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Abstract: Liquid fuels obtained from CO2 and green hydrogen (i.e. e-fuels) are powerful tools for 
decarbonization of the economy. Improvements provided by Process Intensification in the existing 
conventional reactors aim toward a decrease in energy consumption, higher yield and more compact 
and sure processes. This review describes the advances in the production of methanol, dimethyl ether 
and hydrocarbons by Fischer-Tropsch using different tools of Process Intensification, mainly 
membrane reactors, sorption enhanced reactors and structured reactors. Due to the environmental 
interest, the review on methanol and dimethyl ether synthesis is mainly devoted to systems based in 
a feed with CO2+H2, while for Fischer-Tropsch the use of syngas (CO+H2) is also considered. Both 
mathematical models and experimental results are discussed. Achievements in the improvement of 
catalytic reactor performance are described. 
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1. Introduction 

Many reasons support the expectation that, in the future, fuels deriving from renewable 
electricity will gradually replace fuels derived from fossil sources. The most relevant can be listed as 
follows: 

- The progressive depletion of fossil fuels, which is inevitable since they are finite resources. This 
depletion will reduce the production and increase its price. 

- The desire to reduce CO2 emissions, as the main cause of climate change.  
- The availability of renewable electric energy at an increasingly lower price, despite the fact that 

renewable sources such as wind and photovoltaics are intermittent and difficult to control. 
Hence this availability comes with the drawback of the necessity of storing the surplus energy, 
which is progressively greater as the percentage of electrical energy produced from renewable 
sources increases. 

- The difficulties of using batteries as energy source in heavy transportation, such as trucks or 
ships, as well as in aviation. In general, the high weight of batteries (i.e. low energy density) 
makes unfeasible their use as the main energy source for this type of vehicles.  

- The limited amount of biomass available to produce biofuels. Fuels derived from fats and 
exhausted oils can only cover a small percentage of the energy currently employed in 
transportation. In most countries, the energy provided by biofuels is only 2-5% of the energy 
provided by oil. Even if all available biomass, including lignocellulosic residues, was employed, 
only 10-20% of the energy demand will be obtained [1]. 

- The decreasing cost of electrolysers [2]. This has progressively decreased over the years, which 
also had an impact on the ease of obtaining hydrogen via electrolysis. In particular, the 
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electrolysers cost becomes dominant when they are employed for short-time periods [3], as it 
would happen if only excess of electricity was used (i.e., in periods when the production of 
renewable energy overcomes the electrical system requirements).  

Fuels derived from renewable electrical energy, commonly known as e-fuels, include methanol, 
dimethyl ether, liquid hydrocarbons obtained by Fisher Tropsch, or ammonia. Synthetic Natural Gas, 
i.e. methane obtained by the Sabatier reaction between CO2 and H2, and hydrogen itself when it is 
obtained from renewable electricity, can also be considered as e-fuels. The processes for the e-fuels 
synthesis are commonly addressed as Power-to-X, where X indicates the target fuel, and can 
generally be distinguished into Power-to-Gas and Power-to-Liquids. Power-to-X is a process chain 
technology: in all cases, the first step for e-fuels synthesis is to produce renewable hydrogen by 
electrolysis, using green energy (deriving from renewable sources – according to the general 
definition – typically solar or eolic). The second step is the utilization of green-H2 to produce the 
desired fuel. In the latest year, the preferred carbon source is carbon dioxide, to couple this process 
with carbon capture and storage (CCS) solutions.  

This review will focus on liquid e-fuels that can be obtained from CO2 and renewable hydrogen, 
i.e methanol, dimethyl ether, and Fisher Tropsch liquid hydrocarbons. Those compounds would 
make the transition to renewable fuels easier than employing gaseous fuels (like hydrogen and 
methane), because of the similarity they have with commonly employed fuels like diesel or gasoline. 
It is worth to specify that CO2 can be employed in other processes [4–6], but the amount that could 
be consumed in the production of chemicals other than fuels would be quite small compared to the 
huge amounts of CO2 produced in industrial processes (the so-called “Teraton challenge” [7]).  

