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A detailed reaction network, derived from literature data and our
own experimental work, is used as a basis for the development of
a steady-state kinetic model for methanol synthesis and the water
gas shift reaction on a commercial Cu/ZnO/Al,Oj; catalyst. Experi-
mental data, obtained in a bench scale setup, operating between 180
and 280°C and at pressures up to 51 bar, are subsequently used for
the estimation of the parameters in the proposed model. The result
is a mechanistically sound kinetic model, comprising a set of statis-
tically significant and physically meaningful parameter groups. It
accurately predicts the experimentally obtained conversions, even
upon extrapolation outside the originally applied experimental win-
dow. Using this model, the influence of inlet temperature, pressure,
and the ratio of pco and pco, are briefly illustrated. ~ © 1996 Academic

Press, Inc.

INTRODUCTION

The main lines in the mechanism of the conversion of
a CO/CO,/H; feed into methanol over a Cu/ZnO/Al,O3
catalyst are now well established, and a large number of
kinetic equations have been proposed.

Generally speaking, the mechanism can be based on
three overall reactions: the hydrogenations of CO; and CO,

CO; + 3H, = CH;0H + H,0
CO +2H, = CH;0H,

with equilibrium constants K and K, and the water gas
shift reaction,

CO + H,O &2 H; + COy,

with equilibrium constant K3.

Early kinetic models were derived for the ZnO/Cr,0O3
catalyst of the high pressure process, which has now almost
completely been abandoned in favor of the low pressure
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technology. A classic example from this early work is the
equation proposed by Natta (1),

feo fd, — femon/Ks
(A+ Bfco + Cfy, + Dfcryon)’’

l'cH;0H =

in which f; denotes the fugacity of component i and A, B,
C, and D are estimated constants. Apparently, Natta as-
sumed that only the hydrogenation of CO occurs, in which
he proposed the trimolecular reaction of CO and molecular
hydrogen to be rate determining.

Bakemeier et al. (2) noted an important discrepancy
between their experimental observations on ZnO/Cr,03
and Natta’s predictions, particularly in the case of CO,;
rich feeds. For this reason, a CO, dependency was intro-
duced in the equation in the shape of a Langmuir type
isotherm.Assuming the methanol desorption to be rate de-
termining, the authors ended up with

AeE/RT[pm b8 (1 — (peron/ Peo P, K3))]
1+ De"F/RTpco, / pu,

l'CH;0H =

’

whereby A, E, m, n, D, and F were determined from exper-
imental data.

Leonov et al. (3) were the first to model methanol syn-
thesis kinetics over a Cu/ZnO/Al,Os catalyst. Their model
again assumed CO to be the source of carbon in methanol
and did not account for the influence of CO; in the feed:

0.5 0.34
Feon = k Pco PH, PchH;on
3 - 0.66 T 05 w |-
Pcron  Pco P, K3

Andrew (4) used a power law type of equation, with an
extra ®co, function to account for the occurrence of a max-
imum in the carbon conversion to methanol when adding
CO, to the CO/H; feed.

Whereas these first authors used a more or less correla-
tive approach, a number of later contributions focused on
effectively implementing detailed mechanistic considera-
tions in the kinetic model.
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Klier et al. (5) nolonger considered CO to be the only, but
still the most important source of carbon in methanol. Ex-
perimental variation of the pco/pco, ratio, at a fixed total
pressure and hydrogen concentration revealed a maximum
in the synthesis rate. They ascribed the decrease of the re-
action rate at low pco/pco, to a strong adsorption by CO,,
while at high ratios an excessive reduction of the catalyst
was thought to take place. The ratio of the number of ac-
tive, oxidized sites and the inactive, reduced sites is solely
determined by the pco/pco,, through a redox-like mecha-
nism, the equilibrium of which is characterized by Kiedox-
They further assumed competitive adsorption of CO; and
CO or Hy, and accounted for the direct hydrogenation of
CO; by an empirical term. This led to the equation

K3 40x (PO, / Pco)? (Pco P, — Person/K3)

I'ca,og = const
’ [1 + Kredox(Pco,/ Pco) P (F + Kco, Pco,)"

+ k/(pCOz - (1/Kik)(pCH30H szO/pI%Iz))'

These equations later served as a base for the work of Mc-
Neil et al. (6), who expanded on the mechanism of the di-
rect hydrogenation of CO, and the possible role of ZnO
as a hydrogen reservoir. Despite the much larger number
of parameters in the resulting model, the latter authors did
not manage to show a significantly better agreement be-
tween the experimental and the simulated results than that
already obtained by Klier et al. (5).

