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In this paper a dynamic microkinetic model of the methanol
synthesis reaction over Cu/ZnO catalysts is described. The model
is based on surface science measurements and it includes the dy-
namic changes in particle shape and active surface area which have
recently been observed by in situ EXAFS measurements to take
place upon change in the redox potential of the reaction gas. It is
suggested that the change in particle morphology is related to a
change in the number of oxygen vacancies at the Zn—O—Cu inter-
face. Furthermore, the structure sensitivity of the methanol synthe-
sis reaction is also taken into account. The dynamic microkinetic
model is seen to give a much better description of the kinetic mea-
surements over a working methanol catalyst compared to a static
microkinetic model. The new model also gives an explanation of the
kinetic behavior during transient conditions. The dynamic aspects
are seen to provide a basis for understanding the apparently con-
flicting reaction orders reported in the literature.  © 1997 Academic

Press

1. INTRODUCTION

In order to understand the performance and the mech-
anism of catalytic reactions, kinetic modeling has always
played a central role (1-4). In the past it has been helpful
to introduce simplified models based on assumptions re-
garding the nature of the rate-determining steps and most
abundant surface intermediates. Recently, detailed surface
insight has become available and this has allowed the intro-
duction of more complete microkinetic treatments based
on a fundamental understanding of the energetics of the
individual steps (3-8). Irrespective of the kinetic approach
used, it is typically assumed that the total concentration of
active sites during different reaction conditions stays con-
stant and that the main changes occurring are related to
changes in the fraction of sites which are covered by re-
actants, intermediates, or products. However, it is not ex-
pected that the above assumptions may always be appropri-
ate. In fact, many catalyst and surface science studies have
shown that phenomena, such as spreading, surface recon-
structions, or surface enrichment/segregation (in the case of
alloy catalysts), may take place upon changing the gaseous

environment (see, e.g., (9-17)). Nevertheless, quantitative
information about such phenomena has been scarce and
the consequences of the structural transformation have so
far not been included in microkinetic models for catalytic
reactions.

Recently, it has been shown that EXAFS and combined
XRD/EXAFS (18-20) may provide interesting new possi-
bilities for obtaining in situ structural insight and for follow-
ing dynamical changes occurring during catalysis. In one
such study the morphology of a methanol synthesis cata-
lyst of Cu supported on ZnO was examined under differ-
ent synthesis conditions. The EXAFS spectra showed re-
versible changes in the apparent coordination number for
the Cu atoms when the oxidation potential of the gas was
changed. Specifically, it was observed that a significant in-
crease in the coordination number for Cu occurred when
the catalyst was exposed to the most oxidizing gas. Chang-
ing back to the gas with the lower oxidation potential, the
coordination number decreased again.

The results were interpreted as a change in the parti-
cle shape due to wetting/nonwetting phenomena induced
by changes of the reduction potential of the gas phase. A
change in reduction potential of the gas may change the
composition at the Cu/ZnO interface, for example, by cre-
ation of oxygen vacancies in the reducing atmosphere or by
changing the properties of the Schottky barrier between Cu
and ZnO (21). This changes the free energy of the interface
between the Cu particle and the support and it induces the
change in particle morphology. The interpretation was sup-
ported by the fact that the phenomenon was not observed
for Cu supported on SiO,. A simple model was proposed
based on calculations of the relative surface and interface
energies of a particle (19) using the so-called Wulff con-
struction (22). The dynamic behavior of the Cu/ZnO system
has recently also been observed in another study (23).

In the present paper it will be shown how such insight can
be used to formulate a “dynamic” microkinetic model for
the methanol synthesis reaction over Cu/ZnO catalysts. It
will be shown that this model can explain observations not
accounted for in a recently developed “static”” microkinetic
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model (24) as well as in transient experiments (25). The dy-
namic microkinetic model is also seen to provide a basis for
understanding the apparently conflicting reaction orders
reported in the literature.

2. RESULTS AND DISCUSSION

2.1. Microkinetic Analysis

In this section the kinetic consequences of the morpho-
logical changes will be discussed. First a description of
the static microkinetic model will be given and then this
model is extended to account for the dynamic morpholog-
ical changes.

2.1.1. Static Microkinetic Model

A static microkinetic model of methanol synthesis reac-
tion over Cu-based catalysts has recently been presented
(24). It is based on 13 elementary reaction steps which all
have been deduced from model studies on Cu single crys-
tals.