1.1. Types of e-Fuels  

1.1.1. Methanol 

The vision of a methanol economy was first proposed by the Nobel Prize winner in Chemistry 
George Olah [8], and the advances in this field have been described in successive works by this author 
and his collaborators [9–11]. Professor Centi's group has also advocated the use of CO2 as a raw 
material in numerous works [12–17]. Aresta has also described his vision in this field in successive 
publications [18–23]. Figure 1 shows a scheme of ways to obtain renewable methanol and its possible 
derived products. There are plenty of articles available in literature on the research for suitable 
catalysts for the synthesis of methanol from CO2, which have been recently reviewed [24–30]. There 
are also various reviews available on advances in technology for obtaining fuels and chemical 
products using CO2 as raw material [5,6,31–36]. Many reviews focus on the state-of-the-art catalysts 
[37,38], while others discuss a particular type of catalyst, for example zeolites [39,40], MOFs [28] or 
bifunctional catalysts [41]. Artz et al. [42] considered also the Life Cycle Assessment (LCA). Despite 
the large research on direct CO2 hydrogenation, the current industrial catalysts are similar to the 
classical Cu/ZnO/Al2O3 employed in methanol production from syngas, with small modifications to 
improve the thermal stability [6]. However, it is clear that selecting the best catalyst is not enough to 
obtain the best process, but that the most suitable reactor must also be used. At this point a relatively 
new line of work in the field of Chemical Engineering comes in: Process Intensification.  

Finally, although direct hydrogenation of CO2 to methanol or other liquid fuels will be the focus 
of this review, another alternative is represented by the two-step synthesis: syngas production from 
CO2 and hydrogen (a reaction named reverse water-gas shift – rWGS) and then producing the target 
fuel form syngas. In the case of methanol, this is the strategy of the CAMERE Process [43]. The 
advantage is that methanol from syngas is a well stablished technology, and the reverse water gas 
shift can be made using conventional catalysts. A comparison of both alternatives provided by Anicic 
et al. [44] concluded that the direct process is economically preferable.  

A track on current methanol projects, including renewable methanol, may be found at the 
Methanol Institute web page [45]. Among the e-fuels, probably methanol is the one that historically 
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received more attention. The reason can be found in the great advantage of methanol: a) a liquid at 
ambient temperature and pressure, b) no need for further transformations for its use (while Fischer-
Tropsch hydrocarbons need additional treatments), and c) it may be easily converted to other fuels, 
like dimethyl ether, drop-in hydrocarbons (through the Methanol-to-Gasoline – MTG – process) or 
to olefins (through the Methanol-to-Olefins – MTO – process).  

 

Figure 1. Methanol production from renewable energy and potential transformation. 

1.1.2. Dimethyl Ether 

Dimethyl ether (DME) has several advantages as e-fuel, compared to methanol [46]: higher 
energy density, high cetane number (which makes it suitable for diesel engines) and properties 
similar to those of LPG (Liquefied Petroleum Gas), which are already used by a significative number 
of vehicles. It is liquid with a small pressure at ambient temperature. A main advantage of DME over 
methanol production comes from the higher conversion and yield achievable in thermodynamic 
equilibrium [47]. 

1.1.3. Fischer-Tropsch Liquid Hydrocarbons 

Fischer-Tropsch is a well-known process for the production of hydrocarbons from syngas [48]. 
The main advantage of hydrocarbons obtained by Fischer-Tropsch is that they, after a suitable 
treatment, can have the same properties as the current diesel or gasoline, since they are chemically 
the same. In addition, the diesel obtained by Fischer-Tropsch contains almost no sulfur, and a very 
small amount of aromatics, which makes it a premium fuel. 

It is challenging to foresee which specific e-fuel will dominate the future, or whether a 
combination of them will be adopted, as it largely depends on the application. Comparison among 
e-fuels was made by Dell’Aversano et al. [49] and Dieterich et al. [50].  