Villa et al. (7) realized that a thorough modeling of the
methanol synthesis system should also involve a description
of the water gas shift reaction. Assuming thereby again that
the hydrogenation of CO is the only route to methanol, this
resulted in the following set of equations

feo frz — fenson/K3
(A+ Bfco + Cfu, + Gfco,)?

lcH;0H =

fco, fu, — fco fa,0K3
M?2 ’

FRWGS =

implying that the generation of methanol and the water gas
shift occur on different types of sites.

Graaf et al. (8, 9) considered both the hydrogenation of
CO and CO; as well as the water gas shift reaction. Inspired
by the work of Herman et al. (10), the authors proposed a
dual site mechanism, adsorbing CO and CO, on an s; type
site and H, and water on a site s,. Formation of methanol
from CO and CO; occurs through successive hydrogena-
tions, while the water gas shift reaction proceeds along a
formate route. Assuming the ad- and desorptions to be in
equilibrium and taking every elementary step in each of the
three overall reactions in its turn as rate determining, the
authors ended up with 48 possible models. Statistical dis-
crimination allowed them to select the following final set of

equations:

I'CH;0H,1
_ KsicKeos [ feo, f” = femon o/ (F7°K7)]
(1+ Kco feo + Keo, feo,) ffqﬁz + (KHZO/K;{f) fu,0]

I CH;0H,2

_ K 2cKco [ feo il = fomon/ (i K3)]
(1 + Kco feo + Keo, feo,) ffqﬁz + (KHZO/Kﬁ/f) fu,0]

FRWGS

Kis 30 Ko, (fco, fr, — fryo feoKy)

(4 Kceo feo + Kco, fcoz)[f}llﬁz + (KHZO/K%[/ZZ) fi,0) '

In doing this, however, the authors failed to account for the
fact that some intermediates feature in two different over-
all reactions. This implies that the model simultaneously
predicts two different concentrations of one and the same
intermediate like formyl and methoxy species.

Parallel to this evolution, Russian groups led by Ro-
zovskii and Temkin (see references to this work in (11))
developed a number of kinetic models for the SNM type
Cu/ZnO/AlL,O3 catalysts. Since neither of these groups ever
succeeded in producing methanol from a dry mixture of
CO and hydrogen, the models are all based on the direct
hydrogenation of CO; to methanol, while the majority also
accounts for the occurrence of the water gas shift reaction.
Malinovskaya et al. (11) compared a number of these mod-
els using own experimental data and selected the following
set of equations, originally presented by Mochalin et al. (12):

ki Pco, P, (1 — Pcn,on PH,0/ (K Peo, Piy,))
Pco, + Ku,0 Pco, Pu,0 + K Pu,0

K P, Pco, (1 — Pco Pr,0 K3/ (Pco, PH,))
Pco, + Ku,0 Pr,0 Pco, + K" Pr,0

l'CH;0H =

FRWGS =

Unfortunately, the authors did not expand on the physical
background of the model, nor did they mention the numer-
ical value of the different parameters in the model.

In the current work, a detailed reaction scheme for the
conversion of syngas over a Cu/ZnO/Al,O; catalyst will be
proposed, serving as the backbone for the development of a
mechanistically sound kinetic model. It will account for the
hydrogenation to methanol and include the reverse water
gas shift.

EXPERIMENTAL

Figure 1 presents a schematic view of the bench scale
setup that was used for the acquisition of the kinetic data.
In the feed section, the reactants CO, CO,, and H; and the
internal standard argon were led through a set of mass flow
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FIG. 1.

controllers (Brooks 5850TR). The use of pure CO; ensures
flexibility in the choice of the feed composition, but also
sets an upper limit for the operating pressure, since CO;
condenses at 54 bar at ambient temperature.

