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The performance of a fixed-bed and entrained flow reactor for the sorption-enhanced methanol synthesis from CO2 is

assessed by modelling. Both reactors achieve good performance but show possible drawbacks. The fixed bed reactor

requires several units working in parallel, while the entrained flow reactor needs a large volume due to the high superficial

particle velocity. We propose a new reactor type, which combines a circulating sorbent with a fluidized bed methanol cata-

lyst in bubbling regime. This solution achieves high CO2 conversion with high space velocity in a continuous manner.
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1 Introduction

The tendency towards the cleaner production of base chem-
icals is currently calling for a rethinking of the chemical
synthesis routes, to adapt to the different availability of raw
materials. The production of renewable hydrogen follows
different pathways than the fossil fuel-based processes, gen-
erally operating at different scales. In this sense, it can be
envisaged that the small-scale production of base chemicals
gains importance with the energy transition [1]. The metha-
nol production is an example of this possible transition
towards renewable materials. Methanol is currently pro-
duced using CO and H2 in the standard synthesis process:

COþ 2H2 Ð CH3OH

DH0
R 298 Kð Þ ¼ �91 kJ mol�1 (1)

CO and H2 are generally produced from fossil fuels, for
example from natural gas steam reforming [2]. In parallel
to the methanol synthesis, over the commercially used
Cu/ZnO/Al2O3 catalyst, the reverse water gas shift reaction
(RWGS) occurs, which allows using CO2 as feedstock [3].
The stoichiometry of the RWSG reaction is:

CO2 þH2 Ð COþH2O

DH0
R 298 Kð Þ ¼ 41:5 kJ mol�1 (2)

While the standard fossil-based methanol synthesis is
performed in continuous large-scale plants, the amount of
H2 produced in renewable-powered electrolysis units is in
the MW-scale [4]. Hence, if this resource is used as feed-
stock, the scale of the chemical reactor should be signifi-
cantly decreased. In the current processes, the thermody-
namic equilibrium is shifted by means of high pressure. The

required compression is obtained at low cost by feeding the
hot gases coming from the reforming step to a turbine [2].
This important thermal integration is not anymore available
in the renewable methanol production as the synthesis
process is decoupled from the natural gas steam reforming
step. Hence, the compression cost may become significant
in the renewable methanol synthesis, requiring the use of
other strategies for the shift of thermodynamic equilibrium
[5].

A promising pathway for the enhancement of methanol
synthesis is the selective removal of products. This concept
was experimentally verified by Westerterp et al. by means of
a couple of tubular reactors in series with inter-stage
methanol absorption, showing a significant increase in sin-
gle-pass conversion with this configuration [6]. Following
this concept, several studies highlighted the possibility of
producing methanol via membrane reactors [7]. The cur-
rent drawback of this technology is the limitation to rather
mild temperature and pressure conditions. Other studies fo-
cused on the removal of the products by in situ condensa-
tion, showing high reaction yield and shift of the thermody-
namic equilibrium [8, 9]. Unfortunately, these reaction
concepts also show a significant energy demand to perform
the recirculation of reactants. Another option for the selec-
tive removal of reaction products is the use of ionic liquids
[10].
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In this paper, the focus lies in the assessment of sorption-
enhanced techniques for the thermodynamic equilibrium
shift in the methanol synthesis. Sorption-enhancement is a
well-known technique, which was applied to several reac-
tions, including steam reforming [11], CO2 methanation
[12], water-gas-shift reaction [13] and dimethyl-ether pro-
duction [14]. Sorption enhanced methanol syn-
thesis was demonstrated in some recent studies
using Cu-based catalysts mixed with zeolites,
which act as water sorbents [15, 16]. The water
adsorption has a double promoting effect on the
methanol synthesis. On one hand, the in situ
water removal shifts the thermodynamic equilib-
rium, hence causing an increase in the reaction
yield [15]. On the other hand, the water removal
prevents the inhibition of catalyst active sites
due to competitive adsorption [17]. The selec-
tion of the appropriate zeolite for this process is
guided by the goal of selectively trapping water
molecules. Several studies showed that molecu-
lar sieves in the 3 Å range are ideal for applica-
tions in the methanol synthesis [18, 19] and will
hence be used as a reference material in this
study.

