2606 18.90 | 0.2477 13.20 — 8.9
0.23% T1/Cu/Zn0 T 0.2816 22.61 0.2605' 26.62 | 0.2477 20,17 | 0.2090 14,72
0.08% T1/Cu/Zn0 sl -— 14.33 — 15.43 -—=  12.95 — 8.3
0.08% T1/Cu/7Zn0 s2 0.2817 15.67 | 0.2604 18.35| 0.2471 14.87 | 0.2090 13.78

R - reduced; U - untested; T - tested; S1 - short test, no H,0; 852 -
* d and t values in nm.

2

short test H,O.

2




standard. This trend was also observed in the tested undoped
Cu/Zn0. A reduced but untested sample of Cu/Zn0 showed a
slightly increased Cu (111) lattice spacing. The Cu,0
reflections could not be detected.

It should be noted that the tested samples- of undoped

Cu/ZnO had undergone more severe testing than the other samples.

3.4.3 Particle Sizes

Listed in Table 13 along with the values for lattice
spacings, d, are the particle sizes, t, determined from the
line broadening using the Scherrer equation. The values for
the instrumental broadening .were determined using the copper
and zinc oxide standards, which had particle sizes in the
micron range.

The size of zinc oxide particles was observed to increase
upon testing. This was observed for all samples although it
was noticed that the doped samples increased more in size than
the undoped samples.

Values for the particle size for copper were estimated for
the untested samples based on the small Cu (111) reflection.
Particle sizes for the tested samples were easier to determine
since the intensity of the reflection at maximum was greater
than for the untested samples. As with zinc oxide, the particle
size of the copper increased upon testing. The particle size
increases of zinc oxide: and copper were not proportional, with
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the copper particles increasing to a greater extent. The
observed increases were greater for the doped samples than for
the undoped sample. Particle sizes for copper species other
than metallic copper could not be determined even if they were

present.
3.5 X=Ray Photoelectron Spectroscopy

3.5.1 Surface Concentrations of Thallium

XPS was performed on the tested 0.02, 0.08, and 0.23%
T1/Cu/Zn0 samples and on an untested 0.23% T1/Cu/Zn0 sample in
order to determine the surface concentration of thallium.
Samples of typical XPS scans are shown in Figures 15 and 16.
The survey scan shown in Figure 15 indicates the peaks which
were used for anslysis, and Table 14 accounts for all peaks in
the scan.

The values for the surface concentrations of thallium in
the samples are listed in Table 15. These values were calculat=-
ed based on the discussion given in Section 2.5.4, which is

taken from Himelfarb et al. (26). The value for A, used in

Zn
these calculations, 0.86 nm (23), was chosen over another
reported value, 1.46 nm (27). The value of 0.86 nm gave surface
thallium concentrations which were realistic, while the other
value gave impossibly high surface thallium concentrations,
greater than theoretically possible, Also listed in Table 15
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are these theoretical values for thallium concentration which
were calculated using the elemental analysis for the bulk
thallium content assuming 'all the thallium to be on the surface.
These data are presented in Figure 17.

The values for the surface concentration of thallium on the
tested 0.08 and 0.23% T1/Cu/Zn0 catalysts were near to the
theoretical values, but were slightly low. No value for the
0.02% T1/Cu/Zn0 catalyst was calculated because the T1 4f _g
signal could not be separated from the other Tl signal and the
Cu 3s signal for accurate integration. The value for thallium
concentration on the untested sample was less than on its tested

counterpart and was again less than the theoretical amount.

3¢5.2 Chemical State Identification

Values for the binding energies of the observed photoelec~
tron signals are given in Table 16. These values were calculat-
ed by correcting the experimental binding energies for charging
of the samples. This was done by setting the Zn ZP% signal
equal to 1021.7 eV and adjusting the other values accordingly.

The average position of the Cu 2p§ signal was 932.0 eV in
thé tested and untested samples. The O 1s signal was at about
530.0 eV in the tested samples but occurred at a slightly lower
value in the untested sample. The Tl 4:&‘% signal ocourred at an
average value of 117.5 eV. The center of the signal on the
0.02% T1/Cu/Zn0 sample could not be determined.
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Figure 15 = X-ray photoelectron spectrum of the tested 0.08% T1/Cu/Zn0O catalyst.
indicates the peaks used in subsequent analyses.
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Figure 16 = X-ray photoelectron spectra of: Tl 4f doublet and Zn 3p signal (16a);
Zn 2p doublet (16b); O 1ls signal (16c); and Cu 2p doublet (16d).