1.2. Process Intensification  

The concept of Process Intensification was described in a book by Stankiewicz and Mouljin [51], 
and has given rise to various developments, always seeking more efficient processes with lower 
consumption of raw materials, lower energy consumption, more compact equipment and with less 
environmental impact. Many technologies can be considered under the umbrella of Process 
Intensification. It is often a matter of combining the chemical reaction with a separation, as it occurs 
in reactive distillation, in membrane reactors or in reaction with adsorption [52]. In other applications, 
alternative energy sources, such as microwaves or plasma, are employed instead of conventional 
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heating [53–55]. Rotating fields are used to increase mass transfer coefficients in multiphase reactions. 
Structured catalysts may help to achieve better effectiveness and lower pressure drop. 

As will be seen in this review, three tools that are widely used in the search for e-fuels synthesis 
process intensification are: membrane reactors, reaction with adsorption and structured catalysts. 
Membrane reactors seek to combine the chemical reaction with the action of a membrane. The 
membrane often has the mission of selectively separating one of the reaction products although, as 
described in the pioneering articles of Armor [56] and Sirkar [57], many other possibilities are 
available. The membrane can be a way to distribute a reactant, it can have catalytic activity itself, or 
it can be used to retain a catalyst. Among these and in relation to this review, it is worth to highlight 
the zeolite membrane reactors, a relatively recent kind of membrane reactor, which offers many 
opportunities in processes where CO2 is hydrogenated. A complete review of all the developments 
in the field of membrane reactors would be outside the scope of this article, but interested readers 
can refer to any of the numerous books already existing [58–62]. 

In this work, the use of membrane reactors, reactors with adsorption, and structured reactors, as 
well as some other possibilities for Process Intensification will be reviewed, discussing the results in 
the synthesis of methanol, DME and hydrocarbons by Fisher-Tropsch. While in all cases the indirect 
way for production from CO2 via the reverse water gas shift is possible, in the case of methanol and 
DME only direct conversion will be considered, but in the Process Intensification for Fischer-Tropsch, 
the use of CO+H2 mixtures will be discussed.   

2. Membrane Reactors 

Membrane reactors represent a class of process intensification technologies in which chemical 
reaction and selective mass transport are coupled within a single unit operation. This integration 
allows for the dynamic control of reaction equilibria and kinetics, offering significant advantages in 
terms of conversion, selectivity, and energy efficiency. As briefly discussed in the introduction, 
membrane reactors utilize a semipermeable membrane—typically made of inorganic (e.g., ceramic, 
metallic) or advanced polymeric materials—that selectively permits the transport of specific species 
(reactants or products) based on properties such as molecular size, diffusivity, and chemical potential 
gradients. The reactor configuration can be categorized broadly into permeation-selective or reactive 
separation systems, depending on whether the membrane facilitates product removal or reactant 
dosing. 

One of the principal benefits of membrane reactors is their ability to overcome thermodynamic 
limitations in equilibrium-limited reactions (Le Châtelier’s principle). In case of e-fuels synthesis, 
many reactions are accompanied by water production; water can be efficiently removed from the 
reacting system using a suitable membrane, shifting the chemical equilibrium towards the products. 
A schematic representation of the mechanism of a membrane reactor – applied to methanol synthesis 
– is given in Figure 2. 

 
Figure 2. Schematic representation of the mechanism of a membrane reactor applied to methanol synthesis. 