The stainless steel reactor was of the tubular type, with
an internal diameter of 15.8 mm and a length of 150 mm,
withstanding temperatures up to 400°C and pressures of 100
bar, governed by a membrane back pressure controller. An
insulating cover (Fiberfrax Duraboard 1200 by Carborun-
dum) minimized radial and axial heat losses. The reactor
was divided into three heating zones, each with its own PID
temperature controller (Shinho MCS), facilitating isother-
mal operation. The temperature profile along the bed was
measured by means of eight thermocouples (TC), situated
at the central axis of the reactor. The TC are linked to a
PC, enabling a continuous and on line registration of the
temperature profile.

The experiments involved a commercial ICI 51-2
Cu/ZnO/Al,O3 catalyst, ground into 0.125- to 0.25-mm or
0.3- to 0.7-mm particles. It was diluted with an inert, for the
sake of isothermicity, and positioned in the reactor between
a top and a bottom inert bed. The height of the bed in most
cases amounted to about 5 cm. Since the reactor diameter
was 16 mm and the pellet size never surpassed 0.7 mm, the
ratio d,/d, always exceeded 22, ensuring a uniform distri-
bution of the feed over the reactor section (13).

The high-pressure effluent lines, containing water and
methanol, were constantly kept at temperatures above
150°C, by means of Habia electrical resistance heat wiring,
to avoid condensation. The gas finally reached the analysis
section, where a gas chromatograph (GC, Packard 438S)

PC1

Schematic view of the bench scale reactor system used in the kinetic data acquisition.

determined its composition, while a mass spectrometer
(Balzers 420), scanning the concentration of the different
gas phase species in time, revealed possible disturbances in
the intended steady-state reactor operation.

Due to the limited sensitivity of the GC katharometer,
the reactor was operated in an integral fashion (13), yielding
the conversions of the different reactants as experimental
responses. The absence of diffusional limitations, internal
as well as external, was thoroughly verified using methods
described by Froment and Bischoff (13).

REACTION MECHANISM AND DERIVATION
OF THE KINETIC EQUATIONS

Based on the results of Chinchen et al. (14) and Rozovskii
(15), we assume that CO; is the main source of carbon in
methanol. A thorough description of this reaction system
should also account for the water gas shift, proceeding along
a redox mechanism (16-20):

CO + H,0 = CO, +H, = CH;0H +H;0.
+2H;

Both reactions proceed on the copper phase of the catalyst
(16). The role of ZnO is limited to structural promotion, at
least under the typical industrial conditions applied in the
current paper (21). A mechanism, occurring exclusively and
completely on the copper phase, is proposed in Fig. 2.
Both H,; and CO; adsorb dissociatively on the copper
surface. The oxidizing adsorption of CO, on metallic cop-
per is promoted by traces of surface oxygen or alkaline
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FIG. 2. Reaction scheme for the synthesis of methanol and the water
gas shift reaction.

species (22-25). On the oxidized copper surface, carbon-
ate structures are formed by further adsorption of CO,
(26-28). These carbonates are quickly hydrogenated, first
to bicarbonate structures and subsequently to Cu formate,
formaldehyde, methoxy species, and finally methanol. In
this sequence, shown in the left-hand side of Fig. 2, the rate
determining step is the hydrogenation of the formate, which
is generally accepted to be the longest living intermediate
in methanol synthesis on copper (15, 20, 29).

At two stages in the hydrogenation of CO; to methanol,
surface oxygen is released from the molecule. This species
is also hydrogenated by the available hydrogen atoms,
yielding hydroxyl groups and subsequently water, which
is known to desorb relatively slowly. In fact, the right-hand
side of Fig. 2 describes the reverse water gas shift reac-
tion, proceeding according to a redox mechanism. In this
sequence of reactions, the dissociative adsorption of CO,
is rate determining, as was shown by Nakamura et al. (17),
Fujita et al. (30), and Ernst et al. (31). Their results, for
equimolar mixtures of CO; and Hj, are all the more valid
under industrial conditions, since the ratio pco,/pPn, then
only amounts to 0.05.

Scheme I shows the different elementary reaction steps
to be considered and introduces the nomenclature for the
equilibrium (K;) and rate (k;) constants.