Goal of this study is to analyze the possibility
of implementing the sorption-enhanced metha-
nol synthesis in technical reactors. This will be
performed by comparing the performance of
different reactor types in the sorption-enhanced
methanol synthesis in terms of space-time yield.
Primarily, the performance of a series of dynam-
ic fixed bed reactors is computed to determine
the dimension and number of units required to
achieve the target methanol productivity. This
performance will be compared with the simula-
tion results of an entrained flow reactor. Com-
pared to the former case, the latter reactor
requires only one reactor vessel, as catalyst and
sorbent are continuously exchanged [20]. How-
ever, in the entrained flow reactor, the attainable
residence time is rather small, because of the
entrainment conditions, which require high
superficial gas velocity. After the analysis of pros
and cons of these reactor technologies, a new
reactor type was proposed. In this equipment, a
combination of fluidized bed and entrained flow
reactors is realized. This is achieved by selecting
the particle size of catalyst and sorbent in a way
that the catalyst is kept in suspension in the
reactor (fluidized bed) and the sorbent is
entrained. In this way, it is possible to achieve a
significantly higher residence time of the gas on
the catalyst bed, while ensuring a continuous
regeneration of the sorbent.

2 Computational Details

2.1 Reactors Analyzed

The details of the three reactor types analyzed are shown in
Fig. 1. The dynamic fixed bed reactor is composed of two
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Figure 1. The three reactor types analyzed: a) dynamically operated fixed bed
reactor, b) entrained flow reactor, c) fluidized bed (catalyst) and entrained flow
(sorbent) reactor.
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reactors in parallel, one operated in reaction mode and the
other in regeneration mode. The regeneration is operated
by feeding an inert gas (e.g., N2) and by keeping the reactor
warm using the waste heat coming from the reactor in reac-
tive mode. The regeneration step is not modelled in detail.
The entrained flow reactor is operated by entraining both
catalyst and sorbent. When leaving the reactor, the particles
are separated from the gas phase and fed to regeneration
unit, which is operated with an inert gas and using the
waste heat from the methanol reactor. The regenerated sor-
bent is then fed back, together with the catalyst, to the main
reactor. The entrained/fluidized bed reactor generates two
different flow patterns in the reactor by using different par-
ticle sizes. The catalyst remains in suspension in the reactor
(fluidized phase) while the sorbent is sufficiently small to be
entrained from the gas. The entrained sorbent is separated
from the gas phase and regenerated in analogy to the
entrained flow reactor.

2.1.1 Dynamic Fixed Bed Reactor

The dynamic fixed bed reactor has a volume of 20 m3 and is
composed of 5000 pipes in parallel with diameter of 0.01 m.
Due to the small-scale focus, the reactor diameter consid-
ered is slightly smaller than the standardly used reactor
diameter, which is in the order of 0.03–0.05 m [21]. The
diameter-to-pellet ratio is kept in a safe range to avoid un-
desired effects. The total feed is 20 kmol h–1 of a stoichio-
metric 1:3 CO2:H2 gas mixture at 30 bar. The sorbent to cat-
alyst ratio is 1:1. The kinetic model for the methanol
synthesis is from Vanden Bussche and Froment [22] and
the sorbent model is from Maksimov et al. [16]. The model
is as follows:

Mass balance for component i (except H2O):

¶yi

¶t
¼ eb

et
v0

¶pi

¶z
� rcatRT

et

XNR

j¼1

hni;jRj 1� jcð Þ (3)

Mass balance for H2O:

¶yH2O

¶t
¼ eb

et
v0

¶pi

¶z
� rcatRT

et

XNR

j¼1

hnH2O;jRj 1� jcð Þ

� radsRT
et

¶qH2O

¶t
(4)

Energy balance:

rtotcp
¶T
¶t
¼

cpeb

R
v0

¶T
¶z
� rcatRT

et

XNR

j¼1

hRj �DHR
j

� �
1� jcð Þ

� rads �DHadsð Þ
¶qH2O

¶t
� 2U

rin
T � Twð Þ

(5)

Water absorption model:

¶qH2O

¶t
¼ U qH2O*� qH2O

� �
(6)

Equilibrium loading of the adsorbent:

qH2O* ¼
mH2ObH2OpH2O

1þmH2OpH2O
(7)

For the calculation of the gas velocity, the continuity
equation is used. The catalyst efficiency is calculated with
the generalized Thiele modulus for a catalyst pellet. The cat-
alyst efficiency factor is calculated via the generalised Thiele
modulus:

f ¼
Vp

Sp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nþ 1

2

kcn�1
i;s

D

 !vuut (8)

h ¼ 3

f2 f coth fð Þ � 1ð Þ (9)

The parameters of the system are obtained from [16] and
reported in Tab. 1. The model equations are solved in
MATLAB by discretizing the space variable with the
method of lines (20 points) and by resolving the resulting
system of ordinary differential equations with the ode15s
function.

