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A B S T R A C T

A new reactor for process intensification using sorption enhanced reaction is described. The novelty compared 
with most experimental work is that a continuous sorbent feeding (CSF) provides a steady state operation. The 
sorbent increases the reaction rate of a reversible reaction. The reactor is based on the phenomena of segregation 
of solids in fluidized bed reactors by using a catalyst and a sorbent. Under certain conditions of density and 
particle size, the two solids segregate and the sorbent may be removed from the bed with only a small content of 
catalyst. The system has been experimentally tested in the hydrogenation of CO2 to methanol, using a zeolite as 
sorbent. A significant increase in CO2 conversion was achieved compared with the same reactor without sorbent.

1. Introduction

Fuels produced from CO2 and green hydrogen (i.e., hydrogen from 
solar or wind energy), are a promising way to solve several of the main 
societal challenges [1–3]: a) increasing CO2 emission [4], b) depletion of 
fossil fuels, c) difficulties in the decarbonization of some transport sec
tors [5,6], d) intermittency of renewable resources, and e) security of 
energy sources. Fuels from CO2 and renewable energy, commonly 
named as e-fuels, include methanol, dimethyl-ether and methane (also 
known as Renewable Natural Gas), and hydrocarbons obtained by 
Fischer-Tropsch.

The corresponding reactions may be written as follows: 

CO2 +3 H2⇌CH3OH+H2O (1) 

CO2 +6 H2⇌CH3 − o − CH3 +3 H2O (2) 

CO2 +4 H2⇌CH4 +2 H2O (3) 

nCO2 +3n H2→(CH2)n +2n H2O (4) 

All the above reactions share a common characteristic: water is 
produced in the process, in some cases even more moles of water than 
moles of the desired product. In the first three cases (methanol, 
dimethyl-ether and methane) the reaction yield is limited by the 

thermodynamic equilibrium. Therefore, removing water and intensi
fying the process, it is possible to achieve yields higher than those ob
tained under non-intensified conditions. This improvement is due to the 
removal of water formed during the reactions, which shifts the ther
modynamic equilibrium toward product formation—an effect that does 
not occur in conventional processes [7]. In the case of Fischer-Tropsch 
synthesis, water removal may also provide increases in reaction rate 
and other advantages [8].

The same idea can be applied to the Reverse Water Gas Shift reaction, 
that can be employed as an intermediate step in all the processes for the 
transformation of CO2 to other products: 

CO2 +H2⇌CO+H2O (5) 

The removal of water from the catalyst environment may be ob
tained by means of a membrane (i.e., using a membrane reactor) or 
using a sorbent selective to water (a case of the so-called Sorption 
Enhanced Reactor). Membrane reactors have been studied for methanol, 
dimethyl-ether and Fischer-Tropsch reaction [9–18]. In the last case the 
target is not to change the equilibrium but to avoid undesirable effects of 
water on the reaction rate or on the catalyst stability. Membrane re
actors that remove water are usually based on zeolite membranes, and 
several works have described its performance by simulations or from 
experimental laboratory experiments. Many reviews have provided a 
wide overview of the achievements in the field of zeolite membrane 
reactors [19–21]. The feasibility of using carbon-molecular sieve 
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membranes has been disclosed in recent works [22,23]. Sorption 
Enhanced Reaction (SER) is another technology that is included in the 
broad field of Process Intensification. SER aims to increase the reaction 
rate and the achievable yield by using a sorbent. In most experimental 
published works the sorbent is located in a fixed bed, together with the 
catalyst [24–32]. Those experiments show that the sorbent becomes 
saturated after a few minutes and therefore the reactor must operate in 
cycles of reaction and regeneration, i.e., in non-steady state. Kuczynski 
et al. [33] employed a fixed-moving bed reactor, where the sorbent was 
moving through the free spaces of a fixed bed of catalyst. The experi
mental results, showing conversions higher than those of the thermo
dynamic equilibrium, were in good agreement with the results from a 
mathematical model [33]. Coppola et al. [34] proposed a dual fluidized 
bed, where the solids would circulate between a reactor and regener
ator, although in their experimental system the solid was operating also 
in cycles, i.e., in non-steady state.