H,O0(g) +* = H;Ox [1]
H,O% +% = OHx* + Hx [2]
20H* = H,O% + O [3]
OH#* +x% = Ox% + Hx [4]
2Hx = Hy(g) + 2% [5]

CO(Q) +* = COx [6]
CO* +Ox% = COx% +% [7]
COux = CO2(Q) + * [8]
COy* +Hx = HCOOx% + % [9]

HCOOx* 4+ Hx = H,COOx* + [10]
H,COO % + Hx = H3COx* + Ox [11]
H3COx +Hx = CH3OHx% + x [12]
CH3OHx = CH30OH(g) + x, [13]

where * represents an empty site and Xx represents an ad-
sorbed specie. The first 8 steps represent the elementary
steps of the redox mechanism of the shift reaction, whereas
the last 5 steps represent the synthesis of methanol through
aformate intermediate. In this mechanism, methanol is syn-
thesized from CO, in accordance with isotope labeling ex-
periments (26, 27).

The kinetic model based on this reaction scheme is for-
mulated assuming that all reactions are in equilibrium ex-
cept for reaction steps [2], [4], [7], and [11]. Reaction steps
[2], [4], and [7] are all steps which may be slow during the
shift reaction (28, 29), whereas reaction step [11] represents
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the slow step for methanol synthesis (24). Based on the
above, the following set of rate and equilibrium equations
can be written:

Pu,o

Ki=5=0. = 00 [14]
0
r2 = KoOn,0405 — 2 BorsOhix [15]
Ks
K308, = Or,0+00- [16]
ks
r4 = Kabor0s — ——00:0Hs [17]
Ks
P
K502, = —262 [18]
Po
P
Ke—26, = fcos [19]
Po
r7 = K70co+0o0« — —79002*9* [20]
Ky
P
Kgbco,« = ;Oz 0 [21]
o
Kobh+0co,+ = OHcoox«0« [22]
K100Hc00+0Hx = OH,c00x0« [23]
ki1
r11 = Ki16n,c0040H« — ——0h,co.0x [24]
Ku
K1260H,c0+0H% = OcH;0Hx0x [25]
P
Kis0ch,onx = %OOHG* [26]

K is the equilibrium constant for reaction step i, whereas k;
is the rate constant for reaction step i. P; is the partial pres-
sure of specie i, whereas Py is the reference pressure chosen
to be 1 atm. This implies that the equilibrium constant for
an adsorption reaction is dimensionless and that the rate
constant has the unit molecules per site per second.

The model calculations presented in Ref. (24) were based
on the assumption that the number of active sites is con-
stant. The rate constant for methanol synthesis was deduced
from studies over the Cu(100) plane (30). All the other low
index planes were assumed to have the same activities. Re-
cently, the rate of methanol synthesis over the two other
low index surface planes has also been measured (31, 32).
Thus, it has been possible in the present analysis also to take
into account the structure sensitivity of this reaction. The
observed rate of methanol synthesis rqps Over a catalyst will
then be an average of the rates over the exposed facets and
can thus be expressed as

Fobs = (100 +&r110 + (1 — n — &)ru) N, [27]
where 7 is the ratio of the number of sites on the (100)
plane relative to the total number of sites N, ¢ is the ratio of
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the number of sites on the (110) plane relative to the total
number of sites, and r; is the specific rate over a surface
site in plane i. The contribution to the rate from corner and
edge sites is neglected presently. This may be reasonable
since the copper particles for the catalysts studied in the
present work are greater than 20 A

The analytic expressions for the rate over the three sur-
face planesare the same but the value of the equilibrium and
rate constants are different. An analytic expression for the
rate of methanol synthesis can be derived from Eqgs. [14]-
[26] but is not shown here since it is very space consuming.
The contribution to the overall rate from one surface plane
is a combination of how fast the reaction is over this plane
and how much of the specific surface plane is present during
reaction.

2.1.1.1. Model parameters for Cu(100). In the model
the rate constants are described by the Arrhenius equa-
tion and the equilibrium constants are calculated from the
partition function of the intermediates. A detailed descrip-
tion of this procedure has been given in (24). The partition
function of a specific molecule is calculated from the vi-
brational frequencies and the ground state energy of the
molecule. For a gas-phase molecule, this information can
be found in the JANAF Tables (33), whereas for an ad-
sorbed molecule the vibrational frequencies are typically
taken from available HREELS spectra. The ground state
energy for gaseous molecules is determined from the stan-
dard enthalpy of formation, whereas the ground state en-
ergy for adsorbed molecules is determined from TPD spec-
tra. When analyzing a TPD spectrum the desorption rate
constant is expressed by the forward rate constant and the
equilibrium constant using the principle of microscopic re-
versibility. The forward rate constant is typically measured
from adsorption studies or can be estimated form transi-
tion state theory. The ground state energy of the adsorbed
state is then estimated from the TPD spectrum for opti-
mal agreement between the model and the TPD spectrum.
Thisprocedure assuresa consistent treatment of the adsorp-
tion desorption process in agreement with the principle of
microscopic reversibility. The accuracy of the ground state
energy determined by this method is typically 3 kJ/mole.

