
catalysts

Article

Enhancement of the Direct Synthesis of Dimethyl
Ether (DME) from Synthesis Gas by Macro- and
Microstructuring of the Catalytic Bed

Katarzyna Bizon 1,* , Krzysztof Skrzypek-Markiewicz 1 and Gaetano Continillo 2

1 Faculty of Chemical Engineering and Technology, Cracow University of Technology, ul. Warszawska 24,
31-155 Kraków, Poland; krzysztof.skrzypek@pk.edu.pl

2 Dipartimento di Ingegneria, Università degli Studi del Sannio, Piazza Roma 21, 82100 Benevento, Italy;
continillo@unisannio.it

* Correspondence: katarzyna.bizon@pk.edu.pl; Tel.: +48-12-628-2735

Received: 26 June 2020; Accepted: 28 July 2020; Published: 1 August 2020
����������
�������

Abstract: This work reports on a modelling study of the influence of the distribution of metallic
and acidic active centers within a catalytic fixed-bed reactor for the direct synthesis of dimethyl
ether (DME), conducted to demonstrate the potential of reactor-level and pellet-level structuring of
catalytic active centers in process integration and intensification. To account for the pellet structure,
the analysis was performed with the aid of a heterogeneous model considering both interphase and
intrapellet mass transport resistances. The study evaluated, in terms of DME and methanol yield and
selectivity, the performance of a tubular reactor loaded with a physical mixture of monofunctional
catalyst pellets or structured bifunctional catalyst pellets with different arrangements of the catalytic
centers. It was confirmed that bifunctional catalysts overperform significantly a physical mixture of
monofunctional particles. Moreover, it was shown that the internal structure of a bifunctional catalyst
pellet is an important feature that deserves to be exploited deeper, in view of further intensification of
the DME synthesis process to be achieved with a better reactor design.

Keywords: process integration; direct synthesis of dimethyl ether; bifunctional catalyst pellet; process
intensification; multifunctional catalytic reactor

1. Introduction

Dimethyl ether (DME) is considered a clean and economical alternative transportation fuel.
Because of its high cetane number and relatively low self-ignition temperature, it can potentially
replace diesel fuel in compression-ignition engines [1]. DME can be produced indirectly by methanol
(MeOH) dehydration, or directly from syngas that, in turn, may be derived either from fossil fuels
or from biomass [2]. Over the last two decades, much attention was paid to the development and
improvement of the direct method, including, among the others, research on optimal catalysts selection
and on their preparation methods [3,4]. The direct synthesis of DME, usually carried out in fixed-bed
reactors, consists of a methanol synthesis step on a metallic catalyst followed by its dehydration on
an acidic catalyst. A combination of these two types of catalytic active centers can be implemented
either at the reactor level, through a physical mixture of metallic and acidic catalyst pellets [5], or by
using bifunctional (hybrid) catalyst pellets integrating both types of catalytic active centers [3,4] that
permit to improve the process performance by reducing mass transport resistances. The metallic
function employed for the methanol synthesis step is usually composed of CuO, ZnO, and Al2O3

or Cr2O3 [1,6], whereas the acidic catalysts employed for methanol dehydration to DME are usually
γ-Al2O3 or zeolites, e.g., H-ZSM-5, HY, or SAPO [1,6].
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Conventionally, the bifunctional catalyst pellets are prepared by physical mixing and pelletizing of
the two functionalities, which results in their uniform distributions within the pellet volume and close
spatial integration. Although the very short distance between different sites is extremely beneficial
since it permits to “remove” directly the intermediate product (in this case MeOH) by consecutive
chemical reaction, core-shell configurations of the catalysts have recently been explored also for the
synthesis of DME [4]. Such structured pellets, characterized by a Heaviside-like distribution of the
functionalities within the pellet, are rather facile to prepare by employing physical coating techniques,
and are expected to perform very well in terms of yield, selectivity, and stability. This is mainly due
the fact that each step of the process takes place in favorable conditions, and the presence of H2O on
metallic sites is limited. Moreover, when metallic sites are located in the pellet core, the methanol
formed needs to pass through acidic shell before leaving the pellet [4].

The influence of the catalyst preparation method, the choice of active components, and the
operating conditions onto the DME yield were studied in detail [3,5], however there are only a few
experimental reports dealing with the impact of the distribution of active centers for MeOH and DME
production, both at the reactor and at the single pellet level [4,5]. Most available theoretical studies
dealing with mathematical modelling and simulation of tubular fixed-bed reactors for direct DME
synthesis [7,8] also do not consider the distribution of the catalytic functionalities in a macroscale (reactor
level) or in a microscale (pellet level) as an additional design parameter in performance augmentation.
It is well-known that close integration of different functionalities, e.g., catalytic and adsorptive function
in adsorptive reactors or two types of catalytic active sites in catalytic reactors integrating multistep
chemical processes, represents a well-established method for process intensification [9]. However, to
the authors’ knowledge this approach has not been exploited thus far in the process of DME synthesis.

For this reason, in this work a simulation-based analysis of the possibility of enhancement of
the direct synthesis of dimethyl ether from syngas by proper structuring of the catalytic bed, both on
the reactor and on the pellet level (considering uniform vs. core-shell arrangements of the catalytic
sites), was performed with the aid of an isothermal heterogeneous mathematical model of a fixed-bed
catalytic reactor operating under steady-state conditions. A previous study [10] demonstrated a very
strong influence of the internal pellet structure and its size on the DME yield and selectivity, based on
a single pellet behavior and limited to constant bulk gas conditions. Here the analysis is extended to
the entire reactor, and the performance indices are evaluated globally with reference to the product
stream at the reactor outlet.

