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A Kkinetic model of methanol synthesis is presented. All pa-
rameters in the model are estimated from gas-phase thermody-
namics and surface science studies. The rate-limiting step in
the kinetic model was determined from Cu(100) single-crystal
experiments to be the hydrogenation of H,COO* to methoxide
and oxide. Calculated methanol rates from the model extrapo-
lated to industrial working conditions were in good agreement
with rates measured on a real catalyst. © 1995 Academic Press, Inc.

1. INTRODUCTION

The use of kinetic models based on UHV measurements
to analyze the reaction mechanisms of industrial catalysts
is very promising (1) and microkinetic models have been
derived for a number of catalytic reactions (2-9).

The kinetic model of methanol synthesis presented in
this work is an extension of the water—gas shift (WGS)
model of Ovesen et al. (8, 10).

Methanol synthesis is performed industrially over Cu/
Zn0O/Al, O, catalysts at temperatures of 493-573 K and at
pressures S0-100 bar (11, 12). The synthesis gas, manufac-
tured by steam reforming of natural gas (12), usually con-
sists of 5% CQO, 5% CO,, and 90% H,.

There is still considerable controversy about the chemi-
cal state of the catalytically active Cu component and the
role of ZnO in Cu/ZnO/AlLO; catalysts. It is disputed
whether the active phase is copper dissolved in ZnO (13)
or metallic copper dispersed on the ZnO surface (14, 15).
The activity of Cu/Zn0O/Al,O; catalysts has been shown
to correlate nearly linearly with the area of metallic copper
(14, 15), strongly suggesting the metallic copper is the ac-
tive phase of the catalyst. This is supported by in situ
X-ray photoelectron spectroscopy (16) and surface X-ray
diffraction studies (17).

It was previously accepted that methanol was synthe-
sized from CO and H, with CO; as a necessary component
in the syngas to prevent an irreversible deactivation of the

! Present address: Haldor Topsge Research Laboratories, Nymgllevej
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catalyst (13). However, *C labeling experiments (18, 19)
have now confirmed that methanol is mainly produced
from the CO, component in the feedstock. This is sup-
ported by the work of Liu et al. (20), and from a recent in
situ measurement of methanol formation on a working
catalyst (21). These results suggest that the methanol syn-
thesis reaction can be described by the following two reac-
tions:

CO + H,0 = CO, + H, [1]
CO, + 3H, = CH;0H + H,0. 2]

A recent Cu single-crystal experiment by Rasmussen et al.
(22) has confirmed that copper acts as a catalyst in metha-
nol synthesis using only H, and CO; in the feed gas. Fur-
thermore, in situ infrared vibration spectroscopy measure-
ments by Millar et al. (23) have shown that methanol could
be synthesized on both a Cu/SiO; and a Cu/Zn0O/SiO,
catalyst but not on a ZnO/SiO; catalyst with a H,/CO,
feedstock.

The kinetic model of the methanol synthesis is based
on a reaction mechanism deduced from Cu single-crystal
experiments. The model will be used to describe and under-
stand the industrial synthesis of methanol over copper-
based catalysts. The water—gas shift reaction has been im-
plemented in the kinetic model, since this process takes
place on the working catalyst.

A thermodynamic statistical mechanical treatment of
the chemisorption process and the competition for free
sites between species has been implemented in the model.
Incorporation of thermodynamics in the model is necessary
to overcome the large pressure and temperature differ-
ences between UHYV operating conditions and the indus-
trial working conditions of methanol synthesis. In this way,
a correct investigation of the methanol reaction mechanism
on real catalysts can be performed.

The validity of metallic copper as the active phase will
be investigated by comparing predicted methanol rates
from the model with measured methanol rates from a real
catalyst. For simplicity it is assumed that the dominant
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facets of the dispersed Cu particles are the basal planes
Cu(100), Cu(110), and Cu(111). Input parameter sets for
each of the three low-index planes will be used in the
model to analyze the structure sensitivity of the reaction
and to propose the active phase in the catalyst.

Allinput parameters of the model were determined from
gas-phase thermodynamics and Cu single crystal experi-
ments. Calculated methanol rates were in agreement with
data obtained from a recent Cu single crystal experiment
of methanol synthesis at varying temperatures, pressures,
and inlet gas compositions (22). The rate-determining step
of our proposed reaction mechanism was found to be the
hydrogenation of H,COO+* to methoxide and oxide (22).
(A free surface site is symbolized by * and an adsorbed
atom or molecule X is symbolized by X*.) Extrapolation
of the model to industrial working conditions of a real
catalyst showed a nice correspondence between predicted
and measured methanol rates.

The reaction mechanism of the methanol synthesis is
presented in Section 2 with a discussion of the experimen-
tally observed reaction paths. Section 3 deals with our
proposed kinetic model of the methanol synthesis, where
the net rates of water and methanol synthesis are derived
in detail. A description of the selected input parameters
will be given in Section 4. A test of the model and investiga-
tions of the coverages of the species, reaction orders, and
the overall activation enthalpy, will be performed in Sec-
tion 5. Final remarks regarding the results of this work are
given in Section 6.