2.1.2 Entrained Flow Reactor

The entrained flow reactor is simulated with a 1D model,
assuming steady-state conditions, negligible axial and radial
dispersion and uniform water adsorption following the for-
mulation in [20]. The intraphase limitations are considered
via the Thiele modulus. The superficial velocity of the gas is
0.3 m s–1. The particles diameter is 0.00003 m. The reactor
diameter is 1.5 m and the length is 7 m (reference case).

Chem. Ing. Tech. 2023, 95, No. 5, 631–641 ª 2023 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Table 1. The parameters for the dynamic fixed bed reactor (ela-
borated from [16]).

Parameter Value

Bed porosity eb [–] 0.34

Total porosity et [–] 0.52

Catalyst density rcat [kg m–3] 1450

Catalyst fraction jcat [–] 0.5

Heat of water adsorption DHads [kJ mol–1] 78

Langmuir adsorption parameter for water adsorption*
bH2O;0 [–]

1.04 � 10–15

*The water adsorption parameter is calculated according to the

Langmuir isotherm bH2O ¼ bH2O;0exp �DHads

RT

� �
.
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This corresponds to a flow rate of 80 kmol h–1 in the refer-
ence case. The material balances are expressed as:

dFi

dz
¼ 1� jcð ÞrsesdAH

XNR

j¼1

hnI;jRj (10)

The water balance is expressed as:

dFH2O

dz
¼ 1� jcð ÞrsesdAH

XNR

j¼1

hnH2O;jRj � jcesdAGsqH2O

(11)

The energy balance is:

XNS

i¼1

Ficp;i
dT
dz
¼ 1� jcð ÞrsesdAH

XNR

j¼1

hnI;jRj � UpD

· T � Twð ÞH (12)

The solid circulating rate (Gs) is given by:

Gs ¼ U0
S rs (13)

U0
S is the superficial solids velocity. The momentum bal-

ance is written assuming negligible gas gravity, wall friction
and gas velocity variation. Under these assumptions, the
balance results in the formula [23]:

�DPð Þdense bed ¼ grsesdH þ rsUg esdUt (14)

Ug is the gas velocity in the dense region, expressed as:

Ug ¼
U0

g

1þ esd
(15)

U0
g is the superficial gas velocity. esd can be calculated by

assuming that a critical holdup value exists after which the
solids holdup becomes independent from the superficial gas
velocity (dense region filling the entire riser). Hence, esd is
calculated as [24]:

esd

e0s
¼ 1þ 6:14 · 10�3

U0
g

U0
s

 !�0:23
rs � rg

rg

 !1:21
U0

gffiffiffiffiffiffi
gD
p

 !�0:383

for Gs < G�s
(16)

esd

e ¢
s
¼ 1þ 0:103

U0
g

U0
s

 !1:13
rs � rg

rg

 !�0:013

for Gs ‡ Gs*

(17)

e ¢
s is the solids holdup when the slip velocity equals Ut:

e ¢
s ¼

Gs

rs U0
g � Ut

� � (18)

The saturation carrying capacity is expressed as [25]:

G�s ds

mg
¼ 0:125Fr1:85Ar0:63

rs � rg

rg

 !�0:44

(19)

The Froude (Fr) number is expressed as:

Fr ¼
U0

gffiffiffiffiffiffi
gD
p (20)

The Archimedes (Ar) number is calculated as:

Ar ¼
d3

s rg g rs � rg

� �
m2

g
(21)

The particle terminal velocity (Ut) is obtained by calculat-
ing the dimensionless terminal velocity (U�t ) and the
dimensionless particle diameter (d�s ) as follows [26]:

Ut* ¼
18
d�2s
þ

2:3348� 1:7439 fp

d�0:5s

� ��1

(22)

ds* ¼
3
4

CDRe2
� �1=3

¼ ds

grg rs � rg

� �
m2

g

0
@

1
A

1=3

(23)

Ut ¼ U�t
gmg rs � rg

� �
r2

g

0
@

1
A

1=3

(24)

fp is the sphericity of the particles, Re is the Reynolds
number:

Re ¼
dsUtrg

mg
(25)

CD is the drag coefficient, expressed as:

CD ¼
4
3

gds

U2
t

rs � rg

rg

 !
(26)

The system of differential equations resulting from the
model is implemented in MATLAB and solved with the
function ode23t.