2. Results and Discussion

A scheme with the following chemical reactions was considered to describe the direct synthesis of
DME from syngas via methanol [1] in a fixed-bed reactor:

• Hydrogenation of CO:
CO + 2H2 ↔ CH3OH, (1)

• Reverse water-gas shift reaction:

CO2 + H2 ↔ CO + H2O, (2)

• Hydrogenation of CO2:
CO2 + 3H2 ↔ CH3OH + H2O, (3)

• Dehydration of methanol to DME:

2CH3OH↔ CH3OCH3 + H2O. (4)

To reduce the model complexity, it was assumed that the ideal gas law is obeyed. The main aim of
the analysis was to evaluate the influence of intrapellet and gas–solid mass transfer on the DME yield
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and relevant reaction selectivity achieved for various arrangements of metallic (CuO/ZnO/Al2O3) and
acidic (γ-Al2O3) active centers within the bed. To this aim, the catalyst pellet submodel, combined
with the flowing gas model, accounts both for multicomponent mass diffusion and intrapellet species
concentration profiles. Details concerning the kinetic model employed, the formulation of the catalyst
pellet submodel and the flowing gas model, as well as the description of the numerical methods
employed, are given in Section 3.1, Section 3.2, Section 3.3, Section 3.4.

Several variants of catalytic bed arrangements and pellet structures, illustrated in Figure 1,
were analyzed numerically, namely:

• A physical mixture of two types (MeOH and DME) monofunctional catalyst pellets (Figure 1a);
• A layered distribution of monofunctional pellets with the MeOH catalyst pellets located in the

first section of the reactor (Figure 1b);
• A bed made of bifunctional pellets characterized by uniform distribution of MeOH and DME

catalytic active centers (Figure 1c,d; note that the structure shown in the left-hand side of Figure 1d
shows schematically uniform distribution of two types of catalysts in the entire volume of the
pellet with dark-gray zone corresponding to MeOH catalyst and light-gray spheres corresponding
to DME catalyst);

• A bed made of bifunctional pellets characterized by core-shell distribution (Figure 1c,d),
where core1-shell2 arrangement concerns the pellet with MeOH and DME active centers distributed,
respectively, in the pellet core and shell, while core2-shell1 denotes reverse arrangement of two
type of active centers within the pellet.
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One of the main factors that may influence the performance of differently structured catalytic 
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Figure 1. Structuring of catalytic activities at reactor level and at pellet level: (a) A physical mixture of
monofunctional methanol (MeOH) and dimethyl ether (DME) catalyst pellets; (b) a layered distribution
of monofunctional MeOH and DME catalyst pellets; (c) a fixed-bed made of bifunctional catalyst pellets;
(d) bifunctional catalyst pellets with uniform, core1-shell2 and core2-shell1 distribution of two types of
catalytic active sites.

The overall ratio of the solid volume occupied by MeOH and DME catalytic active centers was kept
equal to 1:1 across the study. For structured core-shell pellets, with active sites uniformly distributed
in number density throughout the pellet, to keep the ratio of MeOH and DME catalyst equal to 1:1,
the core radius was set to 0.7937·Rp, where Rp is the pellet radius. Table 1 reports the values of the
basic parameters used in the numerical simulations, selected following References [4–6,11,12].

One of the main factors that may influence the performance of differently structured catalytic
fixed-bed reactors, operated with mono- or bifunctional pellets, is the radius of the catalyst pellet.
Thus, to evaluate the influence of different arrangements within the bed of catalytic active centers for
MeOH synthesis and for DME production, the model equations were solved for the five variants of
the catalyst bed structures mentioned above, for the pellet radius in the range of Rp = 0.5–2.5 mm.
Moreover, the influence of the gas bulk velocity on the DME yield and reaction selectivity indices was
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analyzed. Indeed, the gas bulk velocity affects not only the gas residence time in the reactor, but also
the mass transfer between the bulk and the particle surface.

Table 1. Main values of the model parameters employed in numerical simulations [4–6,11,12].

Parameter Value Parameter Value Parameter Value

dpore (m) 10−8 uin (m·s−1) 0.05–0.1 xCO2,in 0.0409
dr (m) 0.05 εbed 0.5 xMeOH,in 0.003
L (m) 8 εp 0.5 xH2O,in 0.0002

Rp (m) 0.5 × 10−3–2.5 × 10−3 ρp (kg·m−3) 1775 xDME,in 0.0018
P (bar) 50 τ 4 xinert,in 0.36
T (K) 553 xCO,in 0.1716 xH2,in 0.4225

Figure 2 reports the molar fractions of methanol (Figure 2a) and DME (Figure 2b) along the
reactor, obtained for Rp = 1.5 mm and superficial gas velocity at the reactor inlet uin = 0.05 m·s−1.
The abbreviations used in Figure 2 make reference to the reactor loading (Figure 1) and denote,
respectively: bif. uni—bifunctional pellets with uniform distribution of MeOH and DME active centers;
bif. c1-s2—bifunctional pellets with MeOH catalyst located in the core and DME catalyst located
in the pellet shell; bif. c2-s1—bifunctional pellets with reverse arrangement of active centers with
respect to bif. c1-s2. (Figure 1c,d); mono. uni.—a uniform mixture of monofunctional MeOH and
DME catalyst pellets (Figure 1a); mono. lay.—a layered distribution of monofunctional pellets with the
MeOH catalyst pellets located in the first section of the reactor (Figure 1b).
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Figure 2. Molar fraction profiles along the reactor obtained using different reactor- and pellet-level
structuring of catalytic active sites for Rp = 1.5 mm and uin = 0.05 m·s−1: (a) MeOH molar fraction;
(b) DME molar fraction.