A recent work [35] has disclosed a proposal for a SER with contin
uous feeding and removal of sorbent that allows steady state operation. 
In addition, the continuous sorbent feeding (CSF), separating it from the 
reactor with a low content of catalyst particles, would avoid the heating 
of the catalyst during the sorbent regeneration step, which may easily 
contribute to its deactivation. This new reactor is based on a fluidized 
bed containing a binary mixture of solids, i.e., catalyst and sorbent, with 
different size and/or density, in such a way that the two solids will 
segregate, and it will be possible to remove the sorbent from the point 
where the concentration of catalyst is low. This is exemplified in Fig. 1, 
where the catalyst is acting as jetsam (i.e., it tends to fall to the bottom of 
the bed) and the sorbent is the flotsam (i.e., it raises to the top of the 
bed). The objective of this work is to check experimentally the feasibility 
of this reactor configuration. In particular it will be applied to the hy
drogenation of CO2 to methanol.

2. Experimental

2.1. Solid preparation

2.1.1. Preparation of catalyst
In2O3/ZrO2 catalyst was selected due to its good properties in the 

methanol synthesis reaction: i) high mechanical strength which allow 
using it in a fluidized bed for long time on stream, ii) possibility to work 
at a high temperature and iii) high selectivity toward methanol.

The catalyst was synthesized via wet impregnation method, 
following the procedure described in the literature [36], with the only 
modification being a 50 % reduction in the solvent volume. Specifically, 
2.36 g of In₂(NO₃)₃⋅xH₂O (99.99 %, Sigma Aldrich) and 9.1 g of mono
clinic ZrO₂ (ThermoScientific) were added to a solution of 217.5 mL 
ethanol and 93.2 mL water (70/30 % v/v ethanol/water). The mixture 
was stirred at 150 rpm for 12 h, after which the solvent was evaporated 
at 60 ◦C using a (Buchi) rotary evaporator. Calcination was carried out in 
two steps: 2 h at 100 ◦C and then 2 h at 500 ◦C, both with a ramp rate of 
2 ◦C/min. The final catalyst was sieved to obtain particles in the desired 

size range.

2.1.2. Preparation of zeolite
3A zeolite, provided by Thermofisher Scientific was used as a sorbent 

for this study. To achieve the particle size required, between 75 and 150 
μm, it was ground from 3 to 4 mm spheres and sieved. This selection 
allows for selective segregation, as the two solids used differ in both size 
and density. In this process, zeolite is the lighter and smaller solid 
(“flotsam”), enabling its separation into the upper region of the bed 
through segregation.

Zeolite 3A it was chosen because, being an LTA zeolite, it is char
acterized by its low Si/Al ratio, which indicates high hydrophilicity, 
meaning a strong affinity for water adsorption. Additionally, this sor
bent has a small pore size, <3 Å, making it highly selective for water 
adsorption.

2.2. Reactor

Fig. 2 presents the design of the fluidized bed reactor with contin
uous sorbent feeding (CSF), catalyst in color red and sorbent in blue. 
This non-conventional fluidized bed reactor is constructed from stainless 
steel and has an internal diameter of 3 cm. It includes standard gas inlet 
and outlet ports, similar to those of a conventional fluidized bed reactor, 
with a total length of 24 cm. In addition, it features two lateral ports (a 
lower lateral inlet and an upper lateral outlet) designed specifically for 
the continuous feeding and removal of solid material. The reactor is 
equipped with three inlets and two outlets, depending on the type of 
feed (gas or solid). Regarding gas-phase feeding, the reactor includes 
two inlets: the first is located at the bottom of the reactor, acting as the 
conventional gas inlet; the second is positioned at the lower lateral port 
and is used to introduce a nitrogen stream that facilitates the CSF. The 
gas outlet is located at the top of the reactor and allows for the complete 
discharge of the gaseous flow passing through the system. For solid- 
phase feeding, the reactor has one inlet and one outlet. The solid is 