2. REACTION MECHANISM

Nakamura et al. (24-26) have analyzed two different
reaction mechanisms for the water—gas shift reaction. In
the surface-redox mechanism, H,O(g) is completely disso-
ciated to O» and H,(g), and the surface oxide Ox is re-
moved by CO* to produce CO,(g). In the formate mecha-
nism, H,O* dissociates to OH* and H*, and formate
HCOO= is synthesized by the reaction of CO* with OHx.
H,(g) and CO,(g) are then eventually produced by the
thermal decomposition of formate. Strong evidence for the
surface-redox mechanism was found from Cu single-crystal
studies (24-26).

The first eight elementary steps in Table 1 is the redox
mechanism of the WGS reaction proposed by Nakamura
et al. (24), and the formulated kinetic model has been
analyzed in great detail by Ovesen et al. (8).

Infrared vibration spectroscopy and temperature-pro-
grammed reaction studies have confirmed the existence of
the formate species HCOOx* (27, 28). Synthesis of formate
has been performed on a Cu(100) single crystal exposed
to a CO;:H; gas mixture, and the formate species was
identified with X-ray photoelectron spectroscopy, electron
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TABLE 1

Elementary Steps in the Kinetic Model of
Methanol Synthesis

Steps Surface reactions
1 H.O(g) + » = H,O*
2 H,Ox + = OH= + Hx
3 20H~* =  H;Ox + Ox*
4 OHx + » = Ox + Hx
5 2H=* = H, + 2«
6 CO(g) +x = CO=
7 COx + Ox = CO* + *
8 CO,» = COxg) + *
9 CO;x + Hx = HCOO=* + »
10 HCOO* + H* & H,COO* + *
1 H-COO* + H* & H;CO» + O
12 H;COx + Hx = CH;0Hx + »
13 CH,OH~* = CH;O0OH(g) + *
14 H,COOx + » = HCHO» + O«
15 HCHO~* = HCHO(g) + »
16 H;COO#* + Hx & HCHO* + OH~

Note. A free surface site is symbolized by * and an
adsorbed atom or molecule X is symbolized by X=*.

energy-loss spectroscopy, and temperature-programmed
desorption (29).

There is spectroscopic evidence for the existence of
H,COO* on Ag(110) (30, 31), and the presence of
H>COO* on Cu(110) has been verified from interpreta-
tions of temperature-programmed reaction data (32).

Methanol and formaldehyde are molecularly adsorbed
on Cu(110), as shown by electron energy-loss spectroscopy
and temperature-programmed desorption (33-35). The di-
rect oxidation of formaldehyde to H,COQO= has been ob-
served with temperature-programmed reaction spectros-
copy (32).

A temperature-programmed reaction spectroscopy
study of a preoxidized Cu(110) surface exposed to metha-
nol (35) verified the dissociative adsorption of methanol
to H* and methoxide H;COx, oxidation of methoxide to
H* and H,COOx*, decomposition of H,COO+* to H* and
HCOO*, and finally, decomposition of formate to CO,
and H, at 7 = 470 K. Hydrogenation of methoxide to
methanol has been confirmed (35), but an experimental
verification of formate hydrogenation to methoxide has
not been reported yet. An investigation of formate hydro-
genation on Cu(100) has been performed, but it was not
possible to identify the products, because the yields were
too low to be detected (29, 36).

The elementary steps 9-13 in Table 1 constitute the
simplest reaction mechanism of the methanol synthesis
reaction. The kinetic model of methanol synthesis will be
based on all the elementary steps 1-13 in Table 1. Steps
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14-16 describe possible pathways leading to formaldehyde
as a by-product.

3. KINETIC MODEL

Kinetic models have been formulated with either step
10, 11, or 12 as the rate-determining step in the reaction
mechanism (Table 1). Each model was analyzed using data
from a recent Cu single-crystal experiment by Rasmussen
et al. (22), and the rate-determining step in the methanol
synthesis reaction was deduced to be the hydrogenation
of H,COO+ to methoxide and oxide.

We will here give a description of the procedure used
to formulate the kinetic model with step 11 as the rate-
determining step. The models with step 10 and step 12 as
the rate-determining step have been derived in an analo-
gous way.

Our kinetic model is an extension of the WGS model (8),
with the following set of rate and equilibrium equations:

Pn,0
K, 8. = B0 (3]
Po
k>
ry = k30,0060 — 7 Bo1. Onie (4]
2 K2
K, %Ha = GHZO- fo. [5]
ks
ry — k40()|—1.6- - OO.HH. [6]
K,
Ph,
K@= — & (7]
Po
K290, = 0. [8]
Po
k;
r; = k70c0.00. — ra fco,. 6. (9]
; 2
Pco,
Kg 0('0’. = -6, [IO]
- Do
Ko01.0c0,« = Brcoosb. [11]
K10bico0. O = 9H3C00~9- [12]

ru = k-1 K1 6u,c00401. — k-116u,co.00.  [13]

K> 9H3C0-9H- = OCH3OH~6' [14]
Pch,0H

Ki30cn,0m. = > 6.. [15]

K, are the equilibrium constants calculated from the
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molecular partition functions of the intermediates, &, are
the rate constants assumed to be of the Arrhenius form,
Ox. is the coverage of the species X*, and p, is the thermo-
dynamic reference pressure. In the present model, one
active site is defined as two Cusites, and 6, = 1 corresponds
to a ¢(2 X 2) surface structure.