Intensity

1
110

1 ]
140 120
Binding Energy, ev

Figure 16a

Figure 16 - X=ray photoelectron spectra of: Tl 4f doublet and Zn 3p signal (16a);
Zn 2p doublet (16b); O 1s signal (16c); and Cu 2p doublet (164).
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Table 14 = XPS Peak Assignments

B.E¥, eV Source
1044 Zn 2p
1021 Zn 2p

953 Cu 2p
933 Cu 2p
765 = 745 0 KVV Axx
531 0 1s
490 Cu ILMM A
L2s Cu IMV A
" Zn LMM A
350 = 335 Zn LMM A
" Cu LVV A
285 C 1s
265 = 240 Zn IMM A
140 Zn 3s
130 T1 4f
" Cu 3s
" T1 4f
90 Zn 3p
75 Cu 3p
10 Zn 34

* adjusted for 10 eV charging
** A = Auger signal
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Table 15 = Surface Thallium Concentrations

Thallium Concentration

Catalyst Experimental Theoreticaib

2 2

atoms/g atoms/m atoms/m

Cu/Zn0 0 0 0

Tested 0.02% T1/Cu/Zn0 3 — 0.57 x 10%7
Tested 0.08% T1/Cu/zn0 | 6.02 x 1000 2.8% x 1027 | 2.94 x 10%7
Tested 0.2% TL/Cu/zn0 | 1.7% x 1087  8.09 x 107 | 8.47 x 10%7
Untested 0.23% T1/cu/zn0 | 1.27 x 2079 3.4 x 1087 | 4.97 x 10%7

a. = none detected

b = calculated as molar Tl concentration (atoms/g) divided by
catalyst surface area (m%/g).
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Figure 17 ~ Surface thallium concentration versus bulk
thallium content in T1/Cu/Zn0 catalysts.
Line depicted is theoretical surface con-
centration for given bulk content.
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Figure 17 -~ Surface thallium concentration versus bulk
thallium content in T1/Cu/ZnO catalysts.
Line depicted is theoretical surface con-
centration for given bulk content.
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Table 16 = XPS Peak Binding Energies (eV)

- T6 -

Sample Zn 2p Cu 2p 0 1s TL 4f
0.02% T1/Cu/Zn0 T 1021.7% 932.0 530.1 ———
0.08% T1/Cu/Zn0 T 1021.7 932.0 . .529.9 117.3
0.23% T1/Cu/Zn0 T 1021.7 932.1 530.2 117.6
0.23% T1/Cu/Zn0 U 1021.7 932.2 529.5 117.6

¥ Zn 2p doublet peaks set equal to literature values for Zn0 (20)
T -~ tested; U = untested




3.5.3 Carbon Analysis

Carbon signals were seen on all samples, including the
reduced undoped Cu/Zn0. Since carbon w;a.s observed on this
reduced undoped Cu/ZnO, where none was expected, the carbon
must be attributed to exposure of the samples to air. Carbon
signals at about 284 eV are sometimes observed in XPS analyses
on samples which were exposed to air (20). The small signal
seen for the samples analyzed actually correspond to a large
amount of material on the catalyst surfaces, probably about
70%. Because of this large amount, an accurate analysis for
residual car’r;on on the surface due to formate groups in the
untested sample or carbon fouling in the tested sample was
impossible.

The raw carbon XPS analysis data was analyzed by a peak
fitting program. This was done to determine if there was more
than one signal contributing to each observed peak. Spectra
from the reduced undoped Cu/ZnO, untested 0.23% T1/Cu/Zn0, and
tested 0.23% T1/Cu/Zn0 samples are shown in Figure 18. Computer
fits of the Zn IMM auger signals were used to set the baselines
undexr the carbon signals. The computer proéra.m was able to
fit the experimental data in each case by uéing only one carbon
signal in each of the scans. The program did not need to use
two peaks to accurately fit any of the experimental signals.
The one peak on each of the scans, between 290 and 300 eV
binding energy (uncorrected for sample charging), was due to
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the air contamination. When corrected for sample charging,
these peaks shift to about 284 eV, which is the value found for
hydrocarbons. Binding energies expected for other types of
carbon would be: 290 eV for oxygenated carbon, 282 eV for
surface carbon; or 285 eV for graphitic carbon. (20).

It may not have been possible to see small amounts of
other types of carbon on the surface due to the large amount of
this contamination signal. It is estimated that there should -
have been about 5% carbon on the surface of the untested T1/Cu/Z
T1/Cu/Zn0 due to the formate groups. This signal would have to
have been very small because of the small photoionization cross
section of carbon. Likewise, if the amount of carbon buildup

on a sample was small it may not be seen for the same reason.
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Figure 18 = Computer peak fits of carbon 1ls
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tested (18c).
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Figure 18 - Computer peak fits of carbon 1ls
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tested (18¢).
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4.0 DISCUSSION
L,1 Catalyst Morphology

4.,1.1 Untested Tl/Cﬁ/ZnO Catalysts

A number of changes in the physical state of the Cu/ZnO
catalyst occur as a result of the doping procedure.

The morphology of the reduced Cu/Zn0 has been investigated
previously (25). X-ray diffraction indicated that two material
phases were present in the catalyst. The first phase consists
of metallic copper, and the second phase is made up of zinc
oxide with possible solid solution of copper in it. This solid
solution was suggested to give the catalyst its characteristic
color and slightly increases the zinc oxide lattice ;pacings.
The visual observations and x-ray diffraction work done here are
in agreement with the previous findings. Values for particle
sizes and lattice spacings are similar to the values reported
by Bulko (25). The value for the BET surface area of the
reduced Cu/Zn0, 37.9 mz/g. is similar to the values reported
by others (4,25).