The layered distribution of monofunctional catalyst pellets results in the lowest predicted molar
fraction of DME in the product stream (mono. lay. in Figure 2b). Comparison of the other arrangements
of the active sites, both at the pellet and at the reactor level, reveals that the closer the integration of
the functionalities in the direct synthesis of DME, the higher its molar fraction in the product stream
(Figure 2b). Hence, for the chosen values of the parameters, a bifunctional catalyst with uniform
distribution of two types of active centers (bif. uni.) performs slightly better than both structured
bifunctional pellets (bif. c1-s2 and bif. c2-s1), which in turn overperform a physical mixture of
monofunctional pellets (mono. uni.).

To illustrate the mechanism through which the structure of the bifunctional pellet influences the
process performance, Figure 3 presents selected radial profiles of MeOH and DME molar fractions
within the pellet obtained for Rp = 1.5 mm and uin = 0.05 m·s−1. Figure 3a,c shows the distribution of
reactants within the pellet located near the reactor inlet, i.e., at z = 0.5 m, whereas Figure 3b,d illustrates
the pellet behavior at the reactor outlet (z = 8 m).

Regardless of the location along the reactor, the pellet of the c1-s2 type presents the highest molar
fraction of methanol (Figure 3a,b) in the inner core, where MeOH is synthesized from carbon oxides and
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hydrogen on metallic sites. For the core1-shell2 structure of the bifunctional pellet, dehydrogenation
of MeOH into DME requires its diffusion through pores to the outer shell containing acidic catalysts:
transformation of the methanol into DME manifests there (Figure 3a,b) by a significant drop in the
MeOH concentration. Bifunctional catalyst pellets with c2-s1 arrangement of active centers exhibit
the reverse behavior. Since in this case the metallic catalyst is located in the pellet shell, the internal
mass transport resistance does not influence so strongly the MeOH synthesis step, which is visible
above all in the initial section of the reactor (Figure 2a). For the smallest distance between active sites
of different types provided by bif. uni. pellet, the intermediate product, i.e., methanol, is directly
transformed in the consecutive reaction to DME in the entire volume of the pellet which results in
monotonic concentration profiles (Figure 3).
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uin = 0.05 m·s−1: (a) MeOH molar fraction at a distance of z = 0.5 m from the reactor inlet; (b) MeOH
molar fraction at the reactor outlet; (c) DME molar fraction at a distance of z = 0.5 m from the reactor
inlet; (d) DME molar fraction at the reactor outlet.

To understand better the mechanism of the process taking place within structured bifunctional
pellets, molar fraction profiles of H2O corresponding to the case analyzed above are shown in Figure 4.
According to Le Chatelier principle, high content of water limits the production of methanol that occurs
via hydrogenation of CO2. At the same time the dehydration reaction contributes to the production
of H2O. If the reaction zones are divided, through the core-shell structure, the presence of H2O on
metallic sites can be significantly limited. This effect is particularly visible for the pellet located near
the reactor inlet, i.e., at z = 0.5 m (Figure 4a).

Figure 5 shows a comparison of molar fraction profiles of MeOH and DME obtained using
bifunctional catalyst pellets with uniform distribution of catalysts (bif. uni.), and monofunctional
MeOH and DME catalyst pellets mixed uniformly in the reactor (mono. uni., where mono. uni. MeOH
pellet and mono. uni. DME pellet denote, respectively, catalyst pellets with metallic and acidic active
centers only). The conclusion that can be drawn from the analysis of Figure 5 is that direct local
“removal” (via dehydration) of methanol in the bifunctional catalyst pellet is definitely more efficient,
because of the much higher concentration of MeOH on acidic active centers in bifunctional (Figure 5a,
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solid line) than in monofunctional pellets (Figure 5a, long-dashed line) for DME synthesis. The average
value of MeOH molar fraction in the bifunctional pellet is about 0.131, whereas for the monofunctional
DME pellet it is only 0.059. Thus, despite the smaller number of acidic active centers in the bifunctional
pellet, the rate of dehydration of MeOH to DME is still higher than in monofunctional pellet.
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Figure 5. Molar fraction profiles within a bifunctional catalyst pellet with uniform distribution of
catalytic sites, and monofunctional MeOH and DME catalyst pellets mixed uniformly in the reactor
for Rp = 1.5 mm and uin = 0.05 m·s−1 at a distance of z = 0.5 m: (a) MeOH molar fraction; (b) DME
molar fraction.