2.1.3 Fluidized and Entrained Flow Reactor

The fluidized and entrained flow reactor is simulated with a
modified two-phase reactor model [27]. The reactor has a
diameter of 1.5 m and a length of 2 m. The sorbent has a
diameter of 0.0003 m, while the catalyst has a diameter of
0.0015 m. The model consists of the bubble phase and two
dense phases: one canonical fluidized phase (catalyst in

www.cit-journal.com ª 2023 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2023, 95, No. 5, 631–641

634 Research Article
Chemie
Ingenieur
Technik

 15222640, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cite.202200200 by Paul Scherrer Institut PSI, W

iley O
nline L

ibrary on [25/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



bubbling regime) and one entrained phase (sorbent in cir-
culating regime). In the canonical fluidized phase, the main
reactions take place, while in the entrained phase only the
water adsorption occurs. The main assumptions of this
model are similar to the previous cases: steady-state condi-
tions, plug flow behavior of the bubble phase, the dense
phase is well mixed, interphase and intraparticle diffusion
resistances are negligible due to small catalyst particles. The
resulting model equation are:

Mass balance on the main components (bubble phase):

dFib

dh
¼ � Kbdð Þib

Fib

Qb
� Fid

Qd

� �
Ab (27)

The mass balance of water contains an additional term of
adsorption on the entrained sorbent particles:

dFH2O;b

dh
¼ � Kbdð Þib

Fib

Qb
� Fid

Qd

� �
Ab � jcesdAGsqH2O (28)

The energy balance is:

dTb

dh
¼

Hbdð ÞbAb Td � Tbð Þ � jcesdAGsqH2ODHads

rg Cpg Qb
(29)

The mass balance of the dense phase is:

Fid ¼ Fidð ÞF þ
ZH

0

Kbdð Þib
Fib

Qb
� Fid

Qd

� �
Abdhþ V

· 1� dð Þ 1� emf
� �

rs

XNR

j¼1

nijRj (30)

The energy balance of the dense phase is:

rg Cpg Qd TF � Tref
� �

� rg Cpg Qd Td � Tref
� �

�
ZH

0

Hbdð ÞbAb Td � Tbð Þdhþ V 1� dð Þ 1� emf
� �

rs

XNR

j¼1

DHjRj

� UpD Td � TWð Þ ¼ 0

(31)

The hydrodynamic parameters are reported in appendix.
The model equations are implemented in MATLAB and
solved with the function ode23t.

2.2 Comparison Parameters

The comparison of the reactors is made according to the
following parameters:

CO2 conversion:

XCO2 ¼
F0

CO2 � Fout
CO2

F0
CO2

(32)

Methane yield:

YMeOH ¼
Fout

MeOH

F0
CO2

(33)

CO yield:

YCO ¼
Fout

CO

F0
CO2

(34)

Space velocity:

GHSV ¼
Ftot

Nm3

h

h i
Vreact m3½ � (35)

To compare a system that is intrinsically discontinuous
(dynamic fixed bed reactor) with continuous systems, the
conversion and yield indicators of the dynamic fixed bed
reactor are averaged over the entire time on stream, i.e.,
from time = 0 when the sorbent is fresh to the selected time
of switch between reactors. The volume of the fixed-bed
reactor includes two catalyst-filled units, one in reaction
and one in regeneration mode.

3 Results and Discussion

The sorption-enhanced reactions are intrinsically discontin-
uous operations, as water is adsorbed on the surface of the
sorbent material until saturation. Once saturated, the mate-
rial should be regenerated either in situ or ex situ to remove
the water and restore the sorption capacity. The analyzed
processes, fixed and entrained flow reactors, differ for the
regeneration strategy. In the former case, two identical reac-
tors are operated alternatively in reaction or regeneration.
Hence, the regeneration is performed in situ and only one
reactor at a time is active in the reaction. In the latter case,
the regeneration is performed ex situ and the spent sorbent
is continuously removed from the reactor and replaced by
fresh catalyst. In the following, the two strategies are ana-
lyzed in detail and compared.

