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The effect of spatially patterned catalyst beds was investigated using direct dimethyl ether (DME) synthesis from synthesis gas as
an example. A layered arrangement of methanol synthesis (MS) and dehydration catalyst was chosen and studied by numerical
simulation under typical operating conditions for single-step DME synthesis. It was revealed that catalyst layers significantly
influence the DME productivity. With an increasing number of layers from two to 40, an increase in DME productivity was
observed approaching the performance of a physical catalyst mixture for an infinite number of layers. The results prove that a
physical mixture of MS and dehydration catalyst achieves the highest DME productivity under operating conditions chosen in
this study. Essentially, the layered catalyst arrangement is comparable to a cascade model of the two-step process, which is less
efficient in terms of DME yield than the single-step process. However, the layered catalyst arrangement could be beneficial for

other reaction systems. © 2012 American Institute of Chemical Engineers AIChE J, 58: 3468-3473, 2012
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Introduction

Several reactions, such as methanol synthesis (MS), are lim-
ited by equilibrium constraints. To overcome these restrictions,
it could be beneficial to introduce an additional catalyst to facil-
itate an auxiliary reaction to shift the overall equilibrium to-
ward valuable products. Both catalysts can be arranged in a
physical mixture or spatially structured, such as in layers. Cote
et al."? studied this strategy for spatially layered catalyst pat-
terns from a general point of view and proposed that a reduc-
tion in performance limitations is possible with the introduction
of an additional catalyst or by separating mixed catalyst beds.

In this article, we apply this strategy to the equilibrium-
limited MS by addition of a second catalyst active for meth-
anol dehydration (MD) to dimethyl ether (DME). The physi-
cal mixture of MS and dehydration catalyst is discussed in
literature under the headline direct DME synthesis. It is
reported that the yield of valuable products (methanol and
DME) can be significantly increased by combining both
reactions within a single reactor.’ Alternatively, a layered
catalyst arrangement could also improve the productivity of
the combined MS and dehydration. For the example of com-
bined Fischer-Tropsch synthesis (FTS) and product upgrade,
Gormley et al.* showed that a layered catalyst arrangement
is beneficial over a physical catalyst mixture in terms of low
methane and heavy hydrocarbon selectivity. These interest-
ing results are our motivation for studying the effect of spa-
tial patterned catalyst arrangement in the combined MS and
dehydration reaction.

Correspondence concerning this article should be addressed to R. Giittel at
guettel@icvt.tu-clausthal.de.
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This work is based on the modeling of the MS and dehy-
dration reactions in a fixed-bed reactor. The effect of a spa-
tially patterned catalyst arrangement was studied for differ-
ent numbers of catalyst layers and compared to a physical
catalyst mixture. Two cases were investigated. In one case,
the reaction was allowed to approach equilibrium by the end
of the reactor, while for the second case, equilibrium was
not reached within any catalyst layer.

Background
Reaction network

The direct synthesis of DME from synthesis gas proceeds
with methanol as an intermediate.’ Usually, MS from syn-
thesis gas occurs in the presence of copper-based catalysts,
where CO or CO; is converted to methanol (Egs. 1 and 2).
Under MS conditions, the water gas shift (WGS) reaction
also occurs (Eq. 3). The MD to DME is carried out on acidic
catalysts, such as the widely studied y-alumina (Eq. 4). This
catalyst can be assumed to be inactive for the WGS reaction.
Both catalysts were investigated in the same reactor that was
either well mixed or spatially patterned.

CO, + 3H, & CH;0H + H,0 (1)
CO + 2H, < CH;0H )
CO; + H, < CO + H,0 3)
2CH;0H < CH30CH; + H,0 @)

To help understand the complex nature of the reaction net-
work, Scheme 1 is provided to show the network for each
element involved. In principle, hydrogen, oxygen, and car-
bon can be fed to the system by H,, H,O, CO, and CO,.
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Scheme 1. Reaction network for involved elements
(1: MS from COy; 2: MS from CO; 3: WGS
reaction; 4: methanol dehydration to DME).