During the doping procedure, it was noticed that the
addition of reduced Cu/Zn0 to the thallium formate solution
caused an evolution of a gas, and that the dry doped catalysts
had a green tint. Similar results were found for the alkali-
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doped catalysts of Young (13) and Vedage (28). It is apparant
that the reduced catalyst had been oxidized to some extent.
Evidence for this comes from the observation of the green color,
which had been seen by Bulko for some slightly reoxidized Cu/ZnO
catalysts, and from the x-ray diffraction scans in which the

Cu (111) reflection is nearly absent for the untested samples.

The doping of the Cu/ Zn0 also caused a slight decrease in
the surface areas of the catalysts. The attempted re-=reduction
of one of the T1/Cu/Zn0 catalysts showed that this slight loss
of surface area was not recoverable.

If the values of the zinc oxide lattice spacings in the
catalysts a.ré indicative of the existence of dissolved copper,
then the results show that the copper in zinc oxide solid
solution is maintained throughout the doping procedure.

X=-ray photoelectron spectroscopy results confirm that
thallium is present on the surface of the doped catalysts, see
Table 15. The amount of thallium detected by XPS is slightly
less than one would expect assuming all the thallium introduced
into the catalyst to be on the surface of the catalyst. A large
systematic error is introduced by the uncertainty in the refer-
ence escape depth Aon (16). If this value is correct, however,
the attenuation of the thallium signal could be due to coverage
of the thallium by the formate groups and by zinc which had gone
into solution and was then redeposited upon drying (29). It is
not likely that thallium had migrated into the zinc oxide or .

- 96 =



copper lattices because of its large size.

4.1.2 Tested T1/Cu/Zn0 Catalysts

The testing procedure changed the morphology of both the
undoped Cu/Zn0 and the T1/Cu/Zn0 catalysts.

The first change in the physical nature of the catalysts
was noticed by visual inspection of the catalyst upon its
removal from the reactor. In all cases, the catalysts were a
reddish~brown color, which is an indication of sintering or
segregation of the copper particles in the catalyst. The fact
that the catalysts were still very dark in color indicates that
there was still a solid solution of copper in zinc oxide or that
there was still some type of intimate contact between the zinc
oxide and the copper capable of allowing this electronic inter-
action. Loss of this intimate contact would lead to a catalyst
whose color was a mixture of the white from the zinc oxide and
the red from the copper metal.

X=ray diffraction studies confirmed the size increase of
the copper particles as well as the zinc oxide particles, Table
13. All of the doped catalysts seem to sinter to approximately
the same extent, with more sintering occurring with prolonged
testing. Likewise, testing for short periods led to only a
slight increase in particle size. The 0.08% T1/Cu/Zn0 tested
at 523 K and 508 K in the absence of water had a reddish-brown

tint but showed essentially no increase in particle size. After



additional testing in the synthesis gas with water fed at

17 mmol/hr (per 2.45 g of catalyst), the copper particles had
sintered to their final size of 14.0 nm whereas the zinc oxide
particles were still relatively small, 14.9 to 18.4 nm.

The tested T1/Cu/Zn0O catalysts whowed a decrease in suxrface
area of approximately 40%. The 0.08% T1/Cu/ nO catalyst, tested
in the water—-free synthesis gas only, showed a slight decrease
in the surface area. Further testing with water in the feed gas
caused further decrease in surface area.

The values of the lattice spacings for both the zinc oxide
and the copper changed upon catalyst testing. The decrease in
the d spacings for the zinc oxide from a value slightly above
that for pure zinc oxide to a value nearer to that of pure zinc
oxide was observed in all catalysts, doped and undoped. Since
the increase in 4 spacing was attributed to a solution of copper
in zinc oxide, a decrease in lattice spacing would indicate
removal of some copper from the zinc oxide. Copper must still
be in some type of intimate contact with the zinc oxide in order
to give the catalysts their dark color. While the zinc oxide
lattice spacé.ngs decreased slightly, the copper lattice spacing
increased slightly for most T1/Cu/ZnO catalysts. This increase
could be accounted for in terms of reduction of the zinc in the

zinc oxide and formation of brass:

0 + W, ——— Zn + 0 (19)



Zn  + nCu —_— Cu, Zn (20)

In order to determine the extent of brass formation, Pearson

(30) uses equation 21:

o

a = 1.92 x 10 Xom * 0.36147 nnm a < 0.36217 nm
(21)
a = 2.33 x lO-b' Xpn * 0.36132 nn a> 0,36217 nm

where a is the lattice constant of copper (a = B%d for Cu (111))
and xZn is the atomic fraction of zinc in copper. Values

for the extent of brass formation in these samples, Table 17,
indicate only slight formation of brass in samples tested only
to 523 K. The formation of brass appeared slow at the low
temperatures used in the testing and may also_have been limited
by the presence of water in the feed gas (31).

