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Abstract

The kinetics of the dual catalytic methanol and dimethyl ether (DME) synthesis process over a commercial CuO/ZnO/Al,O4
(methanol forming) and a y-alumina (dehydration) catalyst have been investigated at 250°C and 5 MPa using a gradientless,
internal-recycle-type reactor. A kinetic model for the combined methanol + DME synthesis based on a methanol synthesis model
proposed by Vanden Bussche and Froment (1996) J. Catal., 161, 1-10) and a methanol dehydration model by Bercic and Levec (1993)
Ind. Engng Chem. Res., 31, 1035-1040) has been tested using results obtained from a wide range of CO,: CO feed ratios. Results at
different CO, : H, ratio and catalyst loading ratios were also obtained. Catalyst deactivation was observed during DME synthesis at

high space velocities and a large ratio of dehydration catalyst. © 1999 Elsevier Science Ltd. All rights reserved.

Keywords: Methanol; Dimethyl ether; Kinetics; Modelling; Synthesis gas

1. Introduction

Synthesis of methanol, oxygenates, fuels and other
hydrocarbon products from synthesis gas continues to be
an area of both academic and industrial activity. These
processes are also important for utilisation of remote
natural gas or clean coal conversion. In this context,
synthesis of dimethyl ether (DME), currently used as
a propellant, has received growing attention owing to its
potential as a useful chemical intermediate and its ap-
plication as an alternative clean fuel (Toseland et al.,
1994; Dybkjar and Hansen, 1997; Fleisch et al., 1997,
Rouhi, 1995; Shi et al., 1996; Samdani, 1995). Direct
synthesis of DME from syngas involves two steps, meth-
anol synthesis followed by in situ methanol dehydration,
Egs. (1)-(4), which in turn requires two functionally inde-
pendent catalysts, i.e. a methanol forming component
and a dehydration component. An inherent advantage of
the co-production of methanol and DME is the allevi-
ation of the equilibrium limitation of the methanol syn-
thesis (Peng et al., 1997), which results in a significant
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increase in total methanol production.

CO + 2H, < CH,0H, (1)
CO, + 3 H, < CH,0H + H,0, )
CO + H,0 < CO, + H,, (3)
2CH;0H < CH,;0CH; + H,O0. 4)

Reactions (1)-(3) are catalysed by a methanol synthesis
component (e.g. CuO/ZnO/Al,O3) and reaction (4) is
catalysed by an acidic component (e.g. y-alumina). Reac-
tions (1)—(4) show a high degree of synergy provided the
operating conditions are optimised such that the meth-
anol produced is efficiently removed. Water formed in
reaction (2) and (4) is removed via the water-gas shift
reaction (3) to produce hydrogen which kinetically fa-
vours the production of methanol.

A wide range of possible feed and other operating
conditions can be used in the combined synthesis pro-
cess. The source of syngas, the type of reactor configura-
tion, feed policy and the loading of the two functionally
independently catalysts are closely interrelated. For
example, the use of a CO rich hydrogen lean syngas
derived from coal gasification is best suited to a CSTR
configuration, such that in the liquid-phase di-methyl
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ether process (LPDME) which provides good mixing and
efficient heat management in the slurry-bubble column
reactor. Additionally, the LPDME synthesis process also
ensures that the catalyst system is exposed to a higher
CO, content for the same syngas compared to the con-
ventional fixed-bed-type reactor. Synthesis gas from
natural gas can be converted either in a CSTR or fixed-
bed reactor, but in this case the CO, management needs
are different. A fixed-bed type reactor would suit
a graded catalyst bed in which the methanol-to-dehydra-
tion catalyst ratio varied along the length.

Clearly, there is a range of plausible process variables
which can be explored in the design of a combined
synthesis process. However, the main focus of most pub-
lished scientific literature has been on the catalyst devel-
opment rather than the detailed kinetic work necessary
to underpin the reaction engineering. The present study
investigates some key process variables which influence
the reaction kinetics of the dual catalytic methanol

+ DME synthesis process. Reported here are the effects
of CO, feed concentration, CO,/H, ratio and the cata-
lyst loading ratio. This data have been used to test
a kinetic model of the combined synthesis based on
proposed models for the component reactions (Vanden
Bussche and Froment, 1996; Chen et al., 1995; Bercic and
Levec, 1992, Skrzypek et al., 1991). The kinetic work has
been carried out in a continuous, internal-recycle reactor
using a catalyst bed configuration in which a commercial
methanol synthesis (CuO/ZnO/Al,03) and a dehydra-
tion (y-alumina, Norton) catalyst were physically
separated, but exposed to the same, well-mixed, reaction
environment such that the possibility of cross metal con-
tamination between the two catalysts previously re-
ported (Peng et al., 1997) was completely eliminated.