Methanol and DME are the valuable products of the process.
The figure shows that carbon follows basically a linear path
from CO/CO, to DME. It has to be mentioned that the for-
mation of methanol proceeds predominantly via hydrogena-
tion of CO,,%” which is formed from CO and H,O by WGS.
The hydrogen network is similar in that most of the H, fed
to the system ends up in DME or methanol. The oxygen net-
work is more complicated as the oxygen fed to the system is
only partially incorporated into the final products, which is
obvious comparing the C/O ratios of feed and product spe-
cies. Oxygen not incorporated into the valuable products
appears as water, which affects the formation rate of metha-
nol and DME both by kinetic inhibition and by equilibrium
limitation. In contrast, a certain CO, concentration at the
reactor inlet enhances the MS reaction rate. In conclusion,
oxygen inventory in the system appears to be the key influ-
ence on the equilibrium yield and methanol formation rate
and should be optimized.

Patterned catalyst arrangement

To our knowledge, spatially patterned catalyst arrangements
in packed-bed reactors (Figure 1) are rarely described in liter-
ature. Most papers deal with the performance of two consecu-
tive reactions within one reactor, thus, using a system with
only two catalyst layers. One example is the combination of
FTS and product upgrade withln one single reactor as investi-
gated by Schaub and coworkers.*? A systematic investigation
of spatially patterned packed-bed reactors with more than two
catalyst layers was published by Cote et al.'*'” Cote investi-
gated this topic for hypothetical reaction systems and the
results show that spatially organized catalysts may improve
the overall reactor performance. However, the interesting find-
ings from Cote are not yet confirmed by real reaction net-
works, neither experimentally nor by modeling and simula-
tion. For this reason, we pick up the idea of spatially pat-
terned packed-bed reactors and transfer it to the interesting
direct synthesis of DME from synthesis gas.

Reactor Modeling

Reaction kinetics

The reaction network can be described by the key reac-
tions 1, 3, and 4.° The kinetic equations for MS from CO,
and for WGS reaction were taken from Bussche and
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Froment.® The kinetics of MD to DME on 7-AlL,03 is
described by the approach of Bercic et al.'"'? The equilib-
rium constant for MD was taken from Diep and Wain-
wright.13 The equilibrium of the reaction network was veri-
fied using a Gibb’s reactor model from Aspen Plus®. Below,
the kinetic equations are summarized. The kinetic parameters
can be found in the Appendix.
(1) Methanol (MeOH) synthesis

PMeOHPH o
1— D
Pu,Pco, ( Keq] pco, Py,

I'MeoH = ki )
(1 (pHZO) + /Kspu, + Kapu,o )
(2) WGS reaction
pPco (l — Req p,COPHZU)
Fwas = k5 - ) Pco,PH, (6)
(1 + K> ([;ITZZO) + Kspn, + K4PH20)
(3) Methanol dehydration
C2 _ CHyOCDME
rome = keK3 Mot Lo @)

! (1 +2vK7emeon + Ksemo)'

Reactor model

The simulations were carried out based on a standard one-
dimensional heterogeneous fixed-bed reactor model compris-
ing heat and mass balances (Eqs. 8-10), which was imple-
mented in Matlab using the odel5s solver.

(1) Mass balance in the gas phase

0
0= —ugyp 92560 ~ kags,i(ca,i — ¢s,) 8)

(2) Mass balance at the catalyst surface

0 = kags.i(cgi — €s,i) + Xecat Z Nefr Vil 9
J

(3) Heat balance

4
%hOV(T —Tw) + Xear Z Nete 77ARH

d
0 = — —T —_
Cp,GPGUG0 oz a

(10)

\ 79'!0’ rop S %0 sa
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Figure 1. Spatially patterned catalyst bed; top: well
mixed bed and bottom: layered arrangement;
black: catalyst 1 and white: catalyst 2 (modi-
fied from Ref. 2).