The coverages of Ox and OH#* must be stationary at
each point in the bed of a catalyst operating in steady state.
A mass balance study of O* and OHx (Table 1) gives us
then the following relationship between the slow reaction
steps (8):

[16]

1
r7 — rn =E(r2 + r4)‘

In explicit form a second-order equation is obtained,

9. 0.1/2
a0+b<°) +c=0,
. 0,

where the following short-hand notations have been used:

(17]

2K P2 1 g, L Feron ( Pu, >¥”2
a =
" b Po 11K12K13 Po Ksp,
k4 ( sz )1/2
+ —
Ki\Ksp,
k K pH7 PH,0 1/2 K P 1/2
B (S
K3K5 po Do K% Do
kq Pco, PH,0
c=-2 28
K7K8 po po
KoKy Pco, { Pu, \3?
— 2k, K 98810 2( 2)
K8 po KSPU

It is now possible to relate all the coverages of the interme-
diates to 6,,

( -b+ Vh? — 4ac>
0‘
2a
K 172
fou = (7 Po )
(K szO> (—b + Vb? — 4ac
B (K‘k Do 2a B [ZO]

Pn,
K5p0

[19]

Oha. = 6. [21]
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Bir,00 = K p”jo 6. [22]
fcon = Ko 2 CO 6, [23]
fco,s = Elg p;jz 6. (24]
brcoor = % \/If:lz 1—)—’%—2 6. [25]
b,coor = 11?:2:%1);?2 6. [26]
R pC;ZOH (1:;)2 o [27]
Bcriom = KLBPC;(’)OH . [28]

From the conservation law 2,6, = 1, the coverage of free
sites is extracted to be

Pu PH,0
0l =1+ [+ K2+ K, PO
Kspo Po Po
1 Pco, + |KiPnyo (—b +Vb? - 4ac>
K8 po K3po 2(1
N {(_9 PH, Pco, N KQKIOK_}EPCOZ [29]
Ky VKspo po  KsKs po po
1 PcH,0H 1 PCH30H<1 sz)_l
Kis po KKz po Ks po
N (—b + Vb2 — 4ac)2
2a ’

In this way an explicit solution for all the coverages was
obtained. The net rate of the water and the methanol
synthesis is then given by the equations

Brcoo. O

*

HHCOOﬂ 0%—[‘ _
0.

FcH,0H = k-1KnKio = k_116h,c0. 004

rn,o = k-1 KuKio k_1164,co. 0o,

L}

_kg g01+
7YCO+VO K7

bco,. 0.,

with k;; = k_11K;. The reverse rate constant of reaction
step 11 is symbolized by k_;,. The rate constant k_;; was
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deduced from methanol synthesis experiments on Cu(100)
(22). The advantage of selecting k_;, as a fitting parameter,
instead of k,;, is that the partition function zy,coo. cancels
out in the product term Ky K;;. A reliable estimate of the
fitting parameter can then be obtained if the coverage of
H,COOx is small.

The net rate of all reaction steps in Table 1 must be
zero at gas-phase equilibrium. As a consequence, the cov-
erage of all species are explicitly defined by the external
gas composition and the equilibrium constants calculated
from molecular partition functions. Requiring all rates to
be zero, it is straightforward to show that the equilibrium
constant K¢ of the gas phase reaction

CO, + 3H, = CH;0H + H,O [30]
is related to the model equilibrium constants in the follow-
ing way:

2
PcH,0HPH,0P0
G = 3
Pu,Pco,

= Ki'K;'Ki' K5’ K¢ ' KoK10K 11 K12 K.

(31]

Inserting K in the net rate expression gives the result

= “3/2 -1
YCH,0H = k-nKs"“Kg KoK0K)yy

(32]
(BNCRE
Po Po
with the shorthand notation
_ 1 ( 00. 631, ) PCH,OHPH,0 (3]
T KcK:K,y 6H20-03 P%ilzzpyz

The net rate, r, is uniquely split into the difference between
r, and r_, if step 2 makes several turnovers in both direc-
tions compared to step 7,

(34]

r=r,—r.

Pu,\¥? (Pco
ry = k_llKgyng]KgKmKl] ( 2) ("‘p—z) 93 [35]

o o

1 PcH,04PH,0
r- =k 1 K5*?Kg' KoK oK1, K—G”_pi/TpuTz— 6. [36]
2 (¢

Introducing K clearly demonstrates that the net rate r is
equal to zero at thermodynamic equilibrium.
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TABLE 2

Rate Constants for Cu(111) Used in the
Kinetic Model

E; = 114.0 kJ mol !

A; =26 X 10%s !

Ay =23 % 108s ! Ey =991 k] mol'!
A; =11 x 10%s ! E; = 722 k] mol™!
Ay =21 X 10Ws! Ey = 780 kJ mol !

Ay =78 x10%s"! E;, = 161.8 kJ mol !

4. MODEL PARAMETERS

General techniques used to determine the model param-
eters of the WGS mechanism have been published pre-
viously (8), and we have obtained essentially the same
results. The extra input parameters of our methanol model
are listed in Tables 2 and 3.

TABLE 3

Table of Thermodynamic Data for Cu(111) Used in the
Kinetic Model of the Methanol Synthesis

Species Parameters

HCOO+* v, =3220cm ! » = 3551(2) cm ', v, = 400.0(3) cm ',
vy =758 cm ', 1n=1331cm ', »n = 1640 cm ™', v, =
2879 cm ', v = 1073 em ', p, = 1377 cm ' and E, =
—552.7 kJ mol™!