To globally evaluate the influence of the arrangement of the catalysts within the pellet (or bed) on
the reactor performance, the following indices were defined and calculated based on the numerical
simulation results [4,13]:

• Yield of DME or MeOH:

Yi =
niFi,out

FCOx,in
· 100% (5)

• Product (i.e., DME or MeOH) selectivity:

Si =
niFi,out∑

j
n jF j,out

· 100% where j = DME, MeOH. (6)

In the above definitions Fi,in and Fi,out are, respectively, the molar flowrates of component i
(where i = DME or MeOH) in the feed and in the product stream. Subscript COx refers to CO + CO2,
while ni is the number of carbon atoms in component i. In the definition of selectivity given by Equation
(6) the summation in the denominator is made over organic products only, i.e., DME and MeOH.
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Figure 6a,b shows the effect of pellet radius, Rp, and superficial gas velocity at the reactor inlet,
uin, on YDME. For all values of Rp and uin, the performance of the reactor with layered distribution of
monofunctional pellets (mono. lay., denoted withF) significantly deviates from the other catalyst
arrangements within the bed, whereas a bifunctional catalyst pellet with uniform distribution of the
active centers (bif. uni., denoted with �) always performs best.
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Structured core-shell bifunctional catalyst pellets behavior is also noteworthy. Here, the values of
DME yield may suggest that the arrangement of metallic and acidic catalytic functionalities within
the pellet of core-shell type (e.g., metallic in the core and acidic in the shell i.e., c1-s2, or vice versa
i.e., c2-s1) does not influence the process performance. The analysis of methanol yield (Figure 6c,d)
and selectivity toward DME and MeOH (Figure 7) confirm the superiority of c1-s2 over c2-s1 pellets.
As it can be observed in Figure 6c,d, for the c2-s1 arrangement of catalytic active sites the amount
of unconverted methanol in the product stream appears to increase with increasing pellet radius,
while the reverse occurs for the s1-c2 arrangement i.e., with metallic sites located in the pellet core.
The superiority of bif. c1-s2 over bif. c2-s1 can be explained by noting that in bif. c2-s1 there are two
“sinks” of methanol—it can either diffuse toward the core where it is dehydrated on acidic active sites,
or it can diffuse toward the surface from where it is transported into the gas bulk via convective gas
flow. In contrast, for bif. c1-s2 methanol is synthesized in the pellet core and has to diffuse first through
the shell containing acidic sites, where it is partially dehydrated, and the remaining part is transported
into the gas bulk. Thus, we can speak here about only one “sink” of methanol, which in turn shifts the
reaction toward lower MeOH and higher DME yield.

The superiority of the c1-s2 bifunctional pellet is also confirmed by the values of selectivity
achieved toward the intermediate product (MeOH) and the final product (DME), reported in Figure 7.
For lower values of the gas velocity (Figure 7a,c) the performance, in terms of selectivity, of bifunctional
c2-s1 pellets is comparable with the performance of the reactor loaded with a physical mixture of
two types of catalyst pellets (mono. uni.), and it falls significantly when the pellet radius gets larger.
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This effect is accompanied by increasing selectivity toward methanol (Figure 7c). On the other hand,
the performance of bifunctional c1-s2 pellet is practically the same as the performance of bifunctional
pellets with uniformly distributed catalytic sites (bif. uni., Figure 7a,c). For higher gas flow velocities
(Figure 7b,d) the differences between different arrangements become even more evident. Interestingly,
the bifunctional c2-s1 pellet appears to perform worst. For larger values of Rp, bif. c1-s2 tends to over
perform slightly bif. uni.

Regardless of the bed configuration, increasing of the inlet gas velocity results in lower values
of DME yield and selectivity, and higher values of these performance indices for MeOH (Figures 6
and 7). This is an obvious effect of the shorter contact time. Analysis of the DME and MeOH yield
(Figure 6) reveals that DME yield is more influenced by the gas velocity than the MeOH yield. MeOH
is characterized by higher values of transport properties than DME: increasing gas velocity enhances
interphase mass transfer, and the unconverted methanol is easily transported into the gas bulk.
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We recall that, in all of the cases described above, the overall ratio of the solid volume occupied by
MeOH and DME catalytic active centers was set to 1:1. Particularly, for the case of bifunctional catalyst
pellets characterized by uniform distribution of MeOH and DME catalytic active centers, the volume
fraction of the pellet occupied by MeOH sites is f 1 = 0.5 and the volume fraction of the pellet occupied
by DME sites is f 2 = 0.5. For the core-shell arrangement, both f 1 and f 2 are step functions of the
pellet radial coordinate r. To investigate the importance of f 1 and f 2 = 1 − f 1 as additional design
parameters, further simulations were performed for bifunctional catalyst pellets both with uniform
and c1-s2 distribution of active sites with various values of v1, defined as the volume fraction of the
pellet occupied by metallic active centers:

v1 =
1

Vp

∫
Vp

f1(υ)dυ =
3

R3
p

Rp∫
0

f1(r)r2dr. (7)
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Figure 8 shows the results, reported in terms of products yield (MeOH, DME) and relevant
selectivities, as a function of v1, confirming that, for the values of the operating parameters here
analyzed, 1:1 is the best choice. Acceptable performance is conserved within a rather wide neighborhood
of v1 = v2 = 0.5, which in case of uniform radial distribution of catalytic sites is equivalent to f 1 = f 2 = 0.5.Catalysts 2020, 10, x FOR PEER REVIEW 9 of 16 
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3. Materials and Methods