DOI 10.1002/aic 3469



a 10 3
O--0-..g... —_—
B A---A---E---E---E:::EIZZH:;:D T
= 08 - “a ol
> | | 2
2 1273
B 06 - 0000000 .9 %
[0 o ‘o =
7] >
c 04 ---#--- MeOH selectivity B
o ---@--- DME selectivity 413
g - --A-- CO conversion o
> 0.2 | ~-©- DME productivity Q
[ . i w
8 i =
..m o

0.0 -8 9 % 9§ § ¥ 0

0.0 0.2 0.4 0.6 0.8 1.0

fraction of MeOH synthesis catalyst

b 1.0 ---m--- MeOH selectivity 20
- ---®--- DME selectivity —
— 08 L p--0.. -—A-COconversion | "
— 0:--0--- DME productivity < %
> | - —H15 o
= R o, <
5060 a4 A ] S
ks - -] E
[} - A a =
7} A _ 2
< 04 b 4. 102
k) -0 .o A ©
7] L. o . i e
§ i e m.m B
2 02} Cee®T | 8
8 “..--l"'. LN w
f w-m s} =
00 1 ] 1 | 1 ] 1 | [ m]

00 02 04 06 08 1.0

fraction of MeOH synthesis catalyst

Figure 2. Effect of volume fraction of MeOH synthesis and dehydration catalyst on CO conversion, MeOH and
DME selectivity, and DME productivity (left: equilibrium case and right: kinetic case).

The physical properties, heat-, and mass-transfer rates
were calculated with correlations from VDI Wéirmeatlas,14
according to our previous work.'>'® Diffusion coefficients
were calculated according to Onken et al.'” Axial dispersion
was neglected due to the high Bodenstein numbers of more
than 100. For simplicity reasons, a constant volumetric flow
rate was assumed.

Layers

The core of this work is the effect of a patterned catalyst
arrangement for direct DME synthesis. For this purpose, the
catalyst layers were modeled using factors f; that determine
the volume fraction of each catalyst i in the reactor or in a
specific layer. The factors are variable in axial direction
between 0 and 1 and represent the volume fraction of both
catalysts within one volume element. The reaction rates in
each layer are controlled by multiplication with the corre-
sponding factor f; for the actual axial position. MS and dehy-
dration catalysts are arranged separately from each other, be-
ginning with synthesis catalyst at the reactor inlet and ending
with dehydration catalyst at the outlet. The total number of
layers is determined by counting each catalyst layer. For
example, two layers means one layer of synthesis and dehy-
dration catalyst, respectively.
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Simulation conditions

Two types of simulation campaigns were conducted. First,
the model was verified with literature data. The simulations
show a good agreement with literature data from Bussche
and Froment and Bercic et al.*'"'? in terms of temperature
profile and conversion.

For studying the intrinsic effect of spatial patterned cata-
lyst beds, isothermal conditions were assumed to avoid over-
laying temperature effects. To eliminate internal mass-trans-
fer limitations, a micropacked-bed reactor was chosen as it
was recently proposed for direct DME synthesis.l&19 For the
present example, the reactor length was 1 m, the channel di-
ameter was 3 mm, and the catalyst particle size was 300
um. Because of different catalyst density, the catalyst inven-
tory within one layer was 1775 and 1634 kg, m > for MS
and dehydration catalyst, respectively. Simulations were car-
ried out for equal height of each catalyst layer, meaning a
volume fraction of 0.5 for synthesis and dehydration catalyst
within the reactor, respectively.

Two basic cases were simulated to study the effect of lay-
ered catalyst bed. In case 1, equilibrium was reached at reac-
tor outlet (equilibrium case), while case 2 remains in the ki-
netic range (kinetic case). This was achieved by increasing
the space velocity from 650 to 6500 Lsrp kgg,! h™'. The
operation conditions at the inlet for the basic cases are 540
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Figure 3. Concentration profiles of methanol, DME, and total converted CO (2x DME plus methanol) for 20 layers
(solid lines) and a physical catalyst mixture (dotted lines) (left: equilibrium case and right: kinetic case).
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Figure 4. Concentration profiles of DME for 4, 10, 20, and 40 layers and a physical catalyst mixture (from bottom
to top; left: equilibrium case and right: kinetic case).