Nomenclature

SER sorption enhanced reaction
CSF continuous sorbent feeding
rWGS reverse water gas shift
GHSV gas hour space velocity
Umf minimum fluidization velocity
Ur reduced velocity
LTA Linde type A
TOS time on stream
ΔP pressure drop

Fig. 1. Scheme of the proposed setup for methanol synthesis with a SER with 
continuous feeding and removal of sorbent.
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introduced through the lower lateral inlet, carried by the auxiliary ni
trogen flow to prevent clogging or backflow. The outlet of solid is 
located at the upper lateral port, positioned 15 cm above the porous 
distributor plate. Its purpose is to maintain a fixed bed height; when the 
bed level reaches this outlet, the solid at the top of the bed overflows into 
the collection vessel (overflow tank), ensuring continuous removal.

The theoretical basis of this novel process lies in the combination of 
Sorption Enhanced Reaction (SER) and the segregation of a binary solid 
mixture. The Sorption Enhanced Reaction concept involves the use of a 
sorbent solid that selectively removes a reaction product, thereby 
shifting the reaction kinetics toward increased product formation and 
enhancing process intensification. The main limitation of this approach 
is the finite adsorption capacity of the solid sorbent. Once saturation is 
reached, the sorbent behaves as an inert material and no longer con
tributes to intensification. The second key principle is the segregation of 
binary solid mixtures. This is based on the selective spatial separation of 
two solids within a fluidized bed reactor, governed by differences in 
physical properties such as particle size, density, and minimum fluid
ization velocity. The solid with greater size and density—and conse
quently, a higher minimum fluidization velocity—accumulates in the 
lower region of the bed, referred to as the “jetsam.” In contrast, the 
lighter solid with smaller particle size and lower minimum fluidization 
velocity migrates to the upper region, known as the “flotsam”.

The segregation occurring inside the fluidized bed reactor refers to 
the separation between the catalyst and the sorbent, a concept originally 
introduced by Nienow et al. [37] In our system, the catalyst remains in 
the lower region of the bed (the “jetsam”), while the sorbent 

accumulates in the upper region (the “flotsam”).

2.3. Experimental system

Fig. 3 shows the experimental setup. It consists of a stainless-steel 
reactor housed inside an electric furnace. The fluidized bed is sup
ported by a porous plate, acting as gas distributor. The reactor geometry 
is detailed in Fig. 3. Reactants are fed into the system using mass flow 
controllers (Alicat Scientific and Brooks). The reactor outlet gas stream 
is heat-traced and maintained at 180 ◦C up to the condenser to prevent 
premature condensation of products such as H₂O or CH₃OH within the 
piping.

Upon reaching the condenser, condensable compounds (e.g., H₂O 
and CH₃OH) are condensed and collected for subsequent analysis. 
Condensation is carried out using an ice-salt bath at − 15 ◦C to prevent 
damage to the pressure control valve and the gas chromatograph. Once 
the condensable gases are removed, the remaining gas stream passes 
through the pressure control valve and is directed either to an online gas 
chromatograph (CP-3800, Varian, equipped with a molsieve column) for 
analysis or to a bubble flow meter. Reactor pressure is regulated via a 
pressure controller (Equilibar). In addition, the system includes two 
pressure indicators: one at the gas inlet and another at the solids inlet. 
Gas-phase compounds are monitored continuously using the online gas 
chromatograph. In contrast, liquid-phase compounds are analyzed at the 
end of the experiment; by a GC–MS (GC–MS QP2010, Shimadzu) 
equipped with a capillary column (TRB-50.2 PONA, Teknokroma).

Since the dispenser operated at atmospheric pressure and the reactor 
was at higher pressure, they cannot be connected directly. A set of two 
automatic ball valves was employed to separate them, with a repository 
between them. The dispenser, contains the sorbent and distributes the 
solid at a constant flow rate of 3 or 4.5 gsorbent/min. Two additional 
valves connected the repository with an inert gas at the same pressure 
than the reactor and with the atmosphere, in order to keep it at a suitable 
pressure at each moment. The solids dispenser was a Lambda doser 
model. It has a capacity of 3 L and can add the solid at a flowrate of up to 
13.7 g/min.