The rate constant for methanol synthesis, where reac-
tion step [11] was assumed rate limiting, was deduced from
synthesis experiments over a Cu(100) single crystal in a
CO;, + H; gas mixture with a CO,: H, ratio of 1 at a to-
tal pressure of 2 bar and temperatures ranging from 483
to 563 K (30). Both vibrational frequencies, ground state
energies, and rate constants for reaction [1] to [13] for the
Cu(100) plane were reported in Ref. (24) and are shown in
Tables 1 and 2.

2.1.1.2. Model parameters for Cu(110). In the evalua-
tion of the parameters for the Cu(110) plane, the parame-
ters for the Cu(100) plane are used as a starting point. The
parameters that are most important for methanol synthe-
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sis conditions are then reinterpreted using data obtained
for the Cu(110) plane. This is essentially the equilibrium
constant for CO adsorption, the equilibrium constant for
formate decomposition, and the rate constant for methanol
synthesis. From CO TPD studies of Cu single crystals it is
found that the desorption is structure sensitive. The CO
desorption peak maximum for Cu(110) occurs at a temper-
ature approximately 40 K higher than for Cu(100) (34, 35).
Similarly, the formate decomposition peak maximum over
Cu(110) occurs at atemperature approximately 40 K higher
than on Cu(100) (36, 37). If it is assumed that the synthesis
rate of formate over Cu(110) is the same as over Cu(100),
formate is found to be 8 kJ/mole more stable on Cu(110)
than on Cu(100). The thermodynamic parameters are listed
in Table 1.

The activity of methanol synthesis has recently been
measured over Cu(110) in a CO,+ H;, gas mixture with
a CO;: H; ratio of 0.09 at a total pressure of 5.1 bar and
temperatures ranging from 490 to 530 K [32]. Using the
microkinetic model consisting of reactions [1]-[13] and the
thermodynamic parameters for the Cu(110) plane given in
Table 1, it is possible to estimate the rate constant for the
rate-limiting step [11] in the mechanism. The agreement be-
tween model and experiment obtained from this estimate is
shown in Fig. 1. The activation energy for the rate-limiting
step Cu(110) is the same as over Cu(100), while the pre-
exponential factor is 25 times higher.

2.1.1.3. Model parameters for Cu(111). For the Cu(111)
plane, the same parameters as for the Cu(100) plane are
used except for the rate constant for methanol synthesis.
Although no detailed study of methanol synthesis over
Cu(111) has yet appeared, the activity at 523 K in a
CO; + H; gas mixture with a CO,: H; ratio of 0.33 and a
total pressure of 18 bar was recently reported (31). Using
the thermodynamic parameters determined for the Cu(111)
plane and fitting the rate constant of reaction step [11] from
these measurements indicates that the rate constant over
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FIG. 1. Rate of methanol synthesis over Cu(110) at 4.67 bar H, and

0.41 bar CO.. Solid circles, measured rate, adapted from Ref. (32). Solid
line calculated from static microkinetic model.
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TABLE 1