CH:O* v, = 400.00 cm ', 3 = 36.49(2) cm ', », = 360.0(3) cm ',
vy = 10200 cm !, »» = 1150.0(2) cm !, 2 = 1460.0(3)
cm ', vy = 2840.0 cm™', »s = 2940.0(2) cm™', and E, =
=300.0 kJ mol !

H,COO»* v. = 40500 cm ',y = 29.95(2) cm ', v, = 400.0(3) cm ',
v =6300cm ', » =960.0cm ', »; = 1090.0 cm "',
vy = 1220.0(2) cm ', »s = 14200 cm !, », = 1480.0
cm™, o =29200cm !, i = 30000 cm ' and E, =
—568.0 kJ mol ™!

CH,OH 1, = 6578 x 10 kg m?, Iy = 34.004 X 10 ¥ kg m?,
I = 35306 x 1079 kg mLo=31=270cm ', p=
1033 em™', v = 1060 ecm™!, py = 1165 em™}, v = 1345
cm ',y = 1477(2) cm ', 1y = 1455 em™!, i = 2844
em ', py = 2960 cm ', vy = 3000 cm” ', vy = 3681
cm ' and E, = ~342.8 kJ mol !

CH:OH* v = 2900 cm ', u = 35.51(2) em"", », = 360.0(3) cm !,

vy =7cm ' »n=80cm, »=1030cm!, y, =
1150(2) em !, vs = 1470(3) cm ', v, = 2860 cm™!, 1y =
2970(2) em™', 5 = 3320 cm !, and E, = —4133 kJ
mol !

Note. B, 1. and o are the rotational constant, the moment of inertia, and
the symmetry number of the gas-phase molecule, respectively. Vibrational
modes are denoted by » with j = 1 — jq... and the degeneracy of a
frequency is enclosed in parentheses. The frequencies v, v, and v, are the
frustrated translational orthogonal frequency, the frustrated translational
parallel frequency, and the frustrated rotational frequency, respec-
tively (4).
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Temperature-programmed desorption results of formate
decomposition on Cu(100) (29) were analyzed to deduce
the ground state energy E, of chemisorbed formate. We
defined the rate constant of formate decomposition as
k_9 = k¢Ky. The equilibrium constant K, is a function of
E,, and the extraction of the ground state energy was
performed by a best fit to the temperature-programmed
desorption curves.

Published results of formate synthesis on Cu(100) (29)
were used to determine the rate constant of formate syn-
thesis ky. A kinetic model was presented in Ref. (29) which
consisted of three steps equivalent to steps 5, 8, and 9 in
our model,

o, | PH, 0
T Kspn ’

0 1 Pco,
CO,+ — Kx Do * [37]
1 P\ 1 Pco,
9*:1_6}{(‘()(). 1+ E[) +Fp
A [\ 8 o
dOucoo. _ ko
a ko Bco,s Oua X, Bucoo. b

In the investigation of the model by the authors of Ref.
(29) a repulsive formate—formate interaction energy of 14
kJ mol~' was introduced to explain the measured data. We
have analyzed the published data using the same kinetic
model with no pairwise interactions of species except for
the usual interaction limiting the saturation coverage to
one molecule per site. Measured data were reproduced
successfully without the formate—formate repulsion if
coo. = 0.20 ml. The competition for free surface sites
at a higher coverage of formate requires a more detailed
statistical mechanical treatment. For simplicity we neglect
the formate—formate interaction and only use points with
fucoo« = 0.20 ml in the calculation of the rate constant
kq. Calculations of the coverages under reaction conditions,
Section 5.4, show that the coverage of formate is indeed low
at typical methanol synthesis conditions. The activation
energy in the reverse direction (step 9) was calculated to
be E*y = 120.0 kJ mol ', very close to the measured activa-
tion energy E* = 129.0 kJ mol ! of formate decomposition
on Cu(110) (35, 37). The value of E, was required in the
evaluation of ko, but this problem was solved by repeating
the fitting procedures of E, and ky until a self-consistent
solution was obtained.

Methoxide decomposes to formaldehyde and hydrogen
at approximately 365 K on Cu(110) (35). It is less stable
than the formate species, which decomposes to hydrogen
and carbon dioxide at approximately 470 K. A large steady-
state concentration of copper formate has been observed
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FIG. 1.

on a working methanol synthesis catalyst at industrial op-
erating conditions (23). The methoxide species was not
detected, which indicates that the surface concentration of
methoxide must be very small during the methanol synthe-
sis. Experimental data are not available for a calculation
of the ground-state energy of methoxide, and to ensure a
low coverage of methoxide the following value has there-
fore been chosen: E, = —300.0 kJ mol ™.

The stability of H,COO=* cannot be directly calculated
because the decomposition of H,COOx* to hydrogen and
formate occurs at 7 = 260 K on Cu(110) below the hydro-
gen desorption temperature at 7 =~ 340 K (31, 32). To
ensure a low coverage of the species the ground state
energy has been estimated to be E, = —568.0 kJ mol~.

The rate-constant k; was deduced from Cu single-crystal
measurements (22) of methanol formation to be discussed
in the next section.

5. DISCUSSION
5.1. Turnover Rates on Cu(100)

Three kinetic models were formulated with step 10, 11,
or 12 as the rate determining step in our proposed reaction
mechanism (Table 1). The rate constant &, (m = 10, 11,
or 12) was extracted from published results of methanol
formation on a Cu(100) surface exposed to a feed of
H,:CO, = 1:1 at 2 bar and varying temperatures in the
range T = 483-563 K (22).