The operation of the four valves may be divided into two directions: 
horizontal (for gas supply, pressurizing, or depressurizing the re
pository) and vertical (for sorbent addition, filling, or emptying the 
cavity of sorbent). This system operates cyclically. Initially, the re
pository was empty and at atmospheric pressure. The valve connecting 
the repository to the dispenser was opened to fill it with sorbent. Once 
filled, the valve is closed. Next, the gas supply valve was opened to 
pressurize the cavity to the operating pressure of the reactor; once this 
pressure is reached, the valve was closed. With the repository filled with 
sorbent and pressurized, the valve connecting this cavity to the reactor 
solid entry point was opened. By the effect of gravity, the solid enters the 
reactor. Once the repository was emptied of sorbent, the valve was 
closed, and the gas venting valve was opened to depressurize the re
pository, returning to the initial conditions for a new sorbent feeding 
cycle. The operation of the valves was automated and he total time for 
each cycle was 70 s.

30 g of catalyst were loaded in the reactor and heated in an inert 
atmosphere. When the catalytic bed reached 300 ◦C, the catalyst was 
activated in Ar at 0.5 MPa for 1 h. Then, the oven temperature was 
lowered to the reaction temperature and pressure was set at the desired 
value. After this, reaction gases were fed to the reactor. In the experi
ments with sorbent addition, the operation of the sorbent doser started 
five minutes later. At the same time, valves that control the solid addi
tion were activated. The gas samples were analyzed every fifteen mi
nutes. When the experiment was finished, the liquid sample was 
analyzed by GC–MS. The conversion calculus was carried out with the 
Eq. (6), being Fin/out

i = inlet/outlet molar flow of substance i (mmol/min) 
and a mean value was employed for the methanol flow. 

Fig. 2. Scheme of the reactor.
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XCO2 =
Fout

CO + Fout
methanol

Fin
CO2

(6) 

The operating conditions used in the reaction tests are shown in 
Table 1. Although methanol synthesis is typically carried out at pres
sures higher than atmospheric, this study was conducted mainly at an 
atmospheric pressure. As a result, the products formed will predomi
nantly originate from the Reverse Water Gas Shift (RWGS) reaction (5). 
This reaction produces H2O as a product, which is consequently inten
sified by water adsorption (Sorption-Enhanced Reactor).

3. Results

3.1. Solid characterization

The characterization of the solids included BET, XRF, and XRD an
alyses. BET measurements were performed using a Quantachrome® 
Autosorb iQ3 device. The XRF analysis was made with a Thermo Fisher 
Scientific X-ray fluorescence spectrometer from the PERFORM series, 
equipped with a Rhodium (Rh) X-ray tube. The UNIQUANT software 
was used for semi-quantitative, patternless analysis (sequential analysis 
from F to U). XRD measurements were carried out with an X-ray 
diffractometer with a rotating anode (RIGAKU Ru2500). The diffrac
tometer operated at 40 kV and 80 mA, with a Cu anode and a graphite 

monochromator to select Kα radiation. Measurement conditions were set 
from 2θ = 5◦ to 70◦, with a step size of 0.03◦ and a time of 1 s per step. 
The pore diameter was estimated using the BJH method.

Both solids were characterized before and after use in 19 cycles of 
adsorption-regeneration to evaluate their degradation (Table 2 and 
Table 3).

From the values obtained it can be seen that both catalyst and sor
bent keep the chemical and textural properties after experiments.

Fig. 4 shows the XRD patterns of both the fresh zeolite and the zeolite 
used in 19 cycles of experiment/reaction-regeneration. It can be 
observed that both patterns are identical, indicating that the crystalline 
structure of the zeolite has not been affected after the 19 cycles, as ex
pected, since these zeolites exhibit a longer lifespan [30,31].