2. Experimental

Kinetics were measured in an internal recycle reactor
(300 cm? volume, 100 cm? catalyst basket) at 5 MPa and
250°C using a impeller speed of 1500 rpm. For DME
synthesis, the y-alumina catalyst (supplied by Norton
Chemicals Co.) and commercial CuO/ZnO/Al,O; cata-
lyst were crushed and sieved to size 250-500 pm. The
catalysts were stacked in two beds in the same catalyst
basket, CuO/ZnO/Al1,0; on top of y-alumina, with
a layer of quartz wool physically separating them. The
catalyst ratio of methanol forming and dehydration cata-
lyst was typically 2: 1 unless otherwise stated. The cata-
lyst was activated in situ by reduction using a flow of 5%
H, in N, at 250°C approached at 1°C min~! from room
temperature for 12 h. Both internal and external particle
diffusion resistance were confirmed absent. Two ther-
mocouples were inserted central and at the bottom of the
catalyst bed; a third was in the gas phase. The temper-
ature difference between the thermocouples inserted into

the catalyst bed and the bulk gas phase was always
+ 0.75°C or less. This was in agreement with calculation
which gave a temperature difference between the catalyst
surface and the bulk gas phase of less than 1.0°C (Hougen,
1961 and Yoshida et al., 1962). The intraparticle temper-
ature difference was calculated to be less than 0.5°C.

The required feed gas mixtures were obtained by
blending a wide range of syngas compositions, CO,:H,
ratio = 1:1to 1:4, (Air Products, CP grade) using a suite
of mass flow controllers. 10% of helium was added as an
internal analytical standard. The feed gas mixture was
passed through a carbonyl trap (to remove Fe and Ni
carbonyls) before entering the reactor. To avoid conden-
sation of liquid products, the downstream line from the
reactor was trace heated. A small fraction of the reactor
effluent was piped to a GC for on-line analysis. Since
hydrogen was used as the carrier gas, to utilise the He
standard, hydrogen in the reactor outlet was not meas-
ured. The carbon balances of all experiments closed to
5% and in 90% of the experiments the balances closed to
within 2.2%. The calculation of total methanol yield was
based on the following:

Total methanol yield, Y7y

_ {nCHJOH + 2 X new,ocw,
[nco + nco,lin

}x 100%. (5)

3. Simulation and parameter estimation

The simulation of methanol and/or DME synthesis
reactions was based on a CSTR model. Several kinetic
models for methanol synthesis and methanol dehydra-
tion reactions were tested (Vanden Bussche and Fro-
ment, 1996; Chen et al., 1995; Bercic and Levec, 1992;
Skrzypek et al., 1991) under both independent and com-
bined synthesis conditions. From the initial screening,
the model for methanol synthesis proposed by Vanden
Bussche and Froment (1996) based on a strictly sequen-
tial reaction mechanism of CO to CO, to CH;OH via
surface carbonate, and the dehydration model proposed
by Bercic and Levec (1992) based on reaction of dissocia-
tively adsorbed methanol, were selected for analysis and
simulation of the combined process.

Parameter estimation was based on the minimisation
of the objective function (6).

I K
Wi2 Z (Zik,pred. - Zik,expt.)2~ (6)
i=1 k=1

min @ =

0 i=
Steady-state operation were modelled using gPROMS!
(together with gEST) which utilised Eq. (6) and the mass

1sPROMS, general PROcess Modelling system, is a software tool
developed by the Centre for Process System Engineering at Imperial
College. gEST, is an additional feature for parameter estimation.
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conservation equations to determine the value of para-
meter 0 that minimises the weighted, w;, sum of the
squares of residuals. The component balance equations
used to construct the kinetic model were

F°y! — Fy; = WZ [viril (7)
J

for all reactants, products and inert, with the exception of
exit hydrogen for which no analysis was made. The
methanation reaction was ignored. The kinetic rate equa-
tions, r; for methanol synthesis and dehydration were
Egs. (8)—(10).

rCO;hydrogenation

_ |:k1(PH2Pco)[1 - (1/Keqm1)(pCH3OHpH20)/(pC02PI§IZ)]:|
(1 + K5(Pu,0/Pu,) + /K3Pu, + K4Py,0)>

®)

. . |: kspco,[1 — (1/K eqm2)(PcoPn,o)/(Pco,Pu,)] ]
RWSG = )
(I + K5(Py,0/Pn,) + / K3Py, + K4Py,0)

©

'MeOH dehydration

_ 2 CéHJOH - ((CHZOCDME)/Keqm3)
= kGKCHJOH )4 .