Each kinetic model was tested against independent sets
of methanol data obtained from the Cu(100) crystal experi-
ment (22) with varying pressures and changes in the synthe-

Total pressure variation with gas composition H,: CO; = 1:1 and temperature T = 543 K on Cu(100).

sis gas composition. The hydrogenation of H,COO* to
methoxide and oxide was found to be the correct rate-
limiting step. Arrhenius parameters of the rate constant
ky, are given in Table 2.

The model was first tested against methanol formation
data obtained with a feed gas of H,: CO, = 1:1 at constant
temperature 7 = 543 K and varying pressures (22). the
predicted formation of methanol as a function of exposure
time correlates well with the measured data (Fig. 1). A
second test of the model was the comparison of predicted
rates and rates measured on the Cu(100) crystal exposed
to different synthesis gas compositions at constant temper-
ature T = 543 K and constant pressure p = 2 bar (Fig.
2). The agreement is acceptable taking into account an
estimated uncertainty of 20% of the measured data (22).
The agreement suggests that the rate-limiting step of meth-
anol synthesis is indeed one of the steps, 10, 11, or 12, with
step 11 begin the most likely candidate.

5.2. Turnover Rates on Real Catalysts

An investigation of the implemented WGS mechanism
in the model has been performed using low-pressure WGS
results published by Herwijnen et al. (38, 39). Initial WGS
rates as a function of the mole fraction of water were
measured using a plug flow reactor designed to give conver-
sions below 12% of equilibrium (Fig. 3). The experiments
were performed with a Cu/ZnO catalyst in the temperature
range T = 445-501 K, total pressure p = 1 atm, and varying
feed gas mixtures of CO, H,O, and nitrogen.

We have used input parameter sets from Cu(100),
Cu(111), and Cu(110) to analyze the structure sensitivity
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FIG. 2. Change of H,:CO; gas composition at constant 7 = 543 K and p = 2 bar on Cu(100). Solid circles represent measured rates and open

circles represent model predictions.

of the catalyst. It was only possible to obtain a good repro-
duction of the experimental data with the Cu(111) parame-
ter set. This result indicates that copper is the catalytically
active component in the catalyst with a dominant Cu(111)
facet. The larger area of the Cu(111) facet among the three
facets studied can be given a natural explanation from the
Wulff construction, because of the lower surface energy
determined by the more close-packed surface structure.

This observation is in agreement with computer simula-
tions of Cu clusters at high temperatures, where the domi-
nant surface facets could be identified with close-packed
surface structures after annealing (40).

Graaf et al. (41, 42) have measured the activity of a
commercial Cu/Zn0/Al,O; catalyst at pressures p = 15-50
bar, temperatures T = 483-518 K, and by varying flow
rates and gas mixtures of H,: CO;: CO. A spinning basket

0.50 —

040

0.30 +

0.20

\nitial WGS rate (site*sec)’

0.10

0.00 L

9 445K
0457 K
A470K
A489K
ES501 K

0.2 0.4

0.6 0.8 1.0

Mole fraction of water

FIG. 3.

Initial WGS rates as a function of the mole fraction of water. The solid lines are the model predictions of the initial rates.
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FIG. 4. Measured versus calculated turnover frequency of methanol. Total pressures are 15, 30, and 50 bar. Temperatures are 483.5, 499.3, and
516.7 K. Diamonds, inlet gas composition H,: CO: CO, = 85.9:12.0:2.1; squares, inlet gas composition H;: CO:CO, = 754:17.9:6.7. and circles,

inlet gas composition H,: CO:CO, = 90.0:53:4.7.

reactor was used which kept the catalyst particles in four
baskets on a stirrer shaft. With this setup high mass and
heat transfer rates were obtained between the gas and
catalyst, insuring that the catalyst bed was exposed to the
same gas composition. The mole fractions of the compo-
nents in the exit gas composition were measured with a
GLC apparatus, except for hydrogen, which was deter-
mined from a total material balance. The reaction rates
for water and methanol were calculated from mixed-flow
material balances over the reactor (41, 42).

The Cu area of the catalyst is taken from (21), and
a direct comparison of the measured rates with model
predictions can be performed (Fig. 4). Our kinetic model
was extrapolated to the working conditions of Graaf’s ex-
periments (41, 42), and an agreement between measured
and model-predicted turnover rates is expected if the active
phase of the catalyst is metallic copper. Before beginning
our analysis, we performed a critical study of the published
data from Graaf et al. (41, 42). Since they observed intra-
particle diffusion limitations at temperatures above 518 K,
these data points were ignored in our comparison. Also,
their measured exit mole fraction of methanol was com-
pared to a theoretical mole fraction determined from mate-
rial balances of hydrogen, carbon, and oxygen. A compari-
son of the expected and measured mole fraction of
methanol demonstrated that not all published data points
could have been obtained from the catalyst operating in
steady state, since relative errors up to 100% were found.
All the data points from the three inlet gas compositions
shown in Fig. 4 have relative errors below 40%.