3.2. Segregation tests

To study the fluidization properties of the solids, a test was carried 
out on each of them, where the pressure drop ΔP of the bed was 
measured vs flow rate of a nitrogen stream fed using an Alicat Scientific® 
flow meter-controller at laboratory conditions [36]. The minimum 
fluidization velocity (umf) was calculated following the correction 
described by Renda et al. [38], both the operating temperature T and 
pressure P were modified in the relation to the laboratory conditions, as 
well as the feed gas, changing from the N2 used for studying the ΔP to the 
gas mixture employed (CO2 + H2). The correct segregation of the solids 
in the bed was experimentally validated in a previous study [35]. The 
system consisted of a fluidized bed reactor in which a solids binary 

Fig. 3. Scheme of the experimental plant.

Table 1 
Operating conditions in reaction tests.

Reference value Interval

Bed temperature, T (◦C) 250 250–275
Catalyst particle size, dp (μm) [160–200]
Pressure, P (atm) 1 1–20
CO2/H2 ratio (− ) 1/3
Relative gas velocity, ur = u/umf (− ) 1.5
Gas hourly space velocity, GHSV (h− 1) 1250 1250–18,100
Sorbent mass flowrate, ms (g. min− 1) 3

Table 2 
In2O3/ZrO2 BET and XRF results for fresh and used samples.

In2O3/ZrO2 In (%wt) SABET (m2/g) dp (nm)

Fresh 7.21 90 2.6
Used 7.18 92 2.6
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mixture was introduced: i) a catalyst for methanol synthesis, and ii) a 
sorbent capable of adsorbing water, in order to shift the reaction toward 
the formation of products.

Additionally, to check the losses by attrition and elutriation, tests 
were carried out in which the solids were subjected to a high air flow for 
a prolonged period of time (3 h). It was observed that the catalyst losses 
were 1.5 wt%/h, while for the zeolite it was 3 wt%/h, which is consis
tent with a lower mechanical resistance of the zeolite.

The segregation tests were conducted using a quartz reactor with 
identical dimensions and geometry to that used in the atmospheric 
condition experiments. Once the segregation test was completed, the 
solid mixture inside the reactor was extracted using a suction rod con
nected to a vacuum pump. The bed was sampled in 1 cm-thick sections 
along the reactor height, in order to analyze the longitudinal profile of 
the mass fractions of each solid within the bed. Each section was 
analyzed by sieving the solid mixture. Since the catalyst particles are 
larger than the zeolite particles, complete separation was achieved, 
allowing for accurate determination of the mass percentage of each solid 
in each section.

Several experiments to validate the segregation with different 
operational conditions were carried out. The first studied parameter was 
the catalyst amount loaded in the reactor. The N2 flow rate added by the 
bottom was 1460 mL (STP) /min and 60 mL (STP) /min by the lateral 
inlet (Fig. 2). As it can be seen in Fig. 5, for a zeolite addition flowrate of 
3 g/min a good segregation profile in steady state is achieved for both 
situations (i.e., with 30 and 50 g catalyst loads).

As anticipated, by increasing the amount of catalyst load in the 
catalytic bed (Fig. 5.B) the segregation occurs at higher regions of the 
reactor. Since the reactor size is fixed, an increase in the total catalyst 
mass leads to this solid occupying a larger volume within the reactor, 
thus expanding the jetsam-rich zone.

To prove the influence of catalyst size, two additional experiments 
were done with catalyst size in the interval 160–200 μm with different 
N2 flow rates: 900 mL (STP) /min through the porous plate plus 55 mL 
(STP)/min by the lateral tube in one case and 1000 mL (STP)/min plus 
60 mL(STP)/min, in the other case. A good segregation was also 

obtained (Fig. 6).
When studying the relative velocity (ur = u/umf), it can be observed 

that a higher volumetric feed flow rate, and consequently a higher 
relative velocity, results in worse segregation. This is because high gas 
velocity increases the mixing effect of bubbles and because the catalyst 
(jetsam) experiences a greater expansion, reaching higher bed heights as 
a result. A parallel work has studied the effect of operating conditions on 
the segregation [25] showing that there is an optimum value of gas 
velocity that maximizes segregation.