  

C atalytic bed
M em brane
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2.1. Methanol 

2.1.1. Experimental Works 

Membrane reactors are used in CO2 hydrogenation to methanol mainly as a way to remove the 
water formed in the reaction. In fact, industrial methanol synthesis is carried out from the mixture of 
CO and hydrogen known as synthesis gas, and this reaction does not produce water as co-product, 
according to Eq.1. When CO2 is used instead of CO, on the other hand, the maximum conversion 
attainable according to thermodynamic equilibrium is lower, which is a serious drawback because it 
requires an increase in the flow rate of gases that must be recirculated. In addition, a greater quantity 
of water is formed (Eq.2) and the usual catalyst in industrial methanol synthesis (Cu/ZnO/Al2O3) is 
deactivated in the presence of water vapor.  𝐶𝑂 + 2𝐻ଶ ⇄ 𝐶𝐻ଷ𝑂𝐻 (1) 𝐶𝑂ଶ + 3𝐻ଶ ⇄ 𝐶𝐻ଷ𝑂𝐻 + 𝐻ଶ𝑂 (2) 

Methanol synthesis in a membrane reactor was initially proposed by Struis et al. [63] by using a 
Nafion® membrane. It was observed that in methanol synthesis from CO+H2, Nafion® membranes 
allowed the permeation of methanol selectively compared to CO and hydrogen, thus shifting the 
equilibrium and allowing a higher yield per step. However, the maximum temperature of use of 
Nafion® is around 200 ºC, which limits its range of applicability, since at that temperature the kinetics 
of the reactions are excessively slow. The patent by Menendez et al. [64] described a membrane 
reactor for methanol synthesis in which a zeolite membrane is used instead of Nafion®. Gomez et al. 
[65] observed that the selectivity of methanol and water vapors versus permanent gases (hydrogen, 
CO2) of a zeolite membrane was greater when a mixture with water and methanol was fed than when 
only methanol was present. The first work describing experimental results on the use of a zeolite 
membrane for the synthesis of methanol from CO2 was published by Gallucci et al. [66], who showed 
a significant increase in the conversion of CO2 using a membrane reactor. They also observed that the 
improvement disappeared when the temperature was higher than 240 °C, which is the critical 
temperature of methanol. In addition, they found that the selectivity to methanol for a given 
conversion was higher in the membrane reactor. Sea et al. [67] obtained a 150% increase in CO2 
conversion by performing CO2 hydrogenation with a silica/alumina ceramic membrane. However 
microporous silica membranes are not highly stable under steam, which explains why few further 
works have not been presented with this material. Chen et al. [68] obtained excellent results with a 
silicone rubber membrane deposited on a ceramic support. A very significant advance was the article 
by Li et al. [69] in which they used a zeolite membrane developed from nanoparticles, which provided 
extraordinary water selectivity over the rest of the compounds at the reaction temperatures. This 
allowed a large increase in yield (e.g. from 13 to 38) and a second important advantage: The methanol 
obtained in the retentate had a low water content, which would be very useful to save costs in the 
subsequent purification stage. In addition, the membrane had a good stability during a 100 h 
experiment. In addition, those membranes were operated by drawing vacuum on the permeate side, 
which is much better than the use of a purge in the permeate, as is often found in other works. 
Seshimo et al. [70] continued with the experimental work with a Si-rich LTA zeolite membrane. The 
advantage of this kind of zeolite compared with conventional LTA comes from the higher stability, a 
topic that is scarcely considered. For a given set of operating conditions, the conversion in a 
membrane reactor was 60% while in the traditional reactor was 20%.  