The XPS results‘from Section 3.5.1 show thallium to be
present at near theoretical values for the catalysts prepared
end tested here. The deviation of the surface thallium concen-
trations from the theoretical could be due to erroi' in the
experimental measurements, coverage of thallium by other species,
or agglomeration of the thallium. Incorporation of thallium
into the zinc oxide lattice is unlikely based upon the reduction
of the zinc oxide lattice spacing upon testing. The possibility

"~ that thallium formed an alloy with the copper is dismissed since



Teble 17 - Brass Formation in T1/Cu/Zn0 Catalysts

Catalyst* Brass

atom% Zn in Cu

0.02% T1/Cu/Zn0 4.3
0.08% T1/Cu/Zn0 2.3
0.23% T1/Cu/Zn0 3.1

* Tested catalysts
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this alloy is unknown (9), and the increase in lattice spacing
of copper is readily explained in terms of the well known brass

formation.

4.2  Methanol Formation Over the T1/Cu/Zn0O Catalysts

It is readily apparent from Figures 7 and 8 that there is a
decreased methanol activity in the thallium=-doped catalysts.

The concentrations of methanol in tﬁé effluent gases from the
catalysts can be used for direct éompariﬁon as an indication of
the rate of methanol synthesis over these catalysts just as the
methanol yield can be used. This is because the concentrations
of other species in the effluent gases are essentially unchanged
from one sample to the next., Whether one considers methanol
concentration in the effluent gas or methanol yield, there is a
decrease in the activity of the T1/Cu/Zn0O catalysts when compar-
ed with the Cu/ZnO. An attempt shall be made to develop a model
explaining this thallium poisoning.

One could first consider the decreased surface area of the
catalysts. A decreased surface area would expose fewer catalyt-
ically active sites which would then decrease the activity of
the catalyst. While this decrease in surface area can account
for some of the loss of activity, it can not account for all of
it. The 0,08% T1/Cu/Zn0 catalyst tested only at 523 K for 14 hrs
and at 508 K for 6 hrs had a surface area of 32 mz/g. One would
expect this 15% decrease in surface area to give a corresponding
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15% decrease in formation of methanol. At the initial 523 K
testing point of the 0.08% T1/Cu/Zn0 catalyst, where one would
expect at most a 15% decrease in activity, a 36% decrease in
activity relative to the undoped Cu/Zn0 was observed. Since
the surface areas of the tested samples are known, one could
compare the amount of methanol in the effluent gas at the last
testing point, the 508 K condition with no water in the feed
gas, in which the surface area should be at its final value.
All of the catalysts have shown about a 40% decrease in surface
area after testing, and the amount of methanol found in the
effluent gas at this last testing point (4.7, 3.6, and 2;7
mol% for the 0.02, 0.08, and 0.23% T1/Cu/Zn0 catalysts respec=
tively) cannot match the 8.5% found for the undoped catalyst
even when the surface area difference is taken into account.
Therefore, the decrease in surface area can account for some
but not for all of the decrease in methanol activity seen
over the T1/Cu/Zn0 catalysts.

X=ray diffraction showed sintering of the copper and zinc
oxide particles in the catalysts. This effect is intimately
related to the surface area, since larger particles would lead
to a loss of surface area. The sintering effect should then
be considered essentially the same as the surface area effect
in causing some but not all of the decrease in methanol activity
seen over the T1/Cu/Zn0 catalysts. Other points to be consider-
ed come out of the diffraction study. First, there was some
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brass formation in the T1/Cu/Zn0 catalysts. This brass forma=-
tion is also seen to the same extent in the undoped Cu/Zn0 and
cannot therefore be the cause of the activity decrease (25).

A decrease in the zinc oxide lattice spacing upon testing was
observed on the T1/Cu/Zn0 catalysts but has also been reported
for the undoped Cu/Zn0 (25).

The lack of full explanation for the decreased catalytic
activity of the T1/Cu/ZnO catalysts by the above arguments
indicates that thallium must be playing a specific chemical
role in the decrease of catalyst activity. The XPS analysis
determined that almost all of the thallium was present on the
surface of the catalyst in the tested samples. The thallium
must therefore be preventing the active sites from functioning
in methanol synthesis. If the observed reaction rate is
dependent upon the nunber of active surface sites, the rate of

reaction is expressed as equation 22:
r = ks® (22)

r s k(S ~5n)" (23)

where r is the rate, k is a rate constant, X is the number of _
available sites on the surface, and n is the number of sites
necessary for the reaction to occur. When thallium poisons
some of the sites, the number of available sites is set equal
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to the number of sites on the undoped catalyst (So) less the
number of sites poisoned by thallium (STl), as in equation 23,
Rearrangement of equation 23 gives equation 24, in which the
nth root of the rate is proportional to the amount of surface
sites poisoned by thallium. If the thallium were uniformly

E_ok X

r s k So -k S

T (24)

distributed on the surface, located specifically on the active
sites or on the surface in patches covering up the active sites
and nonactive surface, one would expect a plot of r versus STl
to be linear for some value of n. This was not found to be the
case for these thallium-doped catalysts, under any set of
conditions or for any value of n (see Figure 19 for representa-
tive plot ). This lack of correlation between the rate and
surface thallium concentration indicates that the thallium
distribution on the surface is not uniform. The first few
thallium atoms placed on the surface exert much more of a
deactivation effect than the later thallium atoms places on the
surface. '

At this stage, it is best to present the possible models of
thallium poisoning to see if they fit the data.