Thermodynamic Parameters Used in the Model

Species Vibrational parameters Energy Egq
H2(g) B=60.9cm™, o =2, v;=4405cm™! —35.0 kd/mol
Hx v, =1121cm™L v, =928(2) cm™? Cu(100): —40.7 kd/mol
Cu(110): —40.7 kd/mol
Cu(111): —40.7 kd/mol
H,0(g) lalg lc=5.77 x 107" kg’ m®, o =2, vy =1595 cm™*, v, =3657 cm ™, —305.6 kJ/mol
v3=3755cm™!
H,0x v, =460 cm™L, v =48(2) cmL, v, =745(3) cm~L, v; = 1600 cm~?, Cu(100): —362.6 kd/mol
v, =3370(2) cm™~? Cu(110): —366.0 kd/mol
Cu(111): —362.6 kd/mol
Ox v, =391 cm™L, v;=508(2) cm™? —243.8 kd/mol
OHsx vy =280 cm™, vy =49(2) cm, v, =670(2) cm~%, v, =3380 cm~! Cu(100): —309.6 kJ/mol
Cu(110); —309.6 kd/mol
Cu(111): —309.6 kd/mol
CO(g) B=193cm™, o0=1,v,=2170cm™? —132.2 kd/mol
COx v, =343 cmL, vy =24(2) em~L, v, =290(3) cm™, v; = 2089 cm™? Cu(100): —186.1 kd/mol
Cu(110): —199.3 kd/mol
Cu(111): —186.1 kd/mol
COx(g) B=0.39cm™, o =2, v; =667 cm™?, v,=1343 cm™, v3=2350 cm™? —433.0 kd/mol
COux v, =410cm™, vy =31(2) cm~, v, =13(2) cm~?, v; =667 cmY, Cu(100): —460.3 kd/mol
v, =1343 cm™!, v3=2349 cm™? Cu(110): —459.8 kd/mol
Cu(111): —460.3 kd/mol
HCOOx vy =322cm™, vy =36(2) cm~?, v, =400(3) cm™?, vy =758 cm~?, Cu(100): —552.7 kd/mol
v, =1331cm™L, v3=1640 cm™?, v, =2879 cm™, v5=1073 cm™}, Cu(110): —560.7 kd/mol
veg=1377 cm™! Cu(111): —552.7 kd/mol
CH30x v, =400 cm™, v =37(2) cm™, v, =360(3) cm~, v; = 1020 cm~?, Cu(100): —300.0 kd/mol
v =1150(2) cm™?, v3=1460(3) cm™, v, = 2840 cm™}, Cu(110): —300.0 kd/mol
vs =2940(2) cm™! Cu(111): —300.0 kd/mol
H,COOx v, =405cm™L, v;=30(2) cm~L, v, =400(3) cm™1, v; =630 cm~?, Cu(100): —568.0 kd/mol
v =960 cm~?, v3=1090 cm™, v, =1220(2) cm™!, v5=1420 cm™?, Cu(110): —568.0 kJ/mol
ve=1480 cm™!, v;=2920 cm~?, vg=3000 cm~* Cu(111): —568.0 kd/mol
CH30OH(g) In=6.68 x 1077 kg m?, 1z =34.00 x 107#" kg m?, 1c =35.31 x 10~*" kg m?, —342.8 kd/mol
0 =3,v1=270cm™?, v,=1033 cm~?, v3=1060 cm~},
vy =1165 cm™, vs=1345 cm™, v =1477(2) cm~%, v;=1455 cm ™%,
vg=2844 cm™L, vg=2960 cm™, v1o=3000 cm~%, vy; =3681 cm~!
CH3OHx v =290 cm™, vy =36(2) cm~, v, =360(3) cm~*, v; =750 cm~, Cu(100): —413.3 kd/mol

v2 =820 cm™%, v3=1030 cm™?, v = 1150(2) cm~?, vs = 1470(3) cm™,
ve=2860 cm™, v;=2970(2) cm™, vg=3320 cm™*

Cu(110): —413.3 kd/mol
Cu(111): —413.3 kd/mol

Note. B, I, and o are the rotational constants, the moment of inertia, and the symmetry number of the gas-phase molecule,
respectively. Vibrational modes are denoted by vj and the degeneracy of a frequency is enclosed in parentheses. The frequency
vy, vy, and v are the frustrated translational orthogonal frequency, the frustrated translational parallel frequency, and the
frustrated rotational frequency, respectively.

this plane is approximately five times lower than the rate
constant over Cu(100). The rate constants used in the model
are shown in Table 2.

2.1.2. Dynamic Microkinetic Model

In order to develop a microkinetic model which can ac-
count for the observed changes in the surface area (“dy-
namic microkinetic model™), it is necessary to incorporate
a description of the change in the number of active sites as
a function of changes in the reaction conditions.

As mentioned in the Introduction, the observed change
in particle morphology is presumably caused by a change
in the contact surface free energy between the Cu parti-
cle and the support. Such a change in the surface free en-
ergy is likely if the concentration of oxygen vacancies at
the Zn—O—Cu interface varies with change in the reduction
potential of the gas phase. The model used to explain the
observed change in particle morphology was based on cal-
culations of the relative surface and interface free energies
of a particle applying the so called Wulff construction (19).