Derivation of the corresponding set of kinetic equations
is performed under the hypothesis of pseudo-steady-state
of the concentration of the different surface intermediates
(13). The concentration of free active sites, ¢, can be ob-
tained from a balance over the total number of sites, ¢, from
which the concentrations of the surface intermediates have
been eliminated. This balance for ¢ is given by

Cos , CH,0s |, CHCO,2s . Ccos2s | CHs
Ct C Ct Ct Ct

1=54
c

Hyg)+2s = 2Hs (Kipp)

COMg)ts = Os+COg) ki, Ky) (rds)
CO)g) +Os+s = CO,2s (K,)
CO,2s+Hs = HCO;2s+s (K5)
HCO;2s+s = HCO,25+O.s (K

HCO,2s +Hs = H,CO,2s+s (k) (rds)
H,C0,2s = H,COs+ Os (Ksp)
H,COs+Hs = H,COs+s (Kq)
H;COs +Hs = CH,;OH(g) +2s (K,)
Os+Hs = OHs+s (Ky)
OHs+Hs = H,Os+s (K,)
H,0.s = H,0(g) +s (Kizo)

SCHEME I. Reaction scheme for the synthesis of methanol and the

reverse water gas shift reaction. rds, rate determining step.

Note that the concentrations of adsorbed bicarbonate,
formaldehyde, methoxy, methanol, and hydroxyl species
were not taken into account, since their concentration is
negligible under reaction conditions (1618, 28, 31).

The determination of ¢ is somewhat complicated by the
bridging adsorption of CO,. Indeed, upon elimination of
the surface species concentrations, the balance becomes

2
1=b.% 1a. (E) ,
Ct Ct

in which

/ K5K
8 = K3KsKay/Kit, Peo, /P, + 1 2 o0 PHe0Peo:
Ki,KsKo  pa,

(1]

K
b=1+4 29 Pr:0 + +/Kn, P, + Kn,0 PH,0,
KsKoKh, PH,

and

This balance is not linear in ¢; and has to be solved as a
quadratic equation in c¢s/c;. Only the positive root has to
be considered. Simple analysis reveals that the normalized
concentration of free active sites,

¢ -b++vb2+4a

always lies between 0 and 1, as is physically expected.
Upon introduction of the rate determining steps and
elimination of the concentration of the surface intermedi-
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ates, the following expressions are obtained for the rate
of methanol synthesis and the reverse water gas shift
reaction

/ 1
'MeOH = kga K, K3K4KHh, Pco, PH, (1 — w> ’33

Ki  piy, Peo,

rrwas = Ki Pco, (1 - K;‘M)ﬂ,

Pco, PH,
in which
ga = Ksa - Ctz

and B represents a function of partial pressures and para-
meter groups, given by [1] and [2]. The use of fugacities,
rather than partial pressures, was considered, applying the
Soave-Redlich—-Kwong equation of state (36). The com-
pressibility factors were never outside the 0.99 to 1.01 range
and found to give negligible changes in the results.

The equilibrium constants K} and K3 are thermodynam-
ically determined. The values were taken from Graaf et al.
(1986):

3066

log, ki = —10.592

—2073

PARAMETER ESTIMATION

As mentioned under Experimental, the kinetic data were
obtained in an integral reactor, and, therefore, require
integration of the conservation equations over the reac-
tor. In the current context, a pseudohomogeneous one-
dimensional model was applied (13). In view of the fact that
the (isothermal) temperature profile was determined exper-
imentally, integration of the energy equation was not nec-
essary, while the pressure drop was also negligible. Under
steady-state conditions, two independent responses com-
pletely describe the system, so that only two continuity
equations (e.g., for CO and CO;) had to be considered.
The integration of the two equations, containing the pro-
posed kinetic expressions, was performed applying fourth-
and fifth-order Runge Kutta methods.

The parameter estimation was based on minimization of

2 n
Z wj Z(yij,obs - yij,calc)27
=1

i=1

where 7 is the total number of experiments and w; stands
for the weight factor for response i. The latter is inversely
proportional to the variance of the response, derived from
a set of replicate experiments. The actual minimization of

this object function made use of a Levenberg—Marquardt
routine of the multiresponse type (33).

Values were determined for the frequency and exponen-
tial factors of the parameter groups

K
VKi,, Ko, KjKsKay/Ki, 20—
KsKo K,
KK ,
}2<8—I‘12290’ SaKéK3K4KH27 {7

so the number of parameters to be estimated amounted
to 14.

This was done using a total of 276 experiments,® each
yielding two responses. The temperature was varied be-
tween 180 and 280°C, and the pressure from 15 to 51 bar.
The ratio pco/ Pco, ranged from 0 to 4.1.