Herman et al (17) suggested that the active site in the
Cu/Zn0 is copper(I) in the zinc oxide. The amount of copper(I)
dissolved in the zinc oxide as a solid solution was stated to be
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Figure 19 = Methanol yield versus surface thallium
concentration (S,.). Conditions: 523 X,
7.6 MPa, 10.5 dn3fhr H,, 4.5 dn/hr CO,
no HoO0. Points calculdted using
equation 24 with n equal to one.
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Figure 19 = Methanol yield versus surface thallium

7.6 MPa,

concentration (S,,). Conditions: 523 K,
10.5 dndfhr H,, 4.5 dn3/hr Co,
no Hy0. Points calculated using
equation 24 with n equal to one.
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up to 17 atom% for the 30/70 Cu/ZnO, The amount of copper(I)
expected to be present on the surface of the zinc oxide is then
assumed to be also 17 atom%. If the initial surface area of
the T1/Cu/Zn0 catalysts is used and the copper to zinc oxide
surface distribution of Parris (4) is used, then there is
initially about 21.3 m°/g of zinc oxide surface on the T1/Cu/Zn0
catalysts. This gives about 1.26 x 1020 zinc atoms on the
catalyst surface per gram of catalyst. The 17% concentration
of copper(I) in the zinc oxide then gives a surface copper(I)
concentration of about 2.14 x 1019 per gram of catalyst. This
copper(I) on the surface is the basis for the first model of
active siﬁes and thallium poisoning, Figure 20. The elemental
analysis of the 0.02% T1/Cu/Zn0 indicates there are about
1.27 x 10'® thallium atoms per gram of catalyst, with all of
the thallium assumed to be on the catalyst surface as the XPS
analysis suggests. If all of the thallium atoms are locates
near the specific copper(I) sites, then 1.27 x 1018 siter are
blocked, leaving 2,01 x 1019 free active sites. Based upon
similar calculations on the undoped catalyst, there are about
2.% x 1027 sites per gram of Cu/ZnO, The 0.02% T1/Cu/Zn0
catalyst only has 86% of the number of active sites as the
_Cu/Zn0 does and one would expect to see a 14% decrease in
activity, with an observed activity decrease of. 10%. This
model was also used to calculate the number of freeAsites and
the expected activity decrease on the other T1/Cu/Zn0 catalysts.
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MODEL 1.

Active Site:
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Figure 20 = Thallium poisoning Moéel 1. Active
‘ methanol sites: copper(I) in zinc
oxide.
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Table 18 = Calculated Activity Decrease Based
Upon Cu(I) in Zn0 Active Site.

Catalyst Activity Decrease
Observed Calculated
0.02% T1/Cu/Zn0 10% 14%
0.08% T1/Cu/Zn0 36% Loz
0.23% T1/Cu/Zn0 50% 92%
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The values for activity decreases are listed in Table 18. The
decrease in activity is due mainly to the blockage of sites by
thallium, but also has a slight contribution from the surface
area decrease from 37.9 to about 36 mz/g. From Table 18, one
can see that this model can account for the obs-erved decrease
in methanol synthesis activity of these catalysts, The fact
that the model accounts for more decrease in activity than is
actually observed is explainable. It may be suggested that the
thallium atoms have some selectivity for the copper(I) sites,
and the first few thallium atoms on the surface prefer

occupy these sites. As the concentration of thallium on the
catalyst is increased, the thallium atoms are less selective in
the sites which they occupy and become situated on nonactive
sites. The thallium poisoning experiments indicate that this
model of active sites is a plausible one. No assumptions about
the nature of the thallium on the surface have been made in this
model. | The thallium may not be situated directly on top of the
copper and may be associated with the copper(I) through some
intermediate carbon specie or with the oxygen atoms surrounding
the copper(I). The poisoning effect may be due to physical
blockage of the thallium sites or chemical interaction of
surface species between the copper and the thallium.

A second possible site for the methanol synthesis reaction
to occur is the interface between the copper and zinc oxide.
The assumption of the copper particles being hemispherical has
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been used previously, and will be used here, X-ray diffraction
shows copper particles to be about 8.0 nm in diameter in
untested samples. Using this value, there would be about
2.08 x 1017 hemispherical particles of copper in each gram of
T1/Cu/Zn0 or Cu/Zn0. In this one gram of sample, there would be
5.23 x 1018 nn of interface of the copper with the zinc oxide
surface. The 0.02% T1/Cu/Zn0 contains 1.27 x 108 atoms of
thallium which can cover up 3.62 x 10'1“7 nn of interface assuming
thallium(I) with a radius of 0.24 nm (10). This interface model
is depicted in Figure 21. The thallium at the interface would
lead to an activity decrease of 7% on the 0.02% T1/Cu/Zn0O where
a 10% decrease was observed. This is fairly good agreement,
with the discrepancy due to the choice of copper particle size
and thallium oxidation state. These choices were made to lead
to the worst possible correlation. The calculated decrease in
activity for the 0.08% T1/Cu/Zn0 is also close to the observed
value, and the calculated value for the 0.23% T1/Cu/Zn0 more
than accounts for the observed decrease. The calculated values
are listed in Table 19. This model for thallium poisoning can
also account for the observed methanol yields just as Model 1
could. In this case, the thallium only needs to selectively
block the copper = zinc oxide interface, with some extra
thallium on the unactive surfaces. The thallium can poison the
sites just by a physical blockage effect.