(1 + 2/ Ken,ouCen,on + Ku,oCu,o
(10)

4. Results and discussion
4.1. Methanol synthesis

Methanol synthesis was performed over the commer-
cial CuO/Zn0O/Al,O; catalyst. Steady state was achieved
within 24 h from start up and kinetic experiments were
typically carried out over a duration of 100 h during
which catalysts deactivation was insignificant, except
when using a CO, free CO/H, feed. Fig. 1 shows the
typical, steady state, activity profile of methanol (only)
synthesis obtained by gradually replacing CO, with CO
in the 1CO,:4H, feed (e.g. Sahibzada et al., 1998). The
maximum methanol production was obtained using syn-
thesis gas with 2-5% CO,, a common industrial feed
condition. The methanol synthesis model, including the
water—-gas shift reaction, proposed by Vanden Bussche
and Froment 1996 fitted our kinetic data reasonably
well. A sensitivity analysis of the kinetics to parameters
ki to ks, revealed that the adsorption constant of hydro-
gen, K3, strongly affects the magnitude and position of
the local maximum at the low CO, content feed while the
adsorption constants, K, and K,, mainly responded to
feed conditions where high water concentration is found
- for example in the CO, rich feed gas region. Methanol
production is of course proportional to the magnitude of
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Fig. 1. Influence of feed CO, fraction on methanol yield and exit
carbon oxide fraction in methanol (only) synthesis. (O) Methanol yield;
(x) carbon oxide fraction in the outlet; (dashed line) - simulation
results. Feed condition: CO, = 18%, H, =72% and He = 10%.
Temp = 250°C, Press = 50 bar, GHSV = 27,500 h~ 1.

reaction rate constant, k;, over entire range of different
carbon oxide feed. Rate constant, ks, has only slight effect
on the overall methanol production rate provided the
shift reaction is sufficiently fast.

The parameters B(i) were set to the values (Table 1)
reported by Vanden Bussche and Froment, 1996, since
the present study used a similar catalyst and was carried
out at a single temperature. The data for a CO, free
CO/H, feed gas were not included in the parameter
estimation in the kinetic model due to the observed
catalyst deactivation problem (Kung, 1992 and Klier
et al., 1982). Only minor changes to the parameters of the
original rate equations were required (Table 1). The solu-
tion was independent of the initial approximation of
the parameters. Verification that the parameters in Table
1 were not bound dependent was achieved by varying the
upper and lower bounds of the solution constraint for
each of the parameters, k; to ks, over a wide range. Data
dependence tests were performed by randomly excluding
data points and by allowing for the error in the carbon
balances. The results of this procedure showed vari-
ation in the estimated parameters of =+ 3%, mainly
affecting k.

4.2. Dimethyl ether synthesis

Over the entire spectrum of feed compositions, calcu-
lation of chemical equilibrium showed that the overall
methanol yield can be increased in principle by combin-
ing the methanol synthesis with the methanol dehydra-
tion reaction. Synergy in total methanol production is
obtained by effective removal of the products from the
methanol synthesis reaction, i.e. by minimising the
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Table 1

Kinetic parameters for methanol synthesis

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

Parameters* A(i) B(i)
ky 1.65 36,696
K, 3.61 x10° 0
K; 0.37 17,197
K, 7.14x 10" 1! 124,119
ks 1.09 x 101° — 94,765
Keqml Twigg (1986)

Keqm?2 Twigg (1986)

Kcu,on 79x107% 70,500
ke 3.7x10%° — 105,000
Ku,o 0.84x 107! 41,100
Keqm3 Stull et al. 1969
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70.0
60.0 . o Methanol + DME synthesis
50.0 a Methanol (only) synthesis

2 40.0 Extent of synergy

*See Eq. (8)-(10); values for B(i = 1..5) are taken from Vanden
Bussche and Froment, 1996 and B (i = 6, CH;OH and H,O) from
Bercic and Levec (1992).

reverse reaction. Consequently, maximum synergy is ob-
tained close to the equilibrium limit for methanol syn-
thesis where the reverse reaction rate is maximum. We
demonstrate this point by comparing (see Fig. 2) the total
methanol yield from methanol + DME synthesis to the
yield from methanol (only) synthesis with increasing
space velocity. The kinetics of DME synthesis were
studied mainly at a space-velocity of 27,500 h~ !, which is
sufficiently far from equilibrium conditions that the data
are sensitive to the reaction kinetics of methanol syn-
thesis, and close enough that synergy in DME synthesis
is significant.