TABLE 2

Rate Constants Used in the Kinetic Model

Cu(100)
ko A;=2.6x10%st E,=114.0 kd/mol
K A;=23x108s7t E;=99.1 kd/mol
k7 A;=18x108s7! E;=286.9 kJ/mol
ko Ag=2.1x10"s71 Eg=78.0 k/mol
ki1 An=78x102s7 E1; = 161.8 kd/mol
Cu(110)
ko Ar=7.7x10%s7? E,=90.8 kd/mol
Ky As;=6.3x10%s7? E,=114.2 kJ/mol
k7 A;=18x108s7? E;=85.4 ki/mol
ko Ag=2.1x100s"? Eo = 78.0 kd/mol
K11 A =20x10%2s7? Ei; = 161.8 kJ/mol
Cu(111)
k» A, =26x10%st E, =114.0 kJ/mol
Ka A;=23x108s1 Es=99.1 kJ/mol
k7 A;=11x108s71 E;=72.2 kJ/mol
ko Ag=2.1x10"0s"1 Eq = 78.0 kJ/mol
K11 A =16x100s7? Ei; = 161.8 kJ/mol

In the WuIff construction, the shape of a free particle of a
given volume is simply determined by the condition that
the total free energy of the surfaces is at minimum. To de-
scribe a particle in contact with a substrate, the free energy
of the interface is replaced with a “contact-surface free en-
ergy,” y. This contact-surface free energy is the difference
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between the interface energy vinterface and the surface en-
ergy of the substrate ysupstrates 1-€., ¥ = Yinterface — ¥ substrate-
It is described relative to the free energy of a similar free
surface yo by the parameter y/y . This means that if y/ygis
1 the shape of the original free particle is obtained, whereas
if ylyois —1 the particle degenerates to a two-dimensional
surface where Cu is epitaxially grown on Zn.

Figure 2 shows the surface area of the different facets of
the particle with the (100) plane, the (110) plane, and the
(111) plane, respectively, attached to the substrate at differ-
ent values of y/y calculated from the Wulff construction.
For positive values of y/yq it is seen that the (111) facet is
the dominating facet, whereas for large negative values of
ylyo, the facet attached to the substrate dominates.

It appears reasonable to assume that under methanol/
shift conditions, the concentration of the oxygen vacancies
in the ZnO is predominantly determined by the following
equilibrium reactions:

H»(g) +Zn-0O = H,0(g) + Zn-O [28]

CO(g) +Zn-0O = CO,(g9) +Zn—, [29]
where O is an oxygen vacancy in the ZnO.

At the Zn—O—Cu interface, the concentration of oxygen
vacancies is similarly assumed to be determined by the two
equations

A2/

J14 | —

100 77 100

r/vo

r/vo

/70

FIG.2. The dimensionless surface area A/V?® of the different facets as well as the total area versus the contact surface free energy y/yo. (A)
Calculated from the Wulff construction assuming that one of the (100) plane of the particle is attached to the substrate. (B) Calculated from the Wulff
construction assuming that one of the (110) plane of the particle is attached to the substrate. (C) Calculated from the Wulff construction assuming that

one of the (111) plane of the particle is attached to the substrate.
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H,(g) + Zn-O—Cu = H,0(g) + Zn—1-Cu
CO(g) +Zn—0O—Cu = CO,(g) + Zn——Cu.

[30]
[31]

Equations [30] and [31] give the following three equations:

Pu,0 [Zn—D—Cu]
K = —%2. 2
'T R, [Zn-O-Cu] [32]
Pco2 [Zn—D—Cu]
Ky, = . 33
2~ Pco  [Zn-O-Cu] [33]
[Zn-O—-Cu] = 1 — [Zn-O0-Cu], [34]

where [X] is the interface concentration of species X.

These equations describe the dependence of the oxygen
vacancies at the interface by the gas-phase reduction poten-
tial. In order to relate the reduction potential to the relative
surface contact free energy y/y,, a description of the rela-
tion between the concentration of oxygen vacancies and
the surface contact free energy is needed. For simplicity,
we assume the relation to be linear:

[Zn—-0-Cu] = (1 — y/v0)/2. [35]

The limit where y/y is 1 corresponds to a free Cu particle
with no oxygen vacancies, whereas the other limit where
ylyois —1 corresponds to epitaxial growth of Cu on Zn and
a full monolayer of oxygen vacancies in the interface.

From Egs. [32] through [35], it is now possible to make a
relation between reduction potential and the relative sur-
face contact free energy:

/ P, Pco
_ 1—y/KiKe PHZ(ZJ Pco,

V/VO - l K K PHZ PCO ’
+ \V N1R2B, o Peo,

where K;Kj, expressed as a function of the free energy of
reactions [30] and [31] is given by

[36]

[37]

Thus, if AG is known it is possible to calculate the surface
contact free energy and thus to calculate the surface area
(i.e., the number of active sites) from the Wulff construction
shown in Fig. 2. The change in Gibbs free energy for cre-
ation of oxygen vacancies at the Zn—O—Cu interface has to
the best of our knowledge not been determined and there-
fore it must be estimated. This has been done by choosing
the synthesis gas composition as reference point and then
estimate AG for a fixed value of the surface contact free
energy y/yo, which is called (y/yo)rix. AG is then given by