The third model uses the eopper surface area as the active
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MODEL 2 :

Active Site

Cu/Zn Interface

MANN

Figure 21 = Thallium poisoning Model 2. Active
methanol sites: copper - zinc oxide.
interface

Table 19 = Czlculated Activity Decrease Based
Upon Active Cu - ZnO Interface

Catalyst Activity Decrease
Observed Calculated

0.025% T1/Cu/Zn0 10% 7%

0.08% T1/Cu/Zn0 365% 33%

0.23% T1/Cu/Zn0 50% 98%
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methanol synthesis site. This model has also been given
credibility by other workers, most recently by a group from

ICI who found a correlation between methanol synthesis and
copper surface area over Cu/ZnO/A1203 catalysts as well as
copper catalysts supported by other oxides (32). The 0.02%
T1/Cu/Zn0 catalyst with 4.7 mz/g of total surface area has
14.1 mz/g of copper surface area if one assumes the same copper
and zinc oxide surface area distribution given by Parris (4).
Based upon the density of metallic copper, one celculates that
there are 1.93 x 1019 copper atoms on each square meter of
copper surface. This gives 2.73 x 1020 surface copper atoms on
each gram of the 0.02% Tl/Cu/ZnO catalyst. Some of these copper
surface atoms would be blocked by the 1.27 x 10%° thallium atoms
on each gram of the catalyst. The amount of sites blocked by
the thallium atoms themselves is small, but the amount of
surface copper available compared to the undoped Cu/ZnO, vwhich

20 surface copper atoms per gram, is also small,

has 2.98 x 10
The calculated activity decrease of the 0.02% T1/Cu/ZnO is 8.7%,
of which 8.4% is due tq surface area differences and 0.3% due to
blockage of copper sites by thallium. This 8.7% is near tozthe
observed decrease of 10% on the 0.02% T1/Cu/Zn0 catalyst. While
this first point may be acceptable in the argument for this
model, the other catalysts doped with higher amounts of thallium
discount it. The activity decreases observed over the thallium
doped catalysts is due to two factors, a decrease in copper
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MODEL 3:

Active Site:
Cu Metal
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Figure 22 - Thallium poisoning Model 3. Active
methanol sites: copper surface area.

Table 20 = Calculated Activity Decrease Based
Upon Active Cu Surface Area

Catalyst Activity Decrease
Obzerved Calculated*
0.02% T1/Cu/Zno 10% 8.4% + 0.3%
0.08% T1/Cu/Zn0 - 36% 8% + 2%
0.23% T1/Cu/Zn0 50% 8% + 6%

#Calculated decrease comprised of decreased surface
area component (first number) and thallium blockage
_ component (second number).
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sites resulting from a decreased surface area, and a decrease
in copper sites due to blockage by thallium, Beca;use the
surface areas are about the same for all of the thallium=doped
catalysts, the decreased activity due to the surface area change
is about the same for all of the catalysts, about 8% (see Table
21). The thallium atoms on the surface then further decrease
the activity of the catalysts, with this factor contributing
from 0.3% to 6%. The calculated activity decreases from these
two sources camnot account for the large observed activity
decreases over the thallium-doped catalysts. Therefore, this
model does not seem plausible based upon the results of the
poisoning experiments.

There appear to be two possible models which can account
for the observed thallium poisoning of methanol synthesis. The
models indicate that the active sites for methanol synthesis are
either copper(I) in zinc oxide or the copper =~ zinc oxide
interface.

The deactivation toward methanol synthesis with time has
not been mentioned in the analysis of the above models but it
can be accounted for. In the copper(I) model, one can take into
account the decrease in total surface area of the catalyst. A
decrease in surface area down to 22.4 mz/g for the 0.02%
T1/Cu/Zn0 catalyst would give about 1.3 x 1019 active copper(I)
sites assuming the same copper = zinc oxide surface area
distribution as before. This leads to a 42% decrease in the

- 113 -



number of free sites if all the thallium atoms occupy active
sites. The actual decrease in activity with time was 31%, and
the model can account for this much deactivation. The deacti-
vation can also'be accounted for in the copper =~ zinc oxide
interface model. Upon testing, the copper particles sinter
which causes a decrease in the amount of available interface.
The total amount of copper interface in the tegted T1./Cu/Zn0
catalyst samples is about 1.48 x 109 atoms based on a 12.0 nm
coprer particle diameter, which gives a circumference of about
2.32 x 1018 nm. The testing decreased the number of possible

sites for the reaction to occur. Thallium can be assumed to

block the sites as necessary to account for the deactivation.