3.1 Fixed Bed Reactor

The fixed bed reactor is operated dynamically. Hence, the
model used considers the variation of the axial concentra-
tion and temperature profile over time. The calculated
methanol yield and temperature profiles are shown in Fig. 2.
The results are in good agreement with the experimental
results reported in [16]. In the first part of the reactor, the
reaction is fast, until reaching a value of approximately
25 % methanol yield. This section corresponds to the reac-
tion hotspot area, as visible from the temperature profile.
The calculated position and extension of the hotspot is in
line with what experimentally reported for the standard

Chem. Ing. Tech. 2023, 95, No. 5, 631–641 ª 2023 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com
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CO2 to methanol reaction [28]. After this first section, the
sorption enhancement effect becomes evident. Initially (50 s
line), the yield profile increases strongly with the axial coor-
dinate, because the sorbent capacity is high. With the pro-
gressive saturation of the sorbent, the profile tends to
become flatter, until approximating the standard (non-en-
hanced) methanol synthesis reaction for a time on stream
longer than 150 s. This time span is in line with the switch
time of pressure swing adsorption units of industrial rele-
vance [29, 30].

The shift of the water sorption profile is evident in the
temperature profile. Initially, most of the water adsorption
(exothermic reaction) takes place in the first half of the
reactor, so that the heat production in the second half of the
reactor is limited. In this way, the cooling is sufficient to
reduce the temperature in the second half of the reactor,
originating a characteristic hotspot profile. With the pro-
ceeding of the reaction, more heat production takes place in
the second part of the reactor, as the sorbent in the first part
is already saturated. In this way, the heat production is dis-
tributed in the entire reactor, increasing the temperature
also in the second half of the reactor. The observed profile
is hence the result of two different reaction zones: initially,
the heat production is controlled by the (fast) methanol
synthesis reaction; when the CO2 conversion approaches
the equilibrium value, the water sorption becomes deter-
mining, limiting the conversion to the value allowed by the
thermodynamic shift. At the same time, water sorption
influences the extent of the RWGS reaction, with higher
amount of CO present at the reactor outlet with increasing
time-on-stream. This suggests that the reactor optimization
depends on the adaptation of the relative ratio of catalyst
and sorbent, matching the reaction rate and the thermody-
namic shift by water removal. This is particularly important
when increasing the pressure. In this case, the reaction yield
increases, hence causing an increase in the water produc-
tion. As the water adsorption is an exothermic reaction, the
increase in pressure causes an increase in the outlet temper-

ature, as shown in Fig. 3. This in turn causes a decrease in
the maximum methanol yield reachable, as a higher temper-
ature implies a lower equilibrium yield. Hence, unless the
heat transfer is significantly increased, the increase of pres-
sure has a limited effect on the reaction yield. For these
reasons, the sorption-enhanced methanol synthesis is par-
ticularly suitable for small-scale applications, where low
pressure is required due to the economic impact of com-
pression on the process performance [31].

The results elucidated in this section confirm that the
sorption enhanced methanol synthesis is feasible in fixed
bed reactors, but also showed that the management of the
dynamic reactor may be challenging, as the complex inter-
play of reaction, water adsorption and heat transfer should
be controlled with care.

www.cit-journal.com ª 2023 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2023, 95, No. 5, 631–641

a) b)

Figure 2. Results of the simulations for the dynamic fixed bed reactor. a) Methanol yield profile, b) temperature
profile (P = 30 bar, coolant temperature = 220 �C, sorbent/catalyst ratio = 1/1).

Figure 3. Average outlet temperature in the sorption-enhanced
methanol synthesis in the dynamic fixed bed reactor as a func-
tion of pressure (coolant temperature = 220 �C, sorbent/catalyst
ratio = 1/1, time on stream = 150 s).
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3.2 Entrained Flow Reactor

In the entrained flow reactor, the catalyst and sorbent par-
ticles are designed to be entrained by the gas flow. Hence,
the residence time of the particles in the reactor is limited
and the sorbent does not reach the saturation conditions
before leaving the reactor. The sorbent:catalyst ratio investi-
gated is 1:1. The results of the simulations for this reactor
type are displayed in Fig. 4.

The sorption-enhancement effect is already visible after
the first 10 % of the reactor. Initially, the water removal
increases mainly the extent of the RWGS reaction, increas-
ing the CO yield. This is well documented by the CO yield
curve. After ca. 20 % of the reactor volume, the CO produc-
tion and consumption start being equilibrated, so that most
of the additional CO2 conversion adds up to the methanol
production. In the conditions investigated here, the CO2

conversion at the reactor outlet is ca. 73 % and the metha-
nol yield is ca. 48 %. The dimensions of the reactor are
selected to optimize the space-time yield. An increase of the
reactor dimensions could further increase conversion and
yield, but the vicinity to the thermodynamic equilibrium
would require an excessive volume for a limited increase of
reaction yield.