K and 50 bar, and the molar H,/CO ratio is 2. The mole
fractions of CO, and H,O at the inlet were set to 1 x 107*
and for methanol and DME to 0. To quantify the conversion
and selectivity, following equations were used (Eqs. 11-13)

Cin _ cout
Xco = (11
€co
Rieon
SMeOH = — e « (12)
n mn n mn
cMeon + €Co + €Co, T 2¢puE
zcoul
DME
SpME = (13)

in in .in .in
cMeon + €Co + €Co, + 2¢DuE

Results and Discussion

The reaction rates of MS and dehydration may differ. For
this reason, it is of interest to see if an optimal catalyst mix-
ture exists that would maximize reactor productivity. In Fig-
ure 2, the effect of the composition of a physical catalyst
mixture on conversion, selectivity, and productivity is
shown. At the ordinate, the volume fraction of the MeOH
synthesis catalyst is given. The difference to unity is covered
by the MeOH dehydration catalyst.

For the equilibrium case, conversion and selectivity are
not affected until a synthesis catalyst fraction of 0.8. At this
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point, the amount of dehydration catalyst is not enough to
reach equilibrium anymore and CO conversion decreases. As
a result, the methanol production rate is higher than the
dehydration rate and MeOH selectivity increases while DME
selectivity decreases. The linear decline in DME productivity
at synthesis catalyst fractions up to 0.8 can be explained by
the change in overall catalyst density, due to higher synthe-
sis catalyst density.

For the kinetic case, a pronounced optimum in DME pro-
ductivity could be observed at a synthesis catalyst fraction
of about 0.3. At lower synthesis catalyst fractions, methanol
production rate is less than dehydration rate, while at higher
catalyst fractions, the dehydration rate is too slow. The
strong dependency of DME productivity on catalyst mixture
in the kinetic range could be explained by the fact that
kinetics rather than equilibrium control the chemical conver-
sion. The DME productivity in the kinetic case is higher
than in the equilibrium case due to the more efficient use of
the catalyst.

The effect of the layered catalyst arrangement on the con-
centration profiles of methanol and DME is shown in Figure
3 and compared to a physically mixed catalyst bed. Addi-
tionally, the carbon concentration of DME and MeOH is
shown (curve “total’).

In the first layer, methanol is formed and methanol con-
centration increases. In the second layer, methanol is con-
sumed to form DME, thus, methanol concentration decreases
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Figure 5. Effect of the number of catalyst layers on CO conversion, MeOH and DME selectivity, and DME produc-
tivity (left: equilibrium case and right: kinetic case).
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Table 1. Kinetic Parameters

Parameter Dimension A; B; Reference
ky mol kgz! 57! bar™? 1.07 36,696 6

K, - 3453.38 - 6

K bar! 0.499 17,197 6

K, bar ™! 6.62 x 107'1 124,119 6

ks mol kgz! s™'bar™' 122 x 10'°  —94,765 6

ke kmol kg_! h™' 535 x 10" 17280 11,12
K, m?® kmol ! 539 x 10°* 8487 11,12
Ky m® kmol ! 8.47 x 1072 5070 11,12

and DME concentration increases. In the third layer, metha-
nol is formed again and DME concentration remains con-
stant, as no dehydration activity is present in this layer. The
remaining layers can be described accordingly. The summa-
tion of total carbon atom concentration from methanol and
DME results in a stair-shaped curve. The increase in concen-
tration is caused by methanol formation in the synthesis
layer. In the dehydration layer, no further educt is converted,
but methanol is transformed into DME. Thus, the concentra-
tion of carbon in the valuable products remains constant in
this layer. A comparison with the physical catalyst mixture
shows that the concentration of DME and the valuable prod-
uct is lower in the layered catalyst bed and that the concen-
tration of methanol is higher. This observation holds for
both the equilibrium and the kinetic case.

The effect of number of layers is shown in Figure 4 for
DME as an example. It can be seen that the DME concentra-
tion at the reactor outlet increases with increasing number of
layers resulting in a higher DME productivity. This can be
explained by the fact that a physical catalyst mixture is
essentially identical with a layered catalyst bed consisting of
infinite number of layers with differential height. The same
trend holds for both the equilibrium and the kinetic case.