In the subsequent calculations, the groups describing the
surface concentration of carbonates and formate,

K}K3K4y/Kp,

and
Ké Km0
Ki, KgKo

never yielded any statistically significant contribution. The
surface converge by these species was, therefore, consid-
ered to be negligible and discarded from the g factor. By
leaving out these bridging compounds, however, the a term
in equation [1] becomes identical to 0 and the normalized
concentration of free active sites 8 is reduced to

1

1+ (Ki,0/KsKoKu,) (PH,0/ Pr,) ++/Ki, Pr, + Ki,o P00

The form of the kinetic expressions for methanol synthesis
and the reverse water gas shift reaction remains unchanged,
provided that the modified g is used.

The parameter values eventually obtained are given in
Table 1. Since a reparametrisation was applied in the esti-
mation, the numbers pertain to the formula

. . Bqi 1 1
(i) = A*(l)exp<—§) (T - T))

in which T,y equals 501.57 K.
Calculating the frequency factors back to the original
context of Arrhenius or Van’t Hoff,

A(i) exp(B(i)/RT),

where B(i) represents either £ or (—AH) or a combina-
tion of those, the parameter values of Table 2 are obtained,

3 The data set was too extensive to be incorporated in full in the text.
It is available from the corresponding author.
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TABLE 1

Parameter Values and Corresponding Approx. 95% Confidence Intervals for the Kinetic Model

Standard Lower limit Upper limit
K Value deviation 95% conf. int. 95% conf. int. to.95 value
K, A 30.82 0375 30.08 31.56 81.97
B 17,197 1864 13,545 20,850 9.23
Kn,0 A" 558.17 10.18 538.23 578.11 54.86
B 124,119 3058 118,125 130,112 40.59
K *
_ kO A 3,453.38 260.29 2,943.21 3,963.55 13.27
KsKoKp,
B — — — — —_
ks, KIK3 A’ 7,070.34 259.75 6,561.23 7,579.45 27.22
K4Kg, B 36,696 6102.8 24,734 48,657 6.01
ki A" 1.65 0.02 1.61 1.69 82.31
B —94,765 1694 —98,084 —91,446 —55.96

which are introduced in

'MeOH =
ks, K3 K3K4Kp, peo, Pr,[1—(1/K*) ( Pr,0 Penson /PRy, Peo, ) |
(1+(Ku,0/KgKoKn,) (PH,0/ PH,)++/ K, PH, +KH,0 PH,0)?

FRWGS =

ki pco,[1 — K3 (PH,0 Pco/ Pco, Pu,)]

(14+(Kn,o0/Ks KoK, (Pr,0/ Pr,) ++/Ki, Pr, +Ki,0 Pr,0) |
3]

in which the pressures are expressed in bar and the reaction
rates in mol/kgca/s.

EVALUATION OF THE MODEL

Three criteria are used to evaluate the model. First of all,
the agreement between the calculated and experimentally
obtained conversions is checked. Second, closer attention is
paid to the statistical significance and the physico-chemical
meaning of the parameters. Finally, the model response to

TABLE 2
Parameter Values for the Steady-State Kinetic
Model
Ku, A 0.499
B 17,197
K0 A 6.62 x 10711
B 124,119
Kn,0
_— A 3,453.38
KgKoK ’
8 Ko KH, B B
K., K5 Ks A 1.07
KaKi, B 36,696
K, A 1.22 x 101
B —94,765

variations of the operating conditions, both in- and outside
the experimentally applied window, is analyzed.

The parity plots for the fractional conversion of CO and
CO; are given in Figs. 3 and 4. The agreement is excel-
lent over the complete range of conversions. The deviations
from the diagonal are random and do not show any trends.
Analysis of the parity plots for individual temperatures and
pressures confirms the absence of systematic errors.

In this context, the statistical significance of the regres-
sion was also checked. Due to the nonlinear aspects of the
model, the customary F test (comparing the sum of squares
due to regression to the residual sum of squares, corrected
for their respective degrees of freedom) is only indicative,
but the obtained F value of 11,418 is three orders of mag-
nitude larger than the tabulated 99% value, which is 2.56.