Figure 4 illustrates the agreement between measured
and model-predicted turnover rates. The good agreement
between calculated and measured rates demonstrates that
it is possible to use Cu single-crystal data to predict the
rate of methanol synthesis over an industrial catalyst. How-
ever, a trend between the data points from three different
inlet gas compositions can be observed. The measured
methanol rates with a high pco/pco, ratio are greater than
the predicted rates, and the measured methanol rates with
asmall pco/pco, ratio are below the predicted rates. These
observations suggest that step 12 in Table 1 could be the
rate-determining step. The forward net rate would then
be proportional to the correlation factor pco/pco.. if step
7 makes several turnovers for each turnover of the net
reaction. To test this hypothesis, a new model with step
12 as the rate-limiting step was constructed and tested
against the catalyst data. However, the predicted rates
were found to be unacceptably high (43) compared with
the measured data, and a kinetic model with step 12 as
rate determining is not very likely. This conclusion is sup-
ported by the Cu(100) single-crystal experiments discussed
in Section 5.1, where the rate-determining step was found
to be step 11.

Another interesting explanation of the systematic devia-
tion of the data points in Fig. 4 was given by Clausen et
al. (44). It was suggested that the total copper area of a
working catalyst depends on the oxidation potential of the
synthesis gas. Calculations of the morphology change of
supported copper particles with the Wulff construction
verified that the copper area can change significantly if the
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interface energy between copper and support is changed
(44). This effect has direct consequences for the methanol
synthesis catalyst, which is composed of metallic Cu parti-
cles dispersed on ZnO. A relatively large CO content in
the gas composition will have a reducing influence on the
ZnO, and the removal of oxygen in the interface region
between copper and ZnO will have an impact on the sur-
face shape of the Cu crystallites (44). The shape of the
copper particles on zinc will become thinner, since the
interface energy of Cu-Zn is lower than the interface en-
ergy of Cu—-ZnO. The total surface area of copper in the
catalyst will thus be increased with a high reduction poten-
tial of the synthesis gas. Implementing a correction factor
proportional to the ratio pco/pco, in the rate equation of
methanol production could possibly eliminate the system-
atic deviations observed in Fig. 4.

Opverall, reasonably good agreement between measured
and predicted rates is observed, considering the uncer-
tainty of the measured methanol rate and the possibility
of in situ morphology changes of the metallic Cu particles
in a working catalyst. In no case is the calculated rate off
by more than a factor of two, except for a few data points
at conditions where the measured turnover rate is below
1 X 107% site X s7'. This is as good as can be expected
from the present model, which is based on a mean field
description of adsorbates with no adsorbate—adsorbate in-
teractions except the usual nearest neighbor repulsion lim-
iting the saturation to one molecule per site.

5.3. Thermodynamic Stability

The methanol process, 3H, + CO, = CH;0H + H;0,
is exothermic with a negative reaction volume and thus

Enthalpy of formation on Cu{111) at T = 543 K, p = 2 atm, and 8 = 0.5 for the methanol synthesis.

favored by low temperatures and high pressures. However,
a selfinhibition of the methanol synthesis will occur at
temperatures that are too low (7 < 500 K, Section 5.4),
and low pressures are wanted in the industry to reduce
costs in methanol manufacturing. Industrial methanol
plants consists of a series of adiabatic beds with cold syn-
thesis gas injected between the beds to keep the tempera-
ture increase during methanol synthesis under control (11).
The standard enthalpy of formation of the methanol pro-
cess is AH = —49 kJ mol ™!, equal to the value predicted
by our model.

Thermodynamic functions can be derived from the ca-
nonical partition function by standard techniques (4, 45).
An investigation of the change in enthalpy and Gibbs free
energy for each reaction step in our model has been per-
formed at 2 atm, 543 K, and 6 = 0.5 for each species (Figs.
5 and 6). The location of the levels in Figs. 5 and 6 changes
with temperature, since AH and AG are temperature de-
pendent.

The chemisorption of the gas phase components is exo-
thermic (AH < 0) and endergonic (AG > 0) as a result of
the entropy decrease. The positive change in Gibbs free
energy at chemisorption indicates that the steady-state
equilibrium coverages of the species are small. The order-
ing of the steps indicates that the coverage of methoxide
is low compared to the coverage of methanol, and that the
coverage of H,COOx is low compared to formate.

5.4. Coverage of Intermediates

Calculated coverages of the species are shown in Table
4, The values of the shift reaction intermediates are almost
identical to previous published data (8).
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At low pressure p = 2 bar, temperature T = 500 K,
and gas composition H,:CO,:CO:H,0:CH;0H =
89.49:4.49:5.49:0.51:0.02 corresponding to an 84.81% ap-
proach to equilibrium, the abundant species were free sites
6. =~ 0.88 and hydrogen 6y, =~ 0.11. The approach to equi-
librium is defined here as the ratio of the actual reaction
quotient to the equilibrium constant. At high pressure
p = 50 bar, temperature T = 500 K, and at gas composition
H,:CO,:CO:H,0:CH;0H = 88.65:3.65:1.79:1.35:4.56
corresponding to a 87.19% approach to equilibrium, the
abundant species were free sites 6, ~ 0.52, hydrogen
6. =~ 0.33, and formate 6ycoo. = 0.07.