This investigation is conducted with the aid of a mathematical model describing the mechanisms
of mass convection and diffusive mass transfer, as well as the chemical kinetics of catalytic reactions
(Section 3.1). The tubular reactor is modelled as isothermal, hence no heat transfer needs to be
considered, and heterogeneous, hence a solid-phase (Section 3.2) and a gas-phase (Section 3.3) are
separately described. It should be underlined that, because of the globally exothermic character of the
process, isothermal conditions are not generally found. Nevertheless, since the process is typically run
in cooled pipe-shell reactors, very often referred to as isothermal reactors, and given the rather high
content of an inert in the feed (Table 1), as demonstrated in [8] no substantial temperature gradients
are expected. The pressure drop along the bed, across the film next to the pellet surface, and within
the pellet pores is neglected in this model. Particularly, velocity changes because of molar changes
between reactants and products are by far more important than velocity changes because of pressure
gradients. Additionally, the pressure drop estimated via the Ergun law is at most 2% of the average
process pressure.

Other assumptions of the model are:

• The contribution of axial and radial mass dispersion is neglected, and the gas flow is modelled as
one-dimensional along the reactor;

• The gas mixture density is determined based on the ideal gas law;
• The pellet is spherical and symmetric, which results in one-dimensional description of species

concentrations along the pellet radius;
• A uniform pore model is employed to describe the pellet structure;
• The intrapellet mass diffusion fluxes are described according to the Wilke-Bosanquet model

accounting both for molecular and Knudsen diffusion;
• The boundary conditions imposed at the pellet surface account for the resistance to mass transfer

between the bulk gas and the pellet surface.

The above assumptions are a reasonable compromise in terms of model complexity and accuracy,
and a plain finite-difference numerical approximation (Section 3.4 and Appendix C) delivers results
in reasonable computational time, so that the parameter space can be satisfactorily explored without
adopting complex model reduction approaches. The resulting code permits to test the influence of
exploiting the degrees of freedom in the spatial distribution of active functionalities of the catalysts
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onto the reactor performance for the chemical reactions considered, for a selected set of values of the
operation parameters.

3.1. Chemical Kinetics

In the present study, to describe the kinetics of the process, the following kinetic model of
methanol synthesis step over CuO/ZnO/Al2O3 (in wt%: CuO 50-60, ZnO 21-25, Al2O3 15-28) [14,15]
(Equations (8)–(10)) and its dehydration over γ-Al2O3 [16] (Equation (11)) were used:

r1 =
k1KCO

(
pCOp3/2

H2
− pCH3OH/(p1/2

H2
Ko

p1)
)

(
1 + KCOpCO + KCO2pCO2

)(
p1/2

H2
+ (KH2O/K1/2

H2
)pH2O

) , (8)

r2 =
k2KCO2

(
pCO2pH2 − pH2OpCO/Ko

p2

)
(
1 + KCOpCO + KCO2pCO2

)(
p1/2

H2
+ (KH2O/K1/2

H2
)pH2O

) , (9)

r3 =
k3KCO2

(
pCO2p3/2

H2
− pCH3OHpH2O/(p3/2

H2
Ko

p3)
)

(
1 + KCOpCO + KCO2pCO2

)(
p1/2

H2
+ (KH2O/K1/2

H2
)pH2O

) , (10)

r4 =
k4K2

CH3OH

(
C2

CH3OH − CH2OCDME/Kp4
)

(
1 + 2

√
KCH3OHCCH3OH + KH2OCH2O

)4
, (11)

with r1 being the rate of hydrogenation of CO (Equation (1)), r2—the rate of reverse water-shift reaction
(Equation (2)), r3—the rate of hydrogenation of CO2 (Equation (3)), and r4—the rate dehydration of
methanol to DME (Equation (4)).

The values of the kinetic parameters and adsorption equilibrium constants in Equations (8)–(10)
describing methanol synthesis from syngas are calculated following Ref. [14]:

k1 = 4.89 · 104 exp
(
−113000

RT

)
kmol

s·kg·bar , k2 = 9.64 · 108 exp
(
−152900

RT

)
kmol

s·kg·bar1/2 , (12)

k3 = 1.09 · 102 exp
(
−87500

RT

)
kmol

s·kg·bar , KCO = 2.16 · 10−5 exp
(

46800
RT

)
1

bar , (13)

KCO2 = 7.05 · 10−7 exp
(

61700
RT

)
1

bar , KH2O/K1/2
H2

= 6.37 · 10−9 exp
(

84000
RT

)
1

bar1/2 , (14)

whereas the constants for the dehydration step taking place on the acidic active sites (Equation (11))
are calculated as [9]:

k4 = 1.49 · 1010 exp
(
−17280

T

) kmol
s · kg · bar

, (15)

KCH3OH = 5.39 · 10−4 exp
(

8487
T

)
m3

kmol , KH2O = 8.47 · 10−2 exp
(

5070
T

)
m3

kmol . (16)

The temperature-dependent equilibrium constants for both steps are determined from the
polynomial formulas given in [17,18] and reported in Appendix A.

3.2. Catalyst Pellet Submodel

Assuming spherical symmetry of the catalyst pellet and constant pressure, thus neglecting viscous
flow within the pellet, the steady-state mass balance and diffusive flux equations for species are [11,12]:

−
1
r2

d
dr (r

2 Ji) + si = 0, i = 1, 2, . . . , K − 1 and
K∑

i=1
xi = 1, (17)



Catalysts 2020, 10, 852 11 of 16

Ji = −CDi,e f f
dxi
dr , i = 1, 2, . . . , K − 1 and

K∑
i=1

Ji = 0, (18)

si = f1(1− εp)ρp

3∑
k=1

νk,iri + f2(1− εp)ρpν4,ir4, (19)

with f 1 and f 2 being, respectively, the pellet volume fractions occupied by metallic (MeOH) and acidic
(DME) catalytic active centers.