The results here presented generally confirm what is
observed in the existing literature [20]. To summarize the
results of the entrained flow reactor, the advantage of the
continuous operation is compensated by a low selectivity to
methanol. This is mainly due to the short contact time in
this reactor type, which results in a significant enhancement
of the side RWGS reaction. Additionally, the short contact
time results in a low catalyst utilization, as a significant
amount of catalyst needs to be continuously fed and with-
drawn from the reactor. This results in the requirement of a
low apparent gas hour space velocity (GHSV) to achieve a

significant methanol yield. This drawback can be reduced
by changing the catalyst utilization, separating the fluid
dynamic properties of catalyst and sorbent.

3.3 Entrained and Fluidized Bed Reactor

In the entrained and fluidized bed reactor, the flow pattern
of catalyst and sorbent is different. The catalyst is sized to
constitute the dense phase in the fluidized bed and hence to
remain constantly in the reactor. The sorbent is instead of
smaller size, so that it is entrained in the gas flow and con-
tinuously fed and withdrawn from the reactor together with
the gas. In this way, the main drawback of the entrained
flow reactor, i.e., the short residence time of the catalyst in
the reactor, is overcome. This reactor type was simulated,
and the results are reported in Fig. 5.

The CO2 conversion increases continuously over the axial
coordinate, until reaching a value of 70 % at the reactor outlet
(the outlet conversion value is determined by the reactor size
selected). A slight change in the derivative of the CO2 conver-
sion curve after approximately 10 % of the reactor volume
identifies the change of regime from the preferential produc-
tion of CO to the sorption-enhancement of the methanol syn-
thesis reaction. This is well visible in the methanol and CO
yield curves, as in the first 10 % of the reactor volume the main
product is CO, while in the rest of the reactor most of the CO2

is converted to methanol. The positioning of the CO/metha-
nol crossover point and the shape of the CO yield curve are
significantly different from the entrained flow reactor. This is
mainly due to the different flow pattern, which modifies the
relative concentrations of the components and the extent of
the competitive reactions and the positioning of the water
sorption over the reactor axial coordinate. Overall, the outlet
concentrations of CO, CO2 and methanol are similar to the
entrained flow reactor, but the reactor is significantly smaller,
thanks to the lower superficial gas velocity at the reactor inlet.

Chem. Ing. Tech. 2023, 95, No. 5, 631–641 ª 2023 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 4. Results of the simulations for the entrained flow reac-
tor, comparing the sorption-enhanced and the standard metha-
nol synthesis (P = 30 bar, coolant temperature = 220 �C, sorbent/
catalyst ratio = 1/1).

Figure 5. Results of the simulations for the mixed entrained
flow/bubbling fluidized bed reactor.
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3.4 Comparison of the Reactors

The most appropriate way to compare the performance of
the reactors is to consider the variation of methanol yield
with the space velocity. This allows determining the dimen-
sions required for a reactor to achieve a certain methanol
yield, homogenizing the various properties of the three
reactors considered. The comparison is shown in Fig. 6a in
terms of GHSV and in Fig. 6b considering the amount of
catalyst present in the reactor (WHSV, weight hourly space
velocity). For the dynamic fixed bed reactor, the calculated
space velocity includes the non-reactive residence time due
to the sorbent regeneration (e.g., in N2 flow). One can ob-
serve that the fixed bed reactor can reach the highest meth-
anol yield. This is due to the high yield (ideally up to 100 %)
achieved with a fresh sorbent, at the reaction start. The cu-
mulative yield decreases quickly with the time on stream,
due to the progressive saturation of the sorbent. For this
reason, it is not convenient to operate this reactor with
GHSV higher than 50.