4.3  Carbon Dioxide Formation Over T1/Cu/Zn0 Catalysts

From Figure 9, it appears that the formation of carbon
dioxide over the T1/Cu/Zn0 catalysts via the Water-Gas Shift
(¥GS) reaction is about equal to its formation over undoped
Cu/Zn0 at low concentrations of water and slightly less than
over Cu/Zn0 at higher concentrations of water in the feed
stream. The effluent gas concentrations may not be directly
compared as relative rates because the éoncentration of meth-
anol in the effluent gas varies from catalyst to catalyst. A
determination of the rate constants for the WGS reaction is
necessary in order to make comparisons.

The rate constant for the WGS reaction, kl, can be calcu=-
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lated according to equation 25. The derivation of equation 25
is presented in Appendix , and the constants used are those
given by Klier et al (33). This equation calculated the
reaction rate near equilibrium conditions with the effect

of methanol formation on the reaction rate taken into account.

- (25 - Cayp / 23908 |

% In (1 - —2Ly (25)
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In the above equations, the variables are defined as follows:

Fg is the feed gas flow of component gas i; F? is the flow of

gas i in the effluent gas stream; a is the conversion to

M,L
methanol as defined in equation 26; P is the total pressure of
the system, 7.6 MPa;<(p£>-is the average partial pressure of
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component i, taken as one half of the sum of the partial
pressure of i1 in the feed gas plus the partial pressure of i
in the effluent gas; kp is an equilibrium constant defined
according to equation 27, with the values used being those
of Klier (33), and kP having a value of 8.225 MPa; m is the
mass of catalyst used, 2.45 g; a; as defined in equation 28;
and Y, eq as defined in equation 29.

Values for the rate congtants of the WGS reaction are given
in Table 21. The reaction rates over the thallium-doped catal-
ystsare less than over the Cu/Zn0 per unit weight of the catal~
yst but are equal to that of Cu/Zn0 per unit surface area. The
values of El in Table 21 are average values from the data at
water concentrations of 50, 67, and 83 mmol/hr per 2.45 g of
catalyst. The scatter of the values of k1 for these three water
concentrations is about 5%. The raw data in Figure 9 seemed to
indicate a decrease in the rate of carbon dioxide formation over
the T1/Cu/Zn0 catalysts, but this apparent decrease is caused
mainly by the surface area decrease of the catalysts. This
surface area decrease eliminates some of the active sites for
the reaction, causing the apparent activity decrease per unit

weight while maintaining the activity per unit surface érea.

L.y The Formation of Other Products Over T1/Cu/Zn0 Catalysts
Reactlon products other than methanol and carbon dioxide
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Table 21 = Rate of the Water Gas Shift Reaction

Rate Constant (El)*

mol mol
catalyst kPa2 g hr kPaz m2 hr
Cu/Zn0 5.85 x 10°° 1.58 x 107
0.02% T1/Cu/7n0 3.57 x 1079 1.60 x 1072
0.08% T1/Cu/Zno0 3.90 x 10~ 1.81 x 1077
0.23% T1/Cu/Zn0 | 3.65 x 10~ 1.69 x 1077

* Ei is the average rate constane, determined from
water addition rates of 50, 67, and 83 mmol/hr.

-117 -




observed when testing the Tl/Cu/ZnO catalysts were methyl
formate, ethanol, and methane.

It was observed that the yields of methyl formate and
ethanol varied in the same manner as the yield of methanol.
This is to be expected since methanol or some surface Cl
species is an intermediate stage in the formation of methyl
formate or ethanol. Under the conditions when methanol is
formed in large quantities, there is enough Cl species to be
converted to ethanol and methyl formate by the catalyst.

Methane production seemed to follow no pattern. Methane
car; be formed by the hydrogenation of carbon monoxide or carbon
dioxide or through the intermediacy of the Boudouart reaction.
The XPS analysis for carbon showed a large amount of carbon=-
aceous contamination on the catalyst surfaces, but most of this
vas due to adsorption of carbonaceous species by the catalyst
surface upon exposure to air rather than by deposition of

material during the catalyst testing procedure.

4.5 Mechanistic Interpretation of Thallium Poisoning
It appears that tpa.lliuxn poisons the formation of methanol
and higher products, while perha.ps. not affecting the production
of carbon dioxide. The active sites for methanol formation
appear to be either copper(I) in the zinc oxide or the copper =
zinc oxide interface. These conclusions follow from the
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previous discussion.

One possible explanation for the observed results is that
thallium does not interfere with the adsorption and activation
of carbon monoxide on the catalyst surface, but prevents the
hydrogenation of this activated carbon monoxide. This must be
done without preventing the carbon dioxide from being formed
from this activated carbon monoxide. This would likely have to
be due to some type of chemical interaction of the thallium with
the copper sites or an interaction with the surface immediately
near to the active copper sites. The formate mechanism of
Vedage, Pitchai, Herman, and Klier (8) is which carbon dioxide
and methanol are formed from a common intermediate can still be
valid if the thallium can selectively prevent the hydrogenation
of the activated carbon monoxide.