Besides the parameter values. Table 1 also shows the ap-
proximate 95% confidence intervals and the corresponding
toos values. Again, these values are approximate, since the
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FIG. 3. Parity plot for the fractional conversion of CO.
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model is not linear in the parameters. The tabulated £ s,
with 543 degrees of freedom, amounts to 1.96. This value is
amply exceeded by all parameters, indicating that each of
them is significantly nonzero, with an approximate proba-
bility of 95%

Upon recalculation of the frequency factors to the origi-
nal Arrhenius of Van’t Hoff equations, all parameters stay
significantly different from 0 with a 95% probability, except
for the frequency factor of the water adsorption constant.
Due to correlation between the heat of adsorption and the
frequency factor, the probability of the latter fulfilling a
significant role in the model is reduced to 90%.

The parameters also have to obey a number of physico-
chemical constraints, as stipulated by Boudart (34). Since
parameters 3 and 4 of Table 1 are lumps of physical con-
stants, they are only partly bound by these rules.

A first criterion, which is perfectly satisfied in the current
case, specifies that all frequency factors have to be positive.
Furthermore, if the parameter describes an adsorption con-
stant, the frequency factor is subject to two additional rules,
since it then physically represents 25 24/F This (—AS°) has
to remain positive and should not exceed the entropy of the
gas S° at this temperature:

0<—AS,<S.

Parameter 1, describing the square root of the hydro-
gen adsorption constant, satisfies both criteria, since — AS3
and S° respectively amount to 11.56 and 145 J/mol/K. The
water adsorption constant, i.e., parameter 2, also passes the
test, with values of 195 and 207 J/mol/K, respectively (S° val-
ues taken from Stull et al. (35)).

A third and final rule pertains to the sign of B(i). It has
to be positive for the adsorption constants, reflecting the
heat of adsorption. Parameters 1 and 2 satisfy this criterion.

The exponential of the reaction rate constants on the other

TABLE 3

Operating Conditions for the Simulation
of the Bench Scale Reactor

Catalyst
Density (kg/m?) 1775
Porosity (m}/m?) 0.5
Mass (g) 34.8
Pellet diameter (ms) 0.0005
Reactor
Diameter (m;) 0.016
Length (m,) 0.15
Operating conditions
T° (K) 4932
p (bar) 50
m (1073 kg/s) 2.8
Feed composition
CO (mol%) 4.00
H,0 (mol%) 0.00
MeOH (mol%) 0.00
H, (mol%) 82.00
C02 (IIlOlo/o) 3.00
Inert (mol%) 11.0

hand has to be negative, since it stands for —F,. Parameter
5 successfully passes this criterion.

Finally, the model response to variations in the operating
conditions is tested. This is done by simulation of an adia-
batic bench scale rector. The catalyst pellets are taken suf-
ficiently small, to avoid blurring of the results by diffusion-
related effects. The conditions are summarized in Table 3.

Figure 5 shows the simulated concentration and temper-
ature profiles along the reactor for the base case. The in-
terpretation will adopt the following simplified reaction se-
quence:

CO 2 CO, = CH;OH

WGS hydrog.

Initially, CO; reacts to give CO as well as methanol. Since
the reverse water gas shift is endothermic, and because of
the decreasing CO, concentration, this slows down the hy-
drogenation of CO; at the reactor inlet. At 3 mm into the
bed the reverse water gas shift reaches its equilibrium value
and subsequently switches direction. This results in an in-
flection point in the temperature profile and the concen-
tration evolution of water and methanol. From this point
onward, the reactions are strictly in series. At 3 cm in the
bed, the thermodynamic equilibrium concentrations are at-
tained.

The effect of varying the inlet pressure is shown in Fig. 6.
Since the production of methanol causes a decrease in the
number of moles, the reaction is favored by elevated pres-
sures. A pressure increase results in higher exit concentra-
tions of methanol (Fig. 6a) and, in view of the exothermicity
of the reaction, also in a higher exit temperature (Fig. 6b).
The increased gradient of the temperature profile at higher
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FIG. 5.
an adiabatic reactor for the conditions specified in Table 3.

pressures indirectly influences the behavior of the pressure
independent water gas shift reaction. For the 30- and 50-
bar cases the reverse water gas shift equilibrium is quickly
reached, and consequently, the reaction changes direction
early in the bed. The slower evolution in the 15-bar case
leads to a minimum in the CO; curve (or a maximum in the
water evolution) as shown in Fig. 6c.