3.3. Reaction tests

Fig. 7 shows the influence of the continuous addition of an sorbent in 
CO2 hydrogenation for two different temperatures (T = 250 ◦C and T =
275 ◦C) and without sorbent addition and with sorbent addition, two 
mass flowrates were studied (ms = 3 g/min and ms = 5 g/min) of zeolite 
3A as added sorbent solid. The remaining operating conditions are those 
indicated in Table 1 as reference values.

Fig. 7 shows the catalytic activity of In2O3/ZrO2 in a fluidized bed 
reactor, both in the absence of zeolite and under intensified conditions 

Table 3 
Zeolite 3A BET and XRF results for fresh and used samples.

Zeolite 3A Al (%wt) K (%wt) Si/Al SABET (m2/g) dp (nm)

Fresh 14.27 14.50 1.28 38.2 1.6
Used 14.27 13.90 1.26 23.6 1.6

Fig. 4. XRD patterns: (a) Fresh Zeolite 3A, (b) Used Zeolite 3A.

Fig. 5. Segregation tests with different catalysts loadings using catalyst size 
between 200 and 250 μm: (a) 30 g and (b) 50 g ur = 1.5.

Fig. 6. Segregation tests with different flow rates using catalyst size between 
160 and 200 μm: (a) 900 mL(STP)/min through the porous plate plus 55 mL 
(STP)/min by the lateral tube and (b) 1000 mL(STP)/min through the porous 
plate plus 60 mL(STP)/min by the lateral tube.
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with continuous zeolite addition. This catalyst exhibits low activity at 
low temperatures, as shown in Fig. 7.A, where the catalytic activity at 
250 ◦C is nearly negligible. However, increasing the operating temper
ature to 275 ◦C (Fig. 7.B) leads to a CO2 conversion of 6 %, corre
sponding to approximately one-third of the thermodynamic limit. The 
high increase in conversion with continuous sorbent feeding (CSF) is 
someway surprising, since being quite far from the thermodynamic 
equilibrium only a moderate increase in conversion should be expected 
by the removal of water. These results suggest that, in addition of the 
reduced reaction rate for water-gas-shift (and therefore increased net 
reaction rate of CO2 reduction), the removal of water also avoids a 
competitive adsorption of water on the catalyst active sites, which 
would reduce the reaction rate. The presence of a term in the denomi
nator of the reaction rate corresponding to the competitive adsorption of 
water has been found in many kinetic studies [39–45], but this effect 
seems to be stronger in the case of the employed catalyst.

When a continuous sorbent feeding (CSF) is introduced (blue sym
bols) and after the time in which sorbent addition starts, marked with 
vertical lines, a clear increase in CO2 conversion is observed in all cases, 
confirming that this novel intensification strategy enhances process ef
ficiency. Notably, this intensification enables increased conversion even 
at temperatures where the catalyst alone shows limited activity. This is 
evident in Fig. 7.A, where CO2 conversion without zeolite is just 0.3 %, 
but rises to 6 % with continuous zeolite addition—a relative increase of 
1500 %. At higher baseline conversions, the relative improvement is 

smaller, as seen in Fig. 7.B, where conversion increases from 6 % 
(without zeolite) to 15 % (with zeolite), representing a 250 % increase 
and achieving 80 % of the thermodynamic equilibrium. The relative 
enhancement is more pronounced at low conversion levels, probably 
because the amount of water produced is very low and can be 
completely adsorbed by the zeolite, allowing the system to operate at its 
maximum reaction rate. Increasing the operating temperature has two 
effects: One beneficial and one potentially detrimental. The positive 
effect is the faster reaction kinetics and a higher thermodynamic limit. 
The presumed negative effect is the reduced adsorption capacity of the 
zeolite at higher temperatures. However, in the case of continuous 
sorbent feeding—as implemented in this study—this reduced capacity is 
not problematic [24]. Since zeolite is continuously fed and removed 
from the reactor, the smaller adsorption capacity could be compensated 
with a larger flow of sorbent. This temperature effect would pose a 
problem in processes with batch operation of the adsorbent, where the 
intensification is limited to the “pre-breakthrough” period and ceases 
once the adsorbent becomes saturated. This limitation is not observed in 
the present work, as the adsorbent is continuously refreshed, preventing 
saturation. When the zeolite feed is stopped, the duration of the “pre- 
breakthrough” period depends on both temperature and conversion. In 
the low-temperature experiment (250 ◦C, Fig. 7.A), due to low conver
sion, the residual zeolite retains adsorption capacity after the feed stops, 
as the water produced is insufficient to saturate it. Conversely, in the 
high-temperature experiment (Fig. 7.B), the higher conversion leads to 
faster saturation of the residual zeolite once feeding ceases, and inten
sification is no longer sustained.