Also possible is the proposed redox mechanism, in which
activated carbon monoxide is the intermediate, not a formate
species, In this case, the thallium may just block the alcohol
half of the proposed interlocked reaction cycles. The thallium
effect must be the same as above, interacting with the active
site or the surface immediately next to the active site.

The model using copper surface area as being the active
surface for methanol synthesis was discounted in the preceeding
discussions. However, the recent work by the ICI group claims
that the formation of methanol and carbon dioxide do not go
through a common intermediate surface species (30). If there
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are two separate sites for the formation of the carbon dioxide
and methanol, then it is possible that thallium preferentially

poisons the methanol formation sites only.
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5.0 CONCLUSIONS

Doping of the Cu/Zn0O methanol synthesis catalyst leads to
poisoning of the methanol synthesis activity of the catalyst
while not affecting the synthesis of carbon dioxide. The
poisoning effect is a function of thallium concentration in
the catalyst. The decrease in methanol activity is not linearly
dependent upon thallium concentration, with the first added
thellium having the most effect. Part of the observed decrease
in methanol formation over the T1/Cu/Zn0 catalysts is due to a
surface area decrease which lessens the number of active sités
for the reaction to occur. The surface area decrease results
from sintering of the copper and zinc oxide particles of the
catalyst. The balance of the observed decreased activity of
the T1/Cu/Zn0 catalysts is due to some poisoning by the thallium
on the surface of the catalyst. This poisoning could result
from blockage of the sites or through a chemical interaction
of the thallium with some surface site.

The study of the thallium poisoning indicates that the
active sites for formation of methanol are either copper(I) in
zinc oxide or the copper = zinc oxide interface. There appears
to be some selectivity of the thallium for these active sites,
with the first thallium atoms on the surface preferentially
blocking the sites. When more thallium is added té the
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catalyst this selectivity is less noticeable.

A mechanism for the formation of methanol and carbon
dioxide cannot be put forth but some interpretation can be
made. If the two products have some common intermediate, then
the thallium must be preventing the hydrogenation of the active
intermediate while perhaps not preventing the formation of
carbon dioxide. If there are two independent mechanisms, then
the thallium is selectively blocking the sites which produce

the methanol and not the carbon dioxide.
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APPENDIX

An equation for the determination of the rate constaﬁt of
the Water=Gas Shift reaction (WCS) was used in section 4.3, but
the origin of this equation Qas not given. The derivation of
the equation will be given here.

The WGS reaction, equation Al, runs at near equilibrium
over Cu/Zn0 cztalysts under the ¢onditions used for methanol

synthesis, It is assumed that the rate of the reaction can be

k
O + H,0 —_.(L__—"—‘ co, + H (A1)
k,
r = K Py Po " k, Peo,, P, (42)

expressed as in equation A2, The equilibrium constant for the

WGS reaction can then be expressed as in equation A3.

o = A pCO,'LPHo_> (43)

ky  \Pgg Py0/®d

Because carbon monoxide can form both methanol and carbon dioxide
but water only leads to formation of carbon dioxide, the conver-

sion to carbon dioxide, a, can be expressed as a function of

the flow of water into the reactor, F§ or and the flow out, Fﬁ o
2 2
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The pressures of carbon monoxide and hydrogen in the system
are taken to be equal to the average of the partial pressures of
the species entering and leaving the reactor, p; = (p; + pi‘)/z.
The equations for the partial pressures of carbon dioxide and
water are not as simple, being related to the total pressure and

the amount of all components at any given time:

Poo, = P (Fcoz/ ZF;) (A5)
Py0 = P (FHZO/ IF;) (46)

where P is the total pressure, and Fy is the flow of component i.
Based upon some relationships between the conversion, a, and the

gas flow rates, Fi.’ one can derive new partial pressure equations.

(o]
Fygo (1 = @)

D = P , (A7)
H,0 © - (aM,I/Z'B)F;)!z

Fo o

H-0
o = P (A8)
€O, P - (aM,I/2.3)F;2

In these equations, ay 1, is the exit methanol conversion and
'] .

other parameters as defined previously.
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Substitution of the relations for partial pressures in
terms of flows and conversions into the rate equation, equation

A2, leads to egquation A9.

1

F - (oyy, 1/2+3) ng

<>y
.= kP [<p03 - o{<p.3+ ;2)] (49)
D
The conversion to products in the integral reactor used is
related to the mass of catalyst used. Integration of the

reaction rate to account for catalyst mass leads to equation

A0, which is solved for kl' In the rate constant equation:

In (1 - ML) (A10)

where F; is the feed gai~flov of component i; F? is the exit
flow of component gas i"!M,L is the conversion to methanol;

P is the total pressure;<:p§> is the partial pressure of i;

K, is the equilibrium constant for the reaction, which should
include the fugacities (not mentioned previously); m is the mass

of the catalyst; a is the conversion to carbon dioxide; and

is the equilibrium conversion based on partial pressures

L,eq is equal to <p,>/ (<PCO> - %@H2>)-

aL,eq
of components, a
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