Varying the inlet temperature leads to an analogous be-
havior, as is shown in Fig. 7. For an inlet temperature of
180°C, the model predicts a very limited hydrogenation ac-
tivity, a feature that was also observed in the (isothermal)
experiments. At Ti, =200°C, both reactions proceed at a
higher rate, and consequently the reverse water gas shift
changes direction earlier in the bed, as was seen upon vary-
ing the inlet pressure.

At this temperature also, a maximum is reached in the
carbon conversion to methanol, at least in this specific

a
24 e e e e o o1
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o
o
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b

550 1

Temperature [K]
w
N
w

Reduced axial distance, z/L

(a) Simulated concentration profiles in an adiabatic reactor for the conditions specified in Table 3. (b) Simulated temperature profiles in

(overdimensioned) catalyst bed. At lower inlet tempera-
tures, the reaction is kinetically limited, while at higher Ti,
the thermodynamic equilibria set the upper limits for the
exit conversion.

Finally, it is interesting to observe the model response
upon variation of the ratio of pco and pco, at constant py,,
P1, and temperature. Experiments of this nature were per-
formed by Klier et al. (5) over a Cu/ZnO catalyst, at 75 bar
and temperatures between 225 and 250°C in an isothermal
reactor. As shown by the points in Fig. 8§, the authors found
a maximum conversion to methanol at (2:28:70) mol% of
(CO,:CO:Hy). According to Klier et al., CO acts as the
main source of carbon in methanol, while CO, ensures a
certain surface oxidation level. The lower conversions at
lower CO, concentrations are due to overreduction of the
surface, while at higher CO; levels, this species strongly
covers the active sites, decreasing catalyst activity.
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FIG. 6.
(c) Simulated concentration profile of CO, at various inlet pressures.

(a) Simulated concentration profile of CH30OH at various inlet pressures. (b) Simulated temperature profile at various inlet pressures.
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The curve in Fig. 8 results from the simulations of the ex-
periments performed by Klier et al. (5) at 250°C, using the
current kinetic model, that was not tuned to Kliers data. It is
worthy of note that the pressure as well as the composition
of the gas are well outside the experimental window used
to estimate the kinetic parameters. Although the present
model considers only CO, as a precursor to methanol, it
is perfectly able to qualitatively predict the evolution ob-
served by Klier et al. (5). This behavior can, therefore,
equally well be ascribed to a shift in the methanol equilib-
rium position upon the introduction of water (or CO;), the
strong adsorption of water, and the changing level of sur-
face oxidation. In terms of the present work, the evolution is
solely due to the changing oxygen (or water) concentration
in the system.

In summary, these results show that the proposed model
describes the influence of pressure, temperature, and gas
phase composition in a physically acceptable way, even

Reduced axial distance z/L []

(a) Simulated temperature profile at various inlet temperatures. (b) Simulated concentration profile of CH;OH at various inlet temperatures.

upon extrapolation outside the experimentally applied
window.

CONCLUSIONS

Based upon a detailed reaction scheme derived from lit-
erature data and own experimental work (21), a steady-
state kinetic model was developed for methanol synthesis
and the water gas shift reaction. Unlike some other kinetic
models available in the literature, the current model effec-
tively couples the rate of both overall reactions through the
common surface oxygen intermediate.

The experiments used to determine the kinetic parame-
ters, were performed on an industrial Cu/ZnO/Al,O3 cata-
lyst at pressures between 15 and 51 bar and for temperatures
varying between 180 and 280°C.

All parameters are statistically significant and satisfy
each of the physico-chemical criteria postulated by Boudart

80

30 |-

20 -

Carbon conversion to methanol [%]

10‘l

X% CO,
(30-x) % CO
70%H 5

1 | 1

0 I I
0 5 10

15 20 25 30

Concentration of CO2 in the feed. [mole %]

FIG. 8. Conversion to methanol for different ratios of yco/Yco, at yu, = 0.7.py = 75 bar; T=250°C; #, experimental results by Klier et al. (5);

line, simulated using the current kinetic model.
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(34). Furthermore, the kinetic equations describe the influ-
ence of inlet temperature, pressure, and feed composition
in a physically acceptable way. The mechanistically sound
foundations of the model allow for accurate predictions of
catalyst behavior outside the original experimental window.
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