The value of 8. is very small, indicating that methanol

TABLE 4

Coverage of Species on Cu(111) at T = 500 K with a Gas
Composition Corresponding to Approximately 85% Approach
to Equilibrium (Section 5.4)

Coverage of species p = 2 bar p = 50 bar
ox 8.80 x 10! 5.20 x 107!
Oy 1.10 x 10! 3.30 x 107!
Bucoos 1.20 x 103 7.00 X 1072
fo. 2.40 X 10°® 3.90 x 10°°
B0+ 4.50 x 10-° 1.70 x 1073
ot 220 x 1073 1.70 x 1072
Oco. 3.30 x 10-3 1.60 x 1072
bco, 230 X 1074 2.80 x 1073
Bcn,0ms 1.80 x 10°% 420 % 1072
hi.co 4,60 x 107" 2.20 x 1078
611,c00+ 1.70 x 10°8 4.90 X 10°°

is formed on an essentially oxygen-free Cu surface. This
result is supported by the work of Muhler et al. (21), who
measured the response in methanol activity in situ on a
working catalyst adding CO and CO, as pulses and steps
to the reaction gas mixture. The in situ probing of 6.
deduced from the transient behavior of methanol forma-
tion clearly demonstrated no significant amount of oxide
on the Cu surface.

The predicted relative large coverage of formate has
been verified with a recent in situ infrared vibration spec-
troscopy study by Millar e al. (23). A significant steady-
state concentration of copper formate was measured under
typical industrial operating conditions. Methoxide and
H,COO* were not detected on the copper component,
but this observation is not in disagreement with our work,
since the model predictions of 6y,co. and 6 coo. are very
small and therefore hardly detectable.

The coverage of the intermediates were almost constant
at the industrial working conditions p = 50 bar and T =
493-573 K. Below 500 K formate became the abundant
species with fycoo. = 1 at T = 400 K, and a complete
blocking of the free sites occurred.

5.5. Activation Enthalpy

The overall activation enthalpy is defined by the formula

H' = kg T (d tn '*) ,
24

a7 [38]

with a solution too large to be reproduced here.
A simplification of H* can be performed, if one of the



KINETIC MODEL OF METHANOL SYNTHESIS

250.0

239

200.0

150.0

Enthalpy (kJ/mol)

100.0

50.0

1 L

200.0 300.0 400.0

500.0 600.0 700.0 800.0

temperature (Kelvin)

FIG. 7. Activation enthalpy versus temperature with gas composition H,: CO,:CO = 90:5:5 and pressure p = 50 bar on Cu(111).

slow steps in the redox mechanism makes several turnovers
in both directions for each net turnover of the WGS re-
action,

HiZHEH +H” _%

+ HSOH' - 2H1 BHZO' - 2H68C0i + 2H80C02,

Hs— Hg+ Hy + Hyg

1
+ 2 (E Hs; + Hg — H9> Bucoos

+ 2(Hs + Hy — Hy — H10) bu,coo. [39]

1
+2 ('—5 Hs+ Hy + H13> 0H3C0' + 2H130CH30H'
— 2(H, + 2H, + Hs + Hs)6,.

-2 (Hl +H, + %HS) B0k

Temperature and surface concentrations of the reaction
intermediates will determine the value of H*. The sum of
the product terms is the average cost in energy to create
two free sites required in the rate-limiting step

Ha(g) + COx(g) + 2% = H3CO* + Ox. [40]

[\SFEIS)

The activation enthalpy of the methanol synthesis at

p = 50bar and a gas compositionof H,: CO: CO, = 90:5:5
was calculated to be H* = 75-100 kJ mol ™! in the tempera-
ture interval 500-580 K (Fig. 7). The dramatic increase of
the overall activation enthalpy H* below 500 K can be
explained by an increasing coverage of formate (Section
5.4). The cost in energy H. to create two free sites will
become significant,

Hge = (Hs + 2Hg — 2Ho) X Bycoo-
= 175 kJ mol_l X HHCOO"

[41]

The methanol process will become self-inhibiting below
500 K, due to site blocking by the stable formate species.
The pressure dependence of the overall activation en-
thalpy H* can be seen in Fig. 8. The calculated value of
H* changes from H* =~ 66 kJ mol™' at p = 1 bar to H* =
120 kJ mol™! at p = 100 bar. An increase of the total
pressure will reduce the coverage of free sites and the
activation enthalpy will thus increase with pressure.

Typical working conditions for the industrial synthesis
of methanol are H,:CO:CO, = 90:5:5, p = 50-100 bar,
and T = 493-573 K (11, 12). This temperature range en-
sures a low overall activation energy predicted by the
model (Fig. 7).

The activation energy was calculated to be H* = 68.3
kJ mol ! at 2 bar, at 543 K, and with gas composition
H,:CQ, = 1:1. This result is in agreement with the value
H* = 69 *+ 4 k] mol™! estimated from a Cu single-crystal
experiment by Rasmussen et al. (22), and a indication of
the validity of our kinetic model.
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5.6 Reaction Orders

The reaction orders «; are defined by

= (dln r./d1n ﬁ)
po

The derived expressions of «;, which are too large to be
shown here, were dependent on the surface concentrations
of the reaction intermediates, and thus highly dependent
on the temperature and pressure.