1- (V/Vo)mx)z/ PH, Pco >
AG = —RT-| . [38
n <<1+ (¥ /vo)rix PH,0 Pco, [38]
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The number of active sites N on the catalyst is

i fity/v) D

N = )
>, fi (/)b

[39]

where f; (y/yy) is the value of the surface area taken from
Fig. 2 for surface plane i, Dj is the site density of this plane,
and Ny is a constant factor expressing the number of sites
of the actual catalyst at fixed conditions. This means that »,
the ratio of the number of sites on the 100 plane relative
to the total number of sites, used in Eq. [27] expressed as a
function of f is given by

_ f100(¥ /¥0) D1oo

==\ 40
1 > fiv/v)D;j ol

A similar expression can be evaluated for «.

2.2. Test of Dynamic Model

Graff et al. (38, 39) have measured the rate of methanol
synthesis over a commercial Cu/ZnO/Al,O3 catalyst in a
continuous stirred tank reactor. In these experiments, the
total pressure was varied from 15 to 50 atm and the tem-
perature from 484 to 517 K.

First these data are analyzed assuming a constant surface
area, i.e., constant number of active sites with a distribution
of surface planes as determined from the Wulff construc-
tion of a free particle, i.e., y/yo=1. The agreement between
model and experiments is shown in Fig. 3A. Graff etal. (32,
39) have not estimated the error on the measured rate of
methanol synthesis. Generally the error on such measure-
ments are 10% (29). It is seen that the static microkinetic
model reproduces the magnitude of the rate and the trends
quite well. Nevertheless, upon closer examination it is evi-
dent that the data can be grouped into two families depend-
ing on the inlet gas compositions, i.e., the reduction poten-
tial of the gas phase. A sensitivity analysis of the model
parameters showed that the model and the experiments
cannot be brought in agreement unless the parameters are
severely changed and thus would bring them in disagree-
ment with the surface chemistry of the reaction, i.e., TPD
experiments. Inthe literature there has been suggestion that
the first hydrogenation of formate, i.e., reaction step [10] is
rate limiting under methanol synthesis conditions (44). We
have also examined this proposal but assuming this reac-
tion step to be rate limiting cannot bring the experiments
and the model in agreement.

In order to introduce the dynamic aspects, it is assumed
that the particle changes its shape as described above (see
Section, 2.1.2). The effect of choosing different values of
(y!yo)rix or equivalent values of AG is seen in Table 3. The
free energy varies from —8 to 22 kJ/mol which is between
the values for creation of oxygen vacancies in bulk CuO
(—239 kJ/mol at 500 K (33) ) and bulk ZnO (142 kJ/mol at
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FIG.3. Comparison of calculated rate with measured rate of
methanol synthesis over a Cu/ZnO/Al,O3 catalyst. The calculated rate is
obtained from the dynamic microkinetic model assuming the interface is
(110). Inlet gas compositions: 12% CO, 2.1% CO,, 85.9% H, (solid circle),
17.9% CO, 6.7% CO,, 75.4% H, (open triangle). (A) A constant surface
areais assumed. (B) A surface area dynamically dependent of the gaseous
environment is assumed. Experimental data adapted from Refs. (38, 39).

500 K (33)) showing that the value of AG from a physical
point of view is reasonable.

The difference between the calculated and the measured
rate is minimized by varying No of Eq. [39]. The agreement
with the reaction data for different choice of (y/yo)rix IS
shown in Table 3 for particles attached with the (100), the
(110), or the (111) facet against the substrate. In general, the
best description of the experimental data is obtained when
the surface area is allowed to depend dynamically on the
gas-phase composition. Furthermore, the best agreement
is obtained when there is a low contact surface free energy
between the particle and the support. Itis important to note
that a one-parameter fit is used both in the case of a constant
surface area (Fig. 3A) and in the case of a dynamic surface
area (for each choice of (y/yo)rix) (Fig. 3B).