For a bifunctional catalyst with uniform distribution of two types of catalysts, f 1 = f 2 = 0.5,
whereas for monofunctional catalyst pellets f 1 = 1 and f 2 = 0 for the MeOH catalyst pellet, and f 1 = 0
and f 2 = 1 for the DME catalyst pellet. For structured core-shell pellets, to keep the ratio of MeOH and
DME catalyst equal to 1:1, the core radius is set to 0.7937·Rp, where Rp is the pellet radius, thus both f 1

and f 2 are unit step functions of r (Figure 1d).
The boundary conditions associated with the mass balance and flux Equations (17) and (18) are:

Ji(r = 0) = 0, i = 1, 2, . . . , K − 1, (20)

Ji(r = Rp) = −ki,m
(
Cbulkxi,bulk −Cxi(Rp)

)
, (21)

with the mass transfer coefficients, ki,m, calculated from the Sherwood number correlation for
fixed bed [19]:

Sh = 2 + 1.1Re0.6
p Sc0.33. (22)

Concentration-dependent effective diffusion coefficients, Di,eff, are determined according to the
Wilke-Bosanquet model of multicomponent mass diffusion [20]:

Di,e f f =
εp
τ Di where 1

Di
= 1

Di,W
+ 1

Di,K
, (23)

Di,W = 1−xi
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with binary diffusion coefficients, ijD , based on the Chapman-Enskog kinetic theory [21] (Appendix 
B). 

3.3. Gas-Phase Model 

Under the assumption of ideal one-dimensional gas flow, where the gas velocity ( )u u z= , the 
mass and continuity balance equations for a reactor loaded with multifunctional catalyst pellets can 
be written, respectively, as: 
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The first term on the left-hand side of Equation (25) describes the convective gas transport in the 
z direction, whereas the second term represents the gas-to-solid mass transport with 3 pR  being the 
external surface area to volume ratio of the spherical catalyst pellet. The overall mass balance of the 
flowing gas given by Equation (26) is obtained by summation of the component mass balances 
(Equation (25)) over all K components. 

For a reactor loaded with a physical mixture of monofunctional DME and MeOH catalyst pellets, 
the balance equations become: 

( ) ( ), , 1 , 1 , 1
3(1 ) ( )bed

bulk i bulk i m bulk i bulk cat i cat p
p

d C x u k f C x C x R
dz R

ε− + − +

( )2 , 2 , 2 ( ) 0, 1, 2, ,bulk i bulk cat i cat pf C x C x R i K+ − = =  , 
(27)

( ) ( ) ( ), 1 , 1 , 1 2 , 2 , 2
1

3(1 ) ( ) ( ) 0
K

bed
bulk i m bulk i bulk cat i cat p bulk i bulk cat i cat p

ip

d C u k f C x C x R f C x C x R
dz R

ε
=

−  + − + − =  . (28)

As can be observed in Equations (27) and (28), for the reactor loaded with monofunctional pellets 
two contributions are distinguished in the term describing the gas-to-solid mass transport, computed 
according to the volume fraction of DME and MeOH catalyst pellets at each location along the reactor. 
The boundary conditions at the reactor inlet associated with Equations (25)–(28) are: 

, ,( 0) , 1, 2, , 1i bulk i inx x x i K= = = − , (29)

, Di,K = 97
2 dpore

√
T

Mi
, (24)
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, based on the Chapman-Enskog kinetic theory [21] (Appendix B).

3.3. Gas-Phase Model

Under the assumption of ideal one-dimensional gas flow, where the gas velocity u = u(z), the mass
and continuity balance equations for a reactor loaded with multifunctional catalyst pellets can be
written, respectively, as:

d
dz

(
Cbulkxi,bulku

)
+

3(1−εbed)
Rp

ki,m
(
Cbulkxi,bulk −Cxi(Rp)

)
= 0, i = 1, 2, . . . , K, (25)

d
dz

(Cbulku) +
3(1− εbed)

Rp

K∑
i=1

ki,m
(
Cbulkxi,bulk −Cxi(Rp)

)
= 0. (26)

The first term on the left-hand side of Equation (25) describes the convective gas transport in
the z direction, whereas the second term represents the gas-to-solid mass transport with 3/Rp being
the external surface area to volume ratio of the spherical catalyst pellet. The overall mass balance of
the flowing gas given by Equation (26) is obtained by summation of the component mass balances
(Equation (25)) over all K components.
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For a reactor loaded with a physical mixture of monofunctional DME and MeOH catalyst pellets,
the balance equations become:

d
dz

(
Cbulkxi,bulku

)
+

3(1−εbed)
Rp

ki,m
[

f1
(
Cbulkxi,bulk −Ccat1xi,cat1(Rp)

)
+

+ f2
(
Cbulkxi,bulk −Ccat2xi,cat2(Rp)

)]
= 0, i = 1, 2, . . . , K,

(27)

d
dz (Cbulku) + 3(1−εbed)

Rp

K∑
i=1

ki,m
[

f1
(
Cbulkxi,bulk −Ccat1xi,cat1(Rp)

)
+ f2

(
Cbulkxi,bulk −Ccat2xi,cat2(Rp)

)]
= 0. (28)

As can be observed in Equations (27) and (28), for the reactor loaded with monofunctional pellets
two contributions are distinguished in the term describing the gas-to-solid mass transport, computed
according to the volume fraction of DME and MeOH catalyst pellets at each location along the reactor.