A similar trend is observed in the entrained flow reactor.
As already observed in Sect. 3.2, high methanol yield is only
achieved with a large reactor. It is also evident that the com-
parison with the dynamic fixed-bed reactor is unfavorable,
as the methanol yield at the same GHSV value is lower for
the entrained flow reactor. Interestingly, it is also not conve-
nient to operate this reactor at GHSV above 50, because the
sorption-enhancement effect is practically absent. This is
due to the preferential enhancement of the RWGS reaction
in the initial stages of the reaction, making the RWGS reac-
tion dominant for high space velocity. The combined
entrained flow/fluidized bed reactor also requires a low
space velocity to achieve high methanol yield, due to the
preferential methanol synthesis mechanism via RWGS and

CO hydrogenation. However, due to the different relative
extent of these two reactions, with the continuous increase
of CO production over the axial coordinate, the methanol
yield tends to remain higher at higher space velocity, com-
pared to the other reactors considered. Hence, this reactor
type is suitable to achieve larger methanol yield at high
space velocity, resulting in a better possibility to manufac-
ture compact units for the methanol synthesis. The main
drawback of this reactor type is the significant amount of
CO produced, which results in a lower methanol yield also
at low GHSV. The comparison in terms of WHSV shows
similar trends. The only exception is that lower WHSV is
observed for the fixed-bed reactors, because of the low uti-
lization of the catalyst (half of the catalyst is not used be-
cause it is in the unit in regeneration.

According to this comparison, we can observe that the
dynamic fixed bed reactor is suitable for the production of
large amounts of methanol in large units, ideally with quick
shift between the reaction and regeneration phase. The
entrained/fluidized bed reactor can be a good solution for
smaller-scale reactors, where high CO2 conversion can be
achieved in compact units. The drawback of low methanol
conversion at large space velocity can be overcome by
installing consecutive reaction steps (eventually non-sorp-
tion-enhanced) aimed at the conversion of the remaining
CO into further methanol. For this reason, a complete com-
parison of the reactor types should follow the consideration
of the reactors in the entire methanol production chain,
with the possibility of installing further reactive stages
increasing the methanol yield. This optimization problem
goes beyond the scope of this study and will be addressed in
future research work.

www.cit-journal.com ª 2023 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2023, 95, No. 5, 631–641

a) b)

Figure 6. Comparison of the three reactor types: a) methanol yield vs. gas hour space velocity, b) methanol yield
vs. weight hour space velocity. The dynamic fixed-bed reactor (DFB) can achieve high methanol yield (> 50 %),
but operates at low apparent GHSV, due to the relatively high amount of gas required in regeneration. The
entrained flow reactor (EF) can achieve high yield only at low space velocity, due to the high superficial velocity
required to keep the flow regime. The entrained flow and bubbling fluidized bed reactor (EF+BFB) can achieve
significant methanol yield at higher space velocity. The WHSV for the DFB is calculated with 150 s of time-on-
stream.
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4 Conclusion

In this work, we compared the performance of dynamic
fixed bed, entrained flow and mixed entrained/bubbling flu-
idized bed reactors in the sorption-enhanced methanol syn-
thesis. All the reactors are suitable to perform the desired
process, but each of them presents pros and cons. The
dynamic fixed bed reactor can achieve high methanol yield,
thanks to the high utilization of the sorbent (up to the satu-
ration point). However, this reactor is intrinsically discon-
tinuous, as the sorbent must be regenerated. Consequently,
the operation requires at least two reactors in series, hence
demanding a high amount of catalyst per unit of methanol.
The entrained flow reactor achieves a continuous operation
of the sorption-enhanced methanol synthesis, but is charac-
terized by a large superficial gas velocity, required to entrain
sorbent and catalyst. A better compromise in terms of reac-
tor dimensions and space time yield is achieved by separat-
ing the flow pattern of catalyst and sorbent in the reactor,
with the former being maintained in the reactor and the lat-
ter being entrained. In this case, an adequate methanol yield
is achieved also with higher space velocity. However, the
methanol selectivity in this reactor is about 60 %, so that
further processing of the coproduced CO is required.

The results of this study demonstrate that it is not possible
to identify a reactor that clearly shows the best performance
in the sorption-enhanced methanol synthesis. The optimal
reactor technology strongly depends on external factors,
such as required productivity and product purity, availability
of heat for the sorbent regeneration and size of the equip-
ment. In fact, these elements influence the number of alter-
nating units required in the dynamic fixed bed reactor oper-
ation or the size of the post-processing units to convert CO
for all reactor types as well as the size of the sorbent regener-
ation vessel for the two fluidized bed reactors. In general, it
can be observed that the dynamic fixed bed reactor is partic-
ularly suitable to produce high amounts of methanol when a
fast exchange of the reactive units is possible (i.e., when it is
possible to install several units in parallel). The hybrid
entrained/fluidized bed reactor could show a better perfor-
mance for applications that require high CO2 conversion in
a single stage (e.g., small-scale applications), without strin-
gent requirements in terms of methanol yield in a single
stage. The decision to apply one specific technology thus
depends on the boundary conditions of the system consid-
ered. The determination of an optimization routine to select
the most suitable technology according to various possible
external limitations overcomes the scope of this paper and
will be explored in further studies.
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Appendix