The best agreement is obtained in the case where the
Cu particle is attached with the (110) plane against the
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TABLE 3

Determination of the Free Energy AG for Creation of Oxygen
Vacancies at the Zn—O—Cu Interface

AG Sgsum Sgsum Sgsum
(ylyo)rx (kJ/mol) (100) interface (110) interface (111) interface

0 22.2 241 x107% 2.28x 107 2.70 x 10~
—0.25 18.0 1.61 x 107 2.78x 107 2.58 x 10~
—0.50 13.2 1.42 x 107 2.78x 107 2.09 x 10~
—0.75 6.2 1.43 x 107 1.33x 107 1.28 x 10~
—0.85 1.6 1.45 x 107 5.87 x 107%2 1.32x 107
—0.90 —2.0 1.44 x 107 4.09 x 1072 1.54 x 10~
—0.95 -78 221x107% 491 x107% 1.91 x 107

Note. The choice of fix point for catalyst exposed to synthesis gas and
its consequence for the value of AG. For each choice, the best description
of reaction data adapted from Refs. (35, 36) expressed as the square sum
(sgsum) of the absolute difference between measured and calculated rate
is shown. A static microkinetic model gives sqsum = 2.95 x 107,

substrate. The result for (y/yo)rix=—-0.90 and AG=-2
kJ/mol is shown in Fig. 3B. It is seen that the separation
of reaction data into two groups is no longer present. Thus
allowing the number of active sites to depend dynamically
on the gaseous environment gives a better description of
the Kinetics. The reduction potential of the reaction data
(38, 39) has a large variation which according to the model
causes the surface area to change by 50% (Fig. 4). When
going from the reaction data with inlet CO/CO,=2.7 to
the reaction data with inlet ratio CO/CQO, = 5.7 the number
of active sites increases due to an increase in the area of
the (110) surface plane. This has a remarkable effect on the
overall reaction rate since the methanol synthesis is struc-
ture sensitive and the rate is fastest over this surface plane.
The calculated surface areas agree within a factor of two
with the reported surface areas of similar catalysts mea-
sured by H, TPD (25) showing that reasonable values of
the number of active sites are used in the model.
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FIG. 4. The estimated surface area as a function of the reduction po-

tential of the gas phase (Pco P+,/(Pco, PH,0)) for the reaction data shown
in Fig. 3B.
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The agreement for the present data assuming that either
the (100) or the (111) plane is attached against the substrate
is also good (Table 3). Thus, it is not possible based on these
data to determine the growth mode for the Cu particle on
the ZnO.

Studies of the chemisorption of formate on small Cu
islands on ZnO(0001) showed properties much like the
Cu(110) plane (40) which would suggest that in the actual
catalyst the Cu particles are supported with the (110)
facet against the substrate. Recent in situ FTIR studies of
the shift in frequency of the CO adsorption band over a
Cu/ZnO catalyst under different synthesis conditions may
provide a link between these model studies and the actual
catalyst (41).

It is clear that the dynamic microkinetic model gives an
improved description of the present kinetic data. In the fol-
lowing, the model will be tested against other independent
measurements.

Studies of methanol synthesis under transient conditions
have been reported previously (25). In these experiments,
a methanol catalyst was first exposed to a highly reducing
gas mixture 6% CO in H; at 493 K and 1 atm total pres-
sure (Fig. 5). In this gas mixture, essentially no methanol
is produced since methanol is predominantly synthesized
from CO,. The inlet gas is then in one step switched to a
gas containing 5% CO and 5% CO; in H. It is seen that the
production of methanol increases almost instantaneously,
goes through a maximum, and then decreases slowly to the
steady-state value. The static microkinetic model, which as-
sumes that the number of sites is constant, predicts that
the production of methanol increases after the switch to
the CO,-containing gas and then converges to a steady-
state value without going through a maximum. Thus, the
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FIG.5. Concentration of methanol in the plug flow reactor outlet in
transient studies of methanol synthesis. Solid line, the feed gas composition
was changed from about 6% CO in H; (34 ml/min (at STP)) in one step
to about 5% CO,, 5% CO, and balance H; (42 ml/min (at STP)) when
the reactor was operating at 493 K and 1 atm total pressure. Dashed line:
The feed gas composition was changed from about 6% CO; in H, (36
ml/min (at STP)) in one step to about 5% CO,, 5% CO, and balance H;
(42 ml/min (at STP)) when the reactor was operating at 473 K and 1 atm
total pressure. Data adapted from Ref. (25).
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observed maximum is not due to changes in coverages on
the surface. The observed maximum can, however, be un-
derstood within the present dynamic microkinetic model.
In the reducing gas, the surface area is high. When switch-
ing to the CO,-containing gas, initially a high production of
methanol is observed due to the high surface area obtained
in the reducing gas. However, as the Cu particles equili-
brate with the gas with the lower reduction potential, the
surface area decreases causing a decrease in the methanol
production rate.