The reactor setup (Fig. 2) consists of a lateral inlet positioned 
immediately above the distributor plate and a lateral outlet located 15 
cm above the porous support. The inlet enables continuous feeding of 
regenerated sorbent, carried by a nitrogen stream, while the outlet sets a 
controlled maximum bed height, facilitating the steady removal of 
saturated or partially saturated sorbent. The solid exiting the system 
corresponds exclusively to the upper bed fraction. Under these condi
tions, effective segregation ensures catalyst retention in the lower sec
tion, thereby maintaining a stable catalyst inventory and preserving the 
Gas Hourly Space Velocity (GHSV). This stability is critical to avoid 
variations in conversion performance.

Maintaining segregation is thus essential for enabling continuous 
operation with adsorbent cycling. Regenerated sorbent is introduced 
into the system, participates in water removal, and is extracted once 
saturated for ex situ regeneration. This approach offers two main ad
vantages: enhanced intensification through water adsorption and pro
longed catalyst lifespan, as the catalyst remains within the reactor and is 
not subjected to repeated thermal stress associated with regeneration 
cycles.

Additionally, in order to study the influence of the sorbent addition 
flow rate ms, the experiment at 275 ◦C was repeated with a ms = 5 g/min 
sorbent addition between minutes 7 and 55. The CO2 conversion evo
lution is shown in Fig. 7.B.

Increasing the rate of sorbent addition would imply a greater water 
adsorption capacity, as a higher amount of sorbent solid would allow 
more H₂O to be adsorbed. However, this increase in the addition rate 
does not result in a higher CO₂ conversion compared to the test where a 
lower but constant amount of sorbent solid was added, at 3 g3A/min. 
This could be due to two factors: poorer segregation and some elutria
tion of the catalyst, or the fact that the amount of H₂O formed is lower 
than what can be adsorbed, meaning the increase in sorbent mass flow 
would not have a positive effect. Additionally, increasing the sorbent 
addition rate leads to higher operational costs, as a larger quantity of the 
solid would be required, as well as more solid to treat for both feeding 
and subsequent desorption stages.

A parameter to study that has a significant effect is the operating 
pressure. This is because these variable influences both the reaction 
kinetics and the thermodynamic equilibrium. An increase in operating 
pressure enhances reaction kinetics. Additionally, depending on the 

Fig. 7. CO2 conversion as a function of time-on-stream, with (ms = 3 g/min and 
ms = 5 g/min) and without sorbent addition (zeolite 3A). GHSV = 1250 h− 1. P 
= 1 atm, other conditions as given in Table 1. (a) T = 250 ◦C, (b) T = 275 ◦C. 
Different colors indicate conventional or continuous sorbent feeding (CSF) ex
periments. The different fillings of the blue symbols represent the zeolite mass 
flow rate. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)
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specific reaction under study, in methanol synthesis, operating pressure 
has a significant influence on the thermodynamic equilibrium, enabling 
the formation of the compound. However, in the case of the reverse 
water-gas shift (rWGS) reaction, the thermodynamic equilibrium is not 
affected by pressure as described by Le Châtelier's principle.