The hydrodynamic parameters for the fluidized bed reactor
are as follows:

emf ¼ 0:586
1:0
Ar

� �0:029 rg

rs

� �0:021

(A1)

Umf ¼
mg

rg ds

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
25:252 þ 0:065 � Ar

p
� 25:25

� �
(A2)

QF ¼ U0
g A (A3)

Qd ¼ Umf A (A4)

Qb ¼ QF � Qd (A5)

dbm ¼ 0:652 A U0
g � Umf

� �� �0:4
(A6)

dbo ¼ 0:347 7:85 · 10�5 Uo
g � Umf

� �� �0:4
(A7)

db ¼ dbm � dbm � dboð Þexp � 0:3h
D

� �
(A8)

Ub ¼ Uo
g � Umf þ 0:711 gdbð Þ0:5 (A9)

d ¼
U0

g � Umf

Ub
(A10)

H ¼
Hmf

1� d
(A11)

Dij ¼ 0:04357

T2=3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

Mi

þ 1

Mj

r

P V1=3
ci þ V1=3

cj

� �2 (A12)
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Dim ¼
1� xiPN
i¼1

xi

Dij

� � (A13)

1
Kbdð Þib

¼ 1
Kbcð Þib

þ 1
Kcdð Þib

(A14)

Kcdð Þib ¼ 6:78

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
emf DimUb

d3
b

s
(A15)

Kbcð Þib ¼ 4:5
Umf

db

� �
þ 5:85 D1=2

im g1=4=d5=4
b

� �
(A16)

1
Hbdð Þb

¼ 1
Hbcð Þb

þ 1
Hcdð Þb

(A17)

Hcdð Þb ¼ 6:78

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kgrg Cpgemf Ub

db

s
(A18)

Hbcð Þb ¼ 4:5
Umf rg Cpg

db

� �
þ 5:85

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kgrg g1=2Cpg

d5=2
b

vuut (A19)

Symbols used

A [m2] reactor external surface
Ab [m2] surface of a bubble
Ar [–] Archimedes number
bH2O [Pa–1] Langmuir adsorption parameter

for water adsorption
cp [J mol–1K–1] specific heat
CD [–] drag coefficient
ds [m] diameter of the solids
D [m2s–1] diffusion coefficient
Fi [kmol h–1] molar flow rate of the species i
Fr [–] Froude number
g [m s–2] gravity acceleration
Gs [kg m–2s–1] solid circulation rate
H [m] reactor length
Hbd [W K–1m–2] heat transfer coefficient from the

bubble to the dense phase
DHR

j [J mol–1] reaction enthalpy in the reaction j
k [varies] apparent kinetic constant
Kbd [mol m–2] mass transfer coefficient from the

bubble to the dense phase
n [–] apparent reaction order
DP [Pa] pressure drop
qH2O [mol] water intake of the adsorbent

Qb [m3s–1] volumetric flow rate bubbles
Qd [m3s–1] volumetric flow rate dense phase
ri [m] radius
R [J mol–1K–1] universal gas constant
Re [–] Reynolds number
Sp [m2] particle surface area
t [s] time
T [K] temperature
Tw [K] temperature of the cooling wall
U [W m–2K–1] heat transfer coefficient
Ug [m s–1] gas velocity in the dense region
U0

S [m s–1] superficial solids velocity
v0 [m s–1] nitial linear velocity
Vp [m3] particle volume
Xi [–] conversion of the species i
yi [–] molar fraction
Yi [–] yield of the species i

Greek letters

d [–] bubble phase volume fraction
jc [–] fraction of the catalyst (among the

solids)
eb [–] bed porosity (considers the void

volume in the bed)
emf [–] solids holdup at minimal

fluidization
ep [–] particle porosity (considers the

void volume inside a particle)
e ¢

s [–] solids holdup when the slip
velocity equals Ut

esd [–] average solids holdup in the dense
region

et [–] total bed porosity (considers the
total void volume
et ¼ eb þ 1� ebð Þep

h [–] catalyst effectiveness factor
ni,j [–] stoichiometric coefficient for

species I in the reaction j
ri [kg m–3] density of the species i
f [–] Thiele modulus [-]
fp [–] Sphericity of particles
m [Pa s] dynamic viscosity
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