4.2.1. Influence of CO:CO, feed composition

It is of interest to explore the dependence of kinetics of
DME synthesis on the CO, content of the feed gas to
assist CO, management in the process, and to provide
a suitable database for refinement of the DME model.
Fig. 3 shows results obtained for methanol + DME syn-
thesis using a 2:1 ratio of the commercial CuO/ZnO/
Al,Oj catalyst to the y-alumina. The simulated yield for
methanol (only) synthesis over the same commercial
CuO/ZnO/Al,O; catalyst under the same conditions are
included for comparison. In the dual catalytic synthesis,
the characteristic maximum in the methanol production
is not seen. Strong synergy in total methanol production
is obtained using low CO, content feed in the combined
synthesis process. Refinement of the rate and adsorption
constants for the combined methanol + DME was re-
stricted to the methanol dehydration model only, with
the methanol synthesis simulated using the already modi-
fied rate Egs. (8), (9) and Table 1. In the combined model
it is assumed, therefore, that there was negligible adsorp-
tion of DME on the CuO/ZnO/Al, O catalyst. Modifi-
cation of methanol dehydration was necessary to correct
for the difference in catalyst activity. The activation en-
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Fig. 2. Effect of gas hourly space velocity (GHSV) on total methanol

yield. Feed condition: CO = 18%, H, = 72% and He = 10%. Temp =
250°C, Press = 50 bar.
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Fig. 3. Influence of feed CO, fraction on product yield in methanol
(only) and combined synthesis. (A) Total methanol yield; (x) actual
methanol yield; (¢) DME yield; (dashed line) simulation results for
combined synthesis; (solid line) simulation of methanol (only) synthesis.
Feed condition: CO, = 18%, H, = 72% and He = 10%. Temp =
250°C, Press = 50 bar, GHSV = 27,500 h 1.

ergy in the original model (Bercic and Levec, 1992) was
changed to 105 kJ mol ! (increased by about 10%) to fit
data obtained from separate methanol dehydration
experiments at several reaction temperatures and low
pressure (not presented here). The best-fit dehydration
parameters to the combined methanol + DME synthesis
are given in Table 1, where the heats of adsorption of
methanol and water are assumed to be the same as those
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reported by Bercic and Levec (1992). The slightly over
estimated actual methanol yield may reflect a slightly
lower catalyst methanol activity within normal experi-
mental variation. The validity of the parameters given in
Table 1 was tested by following a similar procedure to
that described above for methanol (only) synthesis.

Results of both simulation and experiment show that
at the present reaction conditions the total methanol
yield is roughly three times higher than that of methanol
(only) synthesis for the low CO, content syngas. The
extent of synergy declined with increasing CO, feed con-
centration as expected. The strong synergy obtained with
CO rich feed is due to the effective removal of methanol
by dehydration and the product water by the water-gas
shift reaction. In contrast, negligible synergy effect was
observed at high CO, content where a relatively large
amount of water is produced and the reverse water-gas
shift reaction is favoured.

Selectivity to methanol or DME are always favoured
at the two opposite extremes of feed composition. At CO
rich end where the dehydration reaction is not affected by
water, DME is favoured. At even lower space velocities,
a higher selectivity to DME can be achieved. There was
a high fraction of unconverted methanol at the high CO,
end, Fig. 3, where the reverse water-gas shift reaction is
favoured and dehydration reaction is inefficient due to
strong water inhibition. This reinforces the fact that to
achieve strong synergy between methanol synthesis and
dehydration reactions requires efficient water removal
via the water-gas shift reaction.

4.2.2. Influence of varying CO,: H, ratio

The hydrogen content of syngas varies widely. For this
reason, the influence of varying the CO,: H, ratio on the
performance of combined methanol + DME synthesis
has been investigated. Typical industrial methanol syn-
thesis feed conditions (CO =16.2%, CO, = 1.8%,
H, = 72% and He = 10%) were first used and then the
content of hydrogen was progressively reduced to pre-set
CO,: H, ratios by replacing H, with helium. The experi-
mental results are shown in Fig. 4 together with the
results of simulation using the parameters in Table 1. The
total methanol and water production from both meth-
anol (only) and combined synthesis processes is propor-
tional to the concentration of hydrogen in the feed
mixture. With increasing hydrogen feed concentration,
selectivity to actual methanol is enhanced, while that of
DME is reduced. This behaviour is simulated well by the
refined model. The strong synergy obtained at the lower
H, to CO, ratio is attributed to the increasing ability to
remove water via the water-gas shift reaction as noted
above.