Reaction orders of H,, CO,, and CO have been calcu-
lated using a typical methanol synthesis gas mixture of
H,:CO,:CO = 90:5:5 at total pressure p = 50 bar (Fig.
9). The variation of ayy, and aco, can be explained by the
change in formate coverage upon going from Oycoo. = 1
at 7 = 400 K to 6ycoo. = 107* at T = 800 K. Reaction
orders in the low-temperature domain with a high coverage
of formate are ay, = 1/2, aco, = —1,and aco = 0. Reaction
orders in the high-temperature domain with a low coverage
of formate are ay, =~ 3/2, aco, = 1, and aco = 0. The
coverage of free sites at 7 < 400 K is very small due to
the blocking by the stable and abundant formate species.
This self-inhibiting feature of the methanol synthesis is
indicated by the negative value of aco, = 1 —1. The varia-
tion of the reaction orders in the relevant temperature
range of methanol synthesis 7 = 493-573 K (11, 12) are
an, = 1.0-1.3, aco, = 0.8-1.0, and aco = 0.0.

Pressure variations will have an impact on the reaction
orders through a change in equilibrium coverages of the
species. Figure 10 shows the reaction orders as a function

[42]

of pressure at temperature 7 = 500 K and feed gas compo-
sition H, : CO,: CO = 90:5:5. At pressure p = 1 bar the
reaction orders are ay, = 1.4, aco, = 1.0, and aco = 0.0.
At pressure p = 100 bar we have ay, = 0.95, aco, = 0.58,
and aco = —0.14 (Fig. 10). The decrease in reactions orders
going to higher pressures indicate that the methanol pro-
cess will be inhibited due to a reduction of free sites.

The calculated reaction orders with a gas composition
of H;:CO, = 1:1,a temperature T = 543 K, and a total
pressure of p = 2 bar were ay, = 144 = 3/2 and aco, =
1.00. The model predictions are consistent with results
from a Cu single-crystal experiment (22), where the rate
of methanol synthesis was observed to scale with the total
pressure as p>36=014 (22),

6. CONCLUSIONS

We have formulated a kinetic model for the synthesis
of methanol. The kinetic model is based on a reaction
mechanism deduced from Cu single-crystal experiments.
The water—gas shift reaction was implemented in the ki-
netic model, since this process competes with the methanol
synthesis reaction on the working catalyst. No adsorbate—
adsorbate interactions have been introduced in the model,
except for the usual nearest neighbor repulsion limiting
the saturation coverage to one molecule per site.

With data from methanol synthesis on a Cu(100) single
crystal (22) the rate-limiting step in the reaction mechanism
of methanol synthesis was found to be the hydrogenation
of H,COO* to methoxide and oxide (step 11 in Table 1).
Measured rates of methanol synthesis (22) at pressures
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FIG. 9. Reaction order versus temperature with gas composition H,: CO,:CO = 90:5:5 and pressure p = 50 bar on Cu(111).

p = 1-4 bar, temperatures 7 = 483-563 K, and varying
gas mixtures of CO, and H, were reproduced by the model.

An investigation of the coverages of the intermediates
showed that hydrogen and formate were the abundant
species under industrial working conditions of the metha-
nol synthesis (493-573 K and 50-100 bar). A self-inhibition
of the methanol synthesis was predicted by the model at
temperatures below S00 K due to the blocking of free sites
by the stable and abundant formate species.

The overall activation enthalpy of methanol synthesis
was calculated to be H* = 75 — 100 kJ mol ! in the tempera-
ture interval T = 500-580 K with a gas composition
H,:CO:CO, = 90:5:5 and total pressure of 50 bar. A
considerable increase of H* was predicted at temperatures
below 500 K due to the blocking of free sites by the formate
species. The model prediction of H* = 68.3 kJ mol™! at
T = 543 K, p = 2 bar, and gas composition H,:CO, =
1:1 is consistent with an estimated activation enthalpy

reaction order
(o]
(4]
T

—— H2

----------- co2

—-—-CO
00 b~—— _ _ _ _ _ 1
'0'5 1 Lo 1 1 1 L 1 1 1 1
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pressure (bar)

FIG. 10. Reaction orders versus pressure with gas composition H;: CO,:CO = 90:5:5 and T = 500 K on Cu(111).
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H* = 69 * 4 kJ mol™' from Cu(100) single-crystal experi-
ments (22).

The reaction orders in the temperature range 7' = 493~
573 K with a gas mixture of H,: CO,:CO = 90:5:5 were
calculated to be an, = 1.0-1.3, aco, = 0.8-1.0, and
aco =~ 0.0 at a constant pressure of p = 50 bar. The reaction
orders with a gas composition of H,: CO,:CO = 90:5:5
and at constant temperature T = 500 K changed from
ay, = 14, aco, = 1.0, aco = 0.0 at a low pressure of p =
1 bar to ayy, = 0.95, aco, = 0.58, aco = —0.14 at a high
pressure of p = 100 bar. The model predictions of ayy, =
1.44 =~ 3/2 and aco, = 1.00 at a temperature of 7 = 543
K, a pressure of p = 2 bar, and a gas composition of
H,:CO, = 1:1 are in agreement with Cu(100) single-crys-
tal experiments of methanol synthesis (22), where the rate
of methanol synthesis was observed to scale with the total
pressure as p236+014,

The kinetic model was extrapolated to industrial work-
ing conditions of real catalysts (38, 39, 41, 42). The WGS
rates (38, 39) were reproduced with great success, and the
calculated methanol rates were in reasonable accordance
with the measured catalyst rates (41, 42). It was only possi-
ble to obtain good model predictions with Cu(111) input
parameters, and our results thus indicate that copper is
the catalytically active component in industrial methanol
catalysts with a dominant (111)-facet.
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