If instead the catalyst initially is exposed to a less reduc-
ing gas (6% CO, in H, at 473 K and 1 atm total pressure)
and then switched to a more reducing gas (5% CO, 5%
CO; in Hy), a decrease in the methanol production rate is
observed followed by a slow increase to the steady-state
value (Fig. 5). The static microkinetic model predicts a de-
crease in the rate of methanol production after the switch to
the CO-containing gas. Thus, the observed minimum is not
due to changes in coverages on the surface. The observed
minimum can, on the other hand, be understood within the
present dynamic model using the same arguments as above.

Since in both cases the reaction is far from equilibrium
for methanol synthesis and is studied at low pressure where
the coverage is low, the observed conversion is propor-
tional to the rate. This implies that the change in rate going
from the 6% CO in H; gas to the synthesis gas is much
higher than the decrease in rate observed going from the
6% CO, in H; to the synthesis gas. This is in good agree-
ment with the results from the Wulff construction (Fig. 2)
which predicts that a larger change in surface area is ob-
served going from the left in Fig. 2 to the middle than when
going from the right to the middle.

It is seen that the dynamic microkinetic model can
describe several independent experiments that the static
model was not able to describe. The result therefore sug-
gests that the morphology changes that were observed with
EXAFS do have very important kinetic implications under
relevant methanol synthesis conditions. We are presently
examining if there could be other physical phenomena con-
tributing to the observed changes of methanol synthesis.

2.3. Consequence for Interpretation of Reaction Orders

It has previously been shown that a microkinetic model
gives the possibility to evaluate and understand the origin
of reaction orders (3, 4). The present dynamic microkinetic
model gives the possibility to evaluate the consequence of
dynamic behavior on the apparent reaction orders.

When estimating apparent reaction orders, it is assumed
that the number of sites is constant. The reaction order, «;i,
for component i is in this case simply defined by

_ sin(ry)
BIG)

[41]

i

where r is the forward rate.



METHANOL SYNTHESIS OVER Cu/ZnO CATALYSTS

The apparent reaction rate rapp is a product of the static
reaction rate rgtic times the relative change in surface area:

r _ Adynamic
app —
Aconstant

The apparent reaction order oapp Will then be given by

SAdynamic
sp

[42]

I static-

o _ ) In(rstatic) PI
app ) In( PI ) Adynamic

where the first term is denoted the static reaction order g
and the second term is denoted o4 which is the contribution
to the reaction order arising from the dynamic change of
the surface area. The term & (Adynamic)/8 (Pi) is proportional
to the derivative of the curves shown in Fig. 2. Thus, in the
regime where y/yo <0, i.e., reducing conditions, the value
of aqis

[43]

ag < 0 for oxidizing gases

ag > 0 for reducing gases,
whereas when y/yq > 0, i.e., oxidizing conditions:

ag > 0 for oxidizing gases

ag < 0 for reducing gases.

For methanol synthesis conditions, the present analysis
has shown that y/y( < 0. Itis often reported in the literature
that the apparent reaction order of water is negative under
methanol synthesis conditions (42-45). However, the con-
centration of water is relatively low under these conditions
(42) and from surface science studies, it is known that wa-
ter adsorbs weakly on the surface (24). Thus, the apparent
negative reaction order for water is probably not due to
blocking of sites by water. The present findings suggest that
it is caused by a decrease in the reduction potential when
the water partial pressure is increased resulting in a particle
morphology with a lower surface area.

Similarly, it has been reported that the reaction order of
COispositive (38, 44). From amicroscopic point of view this
is also difficult to understand since methanol is synthesized
from CO, (26, 27). However, a positive reaction order can
be explained within the present dynamic model since higher
concentrations of CO increase the reduction potential of
the synthesis gas resulting in a more flat particle with a
larger surface area.

3. CONCLUSIONS

A detailed microkinetic analysis of the methanol synthe-
sis reaction has been presented. Based on the changes in
particle morphology observed previously by EXAFS, a dy-
namic microkinetic model has been developed. This model
is able to describe the change in particle morphology (i.e.,
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the number of active sites and the exposed facets) with
change in gaseous environment as well as the reaction rate
over the three basal Cu surface planes. It is found that it is
crucial to include this description in order to describe ki-
netic data measured at industrial relevant conditions over
a Cu/ZnO catalyst. The picture that emerges reveal that
metallic copper is the active phase in methanol synthesis
but the interaction between copper and zinc oxide is im-
portant for the dynamic spreading of the copper particles
on the support. Due to the structure sensitive nature of the
reaction the morphology changes have very pronounced
effects on the catalytic activity. It is furthermore seen that
these dynamical changes have consequences for interpre-
tation of the observed reaction orders.
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