The boundary conditions at the reactor inlet associated with Equations (25)–(28) are:

xi,bulk(x = 0) = xi,in, i = 1, 2, . . . , K − 1, (29)

Cbulk(x = 0) = Cin, u(x = 0) = uin. (30)

3.4. Numerical Methods

The two-scale mathematical model of a catalytic fixed-bed reactor for the direct synthesis of
DME formulated in the above sections, consisting of a gas-phase model coupled with a single pellet
submodel, was transformed into a system of non-linear algebraic equations using a finite difference
method. For the catalyst pellet, the derivatives of the diffusive fluxes were approximated at N = 51
discrete nodes equally spaced along the pellet radius, using the second-order scheme proposed in [22]
(Appendix C). The reactor length was discretized using M = 101 nodes and the standard backward
difference (upwind) was used to approximate the spatial derivatives present in the gas bulk equations.
The resulting system of algebraic equations was resolved in MATLAB using the fsolve function. Note
that, for the reactor loaded with a physical mixture of monofunctional catalyst pellets, two pellet
equations need to be solved at each node along the reactor length. Considering a gas mixture (Table 1)
composed of eight species, i.e., six reactants and two inert gases (N2, CH4), and given that the
concentration of one component can be calculated by difference, the problem comes to the numerical
solution of 7 × N algebraic equations for the solid phase and eight algebraic equations (mass balances
and continuity equation) for the gas phase at each discretization node along the reactor. Thus, for the
reactor loaded with bifunctional pellets and for the layered distribution of monofunctional pellets, the
total number of equations to be solved is (7 × N + 8) ×M = 36,865, whereas for the uniformly mixed
monofunctional pellets it is: (2 × 7 × N + 8) ×M = 72,922.

In the case of insignificant mass transport resistances, the boundary conditions given by Equation
(21) might be replaced with Dirichlet boundary at the pellet surface, i.e., Cxi(Rp) = Cbulkxi,bulk, however,
given the distributed-parameter character of the catalyst pellet submodel employed in this study, such
a simplification would not bring substantial saving in the computational costs. For instance, in the
reactor loaded with bifunctional pellets it would lead to reduction in the total number of equations
from 36,865 to 36,057.

4. Conclusions

A mathematical modelling study of a fixed-bed catalytic reactor for the direct synthesis of dimethyl
ether from synthesis gas via methanol was performed to demonstrate the potential of manipulating the
process performance by macro- and microstructuring of the catalytic bed. Particular attention was paid
to the influence of the combination of metallic and acidic active centers on a single, bifunctional catalyst
pellet. Because of reduced distances between two types of catalytic activities, bifunctional pellets
overperform, in terms of DME yield, physical mixtures of monofunctional pellets, especially for larger
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pellet diameters. For structured core-shell particles, it was shown that the DME yield is affected by
internal and external mass transport: namely, it is lower than that for the bed loaded with bifunctional
pellets with uniform distributions of two types of catalysts. Nevertheless, under properly selected
process conditions, a structured pellet with metallic and acidic active centers located, respectively,
in the pellet core and shell, is worth considering. In fact, for higher flow velocities and larger radii,
structured pellets with active sites for methanol synthesis located in the core give higher values
of selectivity toward the final product than the pellets with uniform distributions of metallic and
acidic functionalities.

Given the promising results presented within this study, and the fact that a proper structuring of
the catalyst pellets and multifunctional catalytic reactors is one of the most “elegant” way of optimizing
such objects, the problem needs further studies, focused particularly on optimal pellet and reactor
design. Of course, a rigorous treatment of the catalyst pellet in the model-based reactor design will be
needed, requiring the use of a two-scale heterogeneous model accounting both for transport processes
on the reactor scale and intrapellet transport phenomena. In this view, optimal design results in great
challenges regarding the computational effort, requiring repeated computations of solutions of the
two-scale model as the decision variable values are explored. Therefore, to address such a problem in an
efficient manner, it will be also necessary to develop a specifically efficient computational methodology.
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Nomenclature

C Total concentration, kmol·m−3

Ci Concentration of component i, kmol·m−3

dpore Pore diameter, m
dr Reactor diameter, m
Deff Effective diffusion coefficient, m2

·s−1

Di,K Knudsen diffusion coefficient for component i, m2
·s−1

Di,W Wilke diffusion coefficient for component i, m2
·s−1

Di j Binary diffusion coefficient, m2
·s−1

fj Local volume fraction of the catalyst pellet with active sites enhancing jth step of the process
Fi Molar flow rate of component i, kmol·s−1

Ji Molecular diffusion flux, kmol·s−1
·m−2

kj Reaction rate constant, kmol·s−1
·kg−1

·bar−1 or kmol·s−1
·kg−1

·bar−1/2

km Mass transfer coefficient, m·s−1

Ki Adsorption equilibrium constant for component i, bar−1, bar−1/2 or m3
·kmol−1

Kpj Equilibrium constant of the jth chemical reaction
L Reactor length, m
Mi Molecular weight, kg·kmol−1

ni Number of carbon atoms in the compound i
r Radial coordinate within the pellet, m
rj Rate of the jth chemical reaction based on the pellet volume, kmol·m−3