In Figure 5, the effect of the number of catalyst layers on
conversion, selectivity, and productivity is shown. The left
part of Figure 5 shows the results for the equilibrium case
and on the right the kinetic case is displayed. It is obvious
that increasing the number of layers influences conversion,
selectivity, and productivity. While methanol selectivity
decreases, the DME selectivity and CO conversion increase
with increasing number of layers. Consequently, a higher
DME productivity can be reached with a larger number of
layers. This means that approaching a physical mixture of
MS and dehydration catalyst yields in higher DME produc-
tivity. The case for one single catalyst layer represents MS
only, without MD. Obviously, CO conversion is smaller due
to equilibrium constraints. A direct comparison of both cases
shows that in the kinetic range the DME productivity is
higher than in the equilibrium case, even though the CO
conversion and DME selectivity is less. This can be
explained by the fact that in the kinetic range the catalyst
usage is higher, as the system is not limited by near-equilib-
rium conditions. Optimizing the fraction of MS and dehydra-
tion catalyst by nonequal catalyst layer lengths could further
improve the DME productivity according to our results
shown in Figure 2. However, it is unlikely that the layered
catalyst arrangement will exceed the physical mixture in
terms of productivity for the same catalyst bed composition.

Conclusions
In this article, we present a simulation study on spatially
patterned packed catalyst beds. As an example, the direct
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synthesis of DME from synthesis gas was chosen due to the
main reaction path being characterized by a consecutive
reaction via methanol as an intermediate. Both reactions are
catalyzed by different catalysts, but operating conditions for
both are comparable, making a layered catalyst arrangement
feasible.

It was observed that a layered catalyst arrangement signifi-
cantly influences CO conversion and methanol and DME
yield compared to a physical catalyst mixture. Increasing the
number of layers leads to an increase in conversion and
yield. Finally, an infinite number of layers will approach the
values for the physical catalyst mixture. Consequently, the
layered catalyst arrangement with a finite number of layers
could not achieve DME space time yield of a well-mixed
bed. This observation can be explained by the higher aver-
age methanol concentration for the layered catalyst arrange-
ment and, thus, stronger equilibrium constraints for the MS
reaction. In conclusion, the layered catalyst arrangement rep-
resents a cascade of the two-step DME synthesis process,
which is known to be less productive than the single-step
process. However, it cannot be excluded that other processes
may profit from a layered catalyst bed, as a significant effect
was found in this study. Cote et al. propose that reaction net-
works with different operating temperature ranges or incom-
patibilities between chemical species and one catalyst may
be interesting candidates for the discussed spatially patterned
catalyst beds.'
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Notation

: -3
¢ = concentration, gas phase, mol m
3

cg = concentration, solid phase, mol m™
¢pg = heat capacity, J kg "K'
dgr = reactor diameter, m
f = factor for catalyst layers
hoy = overall radial heat-transfer coefficient, W m2K!
k, K, A, B = kinetic parameters, see Table 1
ka = mass-transfer coefficient, s !
Keq1 = equilibrium constant, bar 2
K.q> = equilibrium constant
Keq3 = equilibrium constant
Lr = reactor length, m
r = reaction rate, mol kg,| 7!
R = gas constant, J m017f K™!
S = selectivity to MeOH or DME
T = temperature, K
T, = wall temperature, K
uG,o = gas superficial velocity, m s !
Xear = catalyst inventory, kge,, m™—
Xco = CO conversion
z = axial coordinate
ArH = reaction enthalpy, J mol ™'
negr = catalyst effectiveness factor
v = stoichiometric factor
pG = gas density, kg m >
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Appendix

(1) Equilibrium constants

3066
log,o(Keq1) = —— — 10.592
1 2073
1 — | = ———+2.029
0g10<Keq2) 7T
2835.2

+ 1.675In(T)
—239%x 107*T — 0.21 x 107°7%? — 13.36

(2) Kinetic parameters

B;
ki(T) = Ajexp (R » T>
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