Fig. 8 illustrates the temporal evolution of CO2 conversion at the 
operating temperature that achieved the highest conversion, T = 275 ◦C, 
with and without the addition of solid sorbent 3 g/min, but under an 
operating pressure of 20 atm.

At TOS = 20 min, the CO2 conversion is notably higher in the test 
with the addition of sorbent compared to the test without it, consistent 
with previous observations in this study. However, the increase in 
operating pressure results in a reduction in CO2 conversion (comparing 
with Fig. 7.B). This decline is attributed to the proportional rise in GHSV 
caused by the higher pressure. Since CO2 conversion depends on GHSV, 
lower GHSV values result in higher conversion rates due to the longer 
residence time.

It can also be observed that at TOS > 40 min, the CO2 conversion in 
the test with the addition of sorbent is lower than the CO2 conversion 
obtained in the test without sorbent. This occurs because, in that 
experiment, the mass of catalyst in the bed decreased as the experiment 
progressed. Since the zeolite moves in and out of the reactor, it can carry 
away catalyst particles, leading to a reduction in CO2 conversion.

While the rWGS reaction (5) is not dependent on operating pressure 
(Δng = 0), methanol synthesis (1) does exhibit such dependence, with 
the reaction being favored and its thermodynamic equilibrium enhanced 
under higher pressure. However, due to the high GHSV, methanol for
mation was negligible. As a result, the entirety of the CO2 conversion is 
attributed to the RWGS reaction.

A limiting variable in a fluidized bed reactor is the mass flow rate of 
reactants (total gas flow), as the establishment of this parameter is 
dependent on the minimum fluidization velocity. This variable is critical 
because, at velocities below this threshold (u < umf), the particles would 
not be fluidized. Conversely, at velocities exceeding the critical velocity 
(u > uc), the particles would be elutriated from the reactor. However, the 
minimum fluidization velocity depends on several operational param
eters: particle size (dp), solid density (ρs), and the density of the feed gas 
(ρg), which in turn depends on T (◦C), P (atm), and gas composition (%v). 
In this sense, an increase in operating pressure P leads to an increase in 
the minimum fluidization velocity umf (measured at STP conditions) 
and, consequently, an increase in the working gas hourly space velocity 
(GHSV). Figs. 7.B and 8 allow to compare the evolution of CO2 con
version in two experiments without sorbent addition (ms = 0) and 
different GHSV values (1250 and 18,100 h− 1). The comparison illus
trates the influence of GHSV on the rWGS reaction (5), whose equilib
rium is independent of operating pressure. It can clearly be seen the 
strong dependence of CO2 conversion on the GHSV, as expected. The 
increase of operating pressure from 1 to 20 atm, resulting in a 14.5-fold 
increase in GHSV, involves the same qualitative evolution but leads to a 
noticeable reduction in CO2 conversion, amounting to around 66 %.

4. Conclusion

The concept of sorption enhanced reaction with continuous sorbent 
feeding (CSF), by segregating a catalyst and a sorbent in a fluidized bed 
reactor for the methanol synthesis, has been proved. The addition of 
zeolite 3A in a reactor with In2O3/ZrO2 catalyst favors the correct 
operation of the system with continuous addition/removal of sorbent, 
with only small catalyst losses during the tests carried out.

The temperature decreases from 275 to 250 ◦C supposed a significant 
worsening of the CO2 conversion without sorbent addition. However, 
when sorbent was incorporated to the reactor, this fall was less impor
tant which probe that the continuous removal or water from the reactor 
with the use of zeolite works properly.

Although the CO₂ conversions obtained in this study were not very 
high (due to the thermodynamic equilibrium of the rWGS reaction), 

operating with a catalyst with higher activity, closer to the equilibrium 
limit, could result in conversions and productions even surpassing this 
threshold.

It has been observed that a higher sorbent addition flowrate has 
produced a negative effect on the CO2 conversion, inferring the exis
tence of an optimal value of this operating variable, probably because 
the entrainment of the catalyst with high sorbent flowrate.

Finally, it may be expected that a more active catalyst will allow 
operation at lower temperature, which would favor water sorption and 
the positive effect of the sorbent.
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