·s−1

P Total pressure, bar
pi Partial pressure of component i, bar
Rp Catalyst pellet radius, m
si Molar source term, kmol·m−3

·s−1
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Si Selectivity of product i
T Temperature, K
u Superficial gas bulk velocity, m·s−1

vj Volume fraction of the catalyst pellet with active sites enhancing jth step of the process
Vp Catalyst pellet volume, m3

xi Molar fraction of component i
Yi Yield of product i
z Coordinate along the reactor length, m
Greek letters
ε Porosity
εi, εi,j Characteristic energy parameters for pure component i and for i-j interaction, kJ
ν Stoichiometric coefficient
σi, σi,j Characteristic length parameters for pure component i and for i-j interaction, m
ρp Catalyst pellet density, kg·m−3

τ Tortuosity of the catalyst pellet
ε Porosity
Subscripts
bed Catalyst bed
bulk Gas bulk conditions
cat Catalyst pellet
in Reactor inlet
out Reactor outlet
p Pellet

Appendix A

The chemical equilibrium constants for the methanol synthesis step (Equations (1)–(3) and Equations (8)–(10))
are calculated based on the following relationships given in [17]:

ln Ko
p1 =

1
RT

(a1 + a2T + a3T2 + a4T3 + a5T4 + a6T5 + a7T ln T), (A1)

ln Ko
p2 =

1
RT

(b1 + b2T + b3T2 + b4T3 + b5T4 + b6T5 + b7T ln T), (A2)

Ko
p3 = Ko

p1 ·K
o
p2. (A3)

with:
a1 = 7.44140 · 104, a2 = 1.89260 · 102, a3 = 3.2443 · 10−2, a4 = 7.0432 · 10−6,

a5 = −5.6053 · 10−9, a6 = 1.0344 · 10−12, a7 = −6.4364 · 101,
(A4)

b1 = −3.94121 · 104, b2 = −5.41516 · 101, b3 = −5.5642 · 10−2, b4 = 2.5760 · 10−5,

b5 = −7.6594 · 10−9, b6 = 1.0161 · 10−12, b7 = 1.8429 · 101.
(A5)

The chemical equilibrium constant of the methanol dehydration to DME (Equations (4) and (11)) is calculated
based on the polynomial formula proposed in [18]:

ln Kp4 =
c1
T

+ c2 ln T + c3T + c4T2 + c5, (A6)

where:
c1 = 2835.2, c2 = 1.675, c3 = −2.39 · 10−4, c4 = −0.21 · 10−6, c5 = −13.360. (A7)

Appendix B

Considering that under ideal gas conditions binary, i.e., Maxwell–Stefan diffusion coefficients, Di j, are equal
to Fick coefficients for binary mixtures, Di j, and that neither of them depends on the mixture composition if the
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ideal gas law holds, the following formula based on Chapman–Enskog kinetic [21] theory is used to calculate
Di, j = Di, j appearing in Wilke formula (Equation (24)):

Do
i, j = 1.883 · 10−22 T1.5

pσ2
i jΩD

√
1

Mi
+

1
M j

, (A8)

where:
σi, j = 0.5(σi + σ j), (A9)

and:
ΩD(T∗) =

a1

(T∗)a2
+

a3

exp(a4T∗)
+

a5

exp(a6T∗)
+

a7

exp(a8T∗)
, (A10)

T∗ = kT
εi, j

and
εi, j

k =
(
εi
k ·

ε j

k

)0,5
. (A11)

The parameters of the so-called Neufeld relation [21] are:

a1 = 1.06036, a2 = 0.15610, a3 = 0.19300, a4 = 0.47635,

a5 = 1.03587, a6 = 1.52996, a7 = 1.76474, a8 = 1389411
(A12)

Appendix C

Under the assumption of constant total concentration within the pellet (C = const.), combining the diffusive
flux model (Equation (18)) with the mass balance equation of component i (Equation (17)) yields:

−
1
r2

d
dr

(
−r2CDi,e f f

dxi
dr

)
+ si = 0 ⇒

d
dr

(
Di,e f f

dxi
dr

)
+ Di,e f f

2
r

dxi
dr + si = 0, (A13)

Keeping in mind that Di,eff is a function of x(r), where x = [ xCO, xCO2, xMeOH, xH2O, xDME, xinert, xH2],
the derivative of diffusive flux, i.e.,:

g(r) = Di,e f f
dxi
dr

, (A14)

at a generic discrete node n is approximated using the following scheme [22]:

dgn

dr ≈
gn+1/2

−gn−1/2

∆r =
Dn+1/2

i,e f f

xn+1
i −xn

i
∆r −Dn−1/2

i,e f f

xn
i −xn−1

i
∆r

∆r =
Dn+1/2

i,e f f xn+1
i −

(
Dn+1/2

i,e f f +Dn−1/2
i,e f f

)
xn

i +Dn−1/2
i,e f f xn−1

i

∆r2 , (A15)

where:

Dn+1/2
i,e f f =

Dn+1
i,e f f +Dn

i,e f f

2 and Dn−1/2
i,e f f =

Dn−1
i,e f f +Dn

i,e f f
2 . (A16)
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