4.2.3. Influence of varying catalyst ratio
An important parameter in the design of a dual cata-
lytic system is the catalyst loading ratio; that is the
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Fig. 4. Influence of feed CO,/H, ratio on product yield in methanol
and combined synthesis. (O) Methanol (only) yield; (A) total methanol
yield; (x ) actual methanol yield; (&) DME yield; (dashed line) simula-
tion results for combined synthesis; (solid line) simulation of methanol
(only) synthesis. Feed condition: CO, = 18%, H, = 72-18% and
He = 10-72%. Temp = 250°C, Press = 50 bar, GHSV = 27,500 h~ 1.

methanol dehydration to methanol forming (and
water—gas shift) activity. Too high a methanol dehydra-
tion activity compared to shift activity leads to a high
water production. This aspect has been studied using
four ratios of methanol synthesis-to-dehydration cata-
lyst,ie. 1:0, 1:3, 1:1 and 1:2, using the same weight of
CuO/ZnO/Al,O; catalyst in each case. Results from the
simulation predict an increasing total methanol yield and
selectivity to DME as the ratio of dehydration catalyst
rises, Fig. 5, reaching a rather constant level of total
methanol production above a catalyst ratio of 1:3.
The experimental results are in good agreement with the
simulation. However, at higher space velocities, we have
noted that a maximum in total methanol yield occurs at
a catalyst ratio of 1:3, beyond which the total methanol
production continues to fall with increasing loading of
the dehydration catalyst. The deviation between the ex-
periment and simulation is mainly caused by the actual
methanol yield being lower than predicted. Close inspec-
tion of this result revealed that catalysts from runs con-
ducted at high space velocity had suffered irreversible
deactivation. This leads us to identify two counteracting
factors: (i) the increasing synergy in total methanol pro-
duction with a greater ratio of dehydration component
and (ii) irreversible deactivation at high DME produc-
tion. The results indicate that at higher space velocity the
synergy effect is outpaced by the irreversible catalyst
deactivation. Since catalyst deactivation in DME
synthesis was not observed at the lower space velocity
of 27,500 h™!, the results point to a gas composition
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Fig. 5. Influence of catalyst loading ratio on product yield. (A) Total
methanol yield; ( x ) actual methanol yield; (&) DME yield; (solid line)
simulation results for the combined synthesis; (solid triangle) total
methanol yield at higher space velocity (scaled by a factor of 1.62 for
comparison). Feed condition: CO = 16.2%, CO, = 1.8%, H, = 72%
and He = 10%. Temp = 250°C, Press = 50 bar.

dependent deactivation process. Consequently, there is
a need to improve the model of the combined synthesis
by inclusion of a deactivation function to accurately
simulate the synthesis process under all conditions.

5. Conclusions

A kinetic model for methanol and for methanol +
DME synthesis based on a methanol synthesis model
proposed by Vanden Bussche and Froment, 1996 and
a dehydration model by Bercic and Levec, 1993, was
found to agree well with experimental results over
a range of CO, feed fractions. The refined model also
simulated satisfactorily data obtained at different
CO,:H, ratios and catalyst loading ratios. At high
yields, there was no evidence for inhibition of methanol
synthesis by DME. However, deviation from the model
of the combined synthesis was noted at high space velo-
city and large dehydration catalyst/methanol catalyst
ratios. This effect is interpreted as evidence for a gas
composition dependent deactivation process under some
conditions.
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Notation

C; concentration of component i

F molar flowrate at outlet, mol h ™!
F° molar flowrate at inlet, mol h™?
k; reaction rate constants

K; adsorption constants

Kegm,j equilibrium constant of reaction j

n; moles of component i in the outlet stream and

n;. moles of component i in the inlet

P; partial pressure of component i

r; rate of reaction j, mol gcat™* h™?

w; weighted sum of the squares

w weight of catalyst, g

Vi mole fraction of component, i, at outlet

Vi mole fraction of component, i, at inlet

Zik expt kth value experimentally measured for vari-
able z;

Zik,pred kth value predicted for variable z;

Greek letters

0 unknown parameters
Vij stiochoimetric coefficient of component i in-
volved in chemical reaction j
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