2.1.2. Mathematical Models 

Numerous researchers have developed mathematical models for this reaction. Already in the 
work of Struis et al. [71] a model for the reaction of CO2 with hydrogen was presented. Menéndez et 
al. [64] calculated the results of fixed bed reactors and compared them with a combination of fixed 
bed with zeolite membrane reactor, showing better performance with the second combination. 
Barbieri et al. [72] presented a mathematical model using water permeation values taken from Piera 
et al. [73] with a composite mordenite/ZSM-5 membrane. The model was based on a series of 
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thermodynamic equilibrium reactors in series. Gallucci et al. [74] discussed the difference between 
countercurrent and co-current configurations, finding that countercurrent was preferable. Later, they 
showed the achievable results as a function of the ratio of methanol and water permeabilities, 
showing that a dynamic equilibrium was obtained in the membrane reactor, with greatest conversion 
and selectivity than the thermodynamic equilibrium in a traditional reactor [75]. Farse et al. [76,77] 
presented a model in which the catalyst deactivation was also included, although they assume that 
only water permeates, which is not the usual experimental result. Hamedi et al. [78], discussed the 
importance of selectivity in water permeation to obtain improvements in the reactor performance. In 
addition, they also evaluated the improvements in in power, heating and refrigerant utilities, 
obtaining 1.5%, 44.5% and 69.4% savings, respectively [79]. Seshimo et al. [70] have also checked the 
results of his model with their experimental results, obtaining a good agreement. Mathematical 
models for membrane reactors usually assume plug flow and a constant permeance and selectivity. 
A few recent models have considered the potential existence of radial concentration or temperature 
profiles.  Ountaksinkul [80] used Comsol® to model a micro-membrane reactor and found that even 
with a width of 5 mm the radial profiles of concentration were clearly seen. Hauth et al. [81] with a 
model using CFD (Computational Fluid Dynamics) showed the existence of radial profiles of 
temperature in a reactor with a diameter of 10 mm, which is similar to the values employed in 
experimental works. The techno-economic analyses [82] and [83] can also be included within the 
modeling studies. 

Mathematical models for other types of membrane reactors, not using a zeolite membrane for 
water removal, have been also disclosed. Rahimpour and Ghader [84] modelled a membrane reactor 
based on a distributed hydrogen feed to shift the equilibrium, using a Pd membrane for hydrogen 
addition and with variable CO/CO2 ratio in the feed. In a subsequent work [85] they simulated a two-
reactors methanol synthesis in which methanol production occurs partially in the first reactor, and 
the second stage is a membrane reactor with the hydrogen being permeated from a fresh feed. They 
compared countercurrent and co-current operation, using two sets of reactors: in a case with the 
system operated as a fixed bed and in the other case operated as a fluidized bed. In the second cases, 
they obtained an enhancement of approximately 4% in methanol yield. Gong et al. [86] modelled a 
reactor using an ionic liquid. 

2.1.3. Developments in Membrane 

A fundamental factor in the efficiency of this type of reactors is the performance of the 
membrane, which ideally should be (in most applications) highly permeable and highly selective. 
Although zeolite membranes are a quite new material, with the first functional zeolite membranes 
appearing in the 1990s [87–89], a lot of research has been devoted to the use of zeolite membranes in 
membrane reactors [90–94]. In many cases, Zeolite A membranes have been used in the experimental 
work when the aim was to selectively remove water, since this kind of zeolite is highly hydrophilic. 
Gorbe et al. [95] showed the effect of temperature and water partial pressure on the flux and 
separation factor with a zeolite A membrane. In particular a clear decrease in the separation factor 
was found when the temperature was increased from 200 ºC to 260 ºC. The separation factor also 
decreased when the total pressures was different at both sides of the membrane. Lee et al. [96] found 
that zeolite A was suitable for separation of water from H2 mixtures at low temperature, but the 
selectivity decreased at 240 ºC. They also observed that the membrane was stable under these 
conditions. Li et al. [97] has presented a membrane composed of an ionic liquid and a MOF 
membrane, with an excellent separation factor H2O/H2 of 603 at 200ªC. The developments by Chen et 
al. [68] and Juárez et al. [98] are also interesting, since they show the possibility of using a polymer 
supported on a ceramic material. Pham et al. [99] have also studied polyimide and Matrimid® 
membranes in the separation of methanol and water from CO2 and hydrogen at high temperature. 
They found good selectivity but the maximum temperature studied was 200 ºC. Another interesting 
development is the one proposed by Seshimo et al. [70] who develop a special type of silicon-rich 
zeolite A membrane. This has the advantage of being more stable to steam than normal zeolite A. 
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Sawamura et al. [100] showed that mordenite membranes also allow selective water permeation in 
H2/H2O/CH3OH mixtures and Hirota et al. [101] also observed selective water prevention with ZSM-
5 membranes. Sodalite, another hydrophilic zeolite with small pore size has also been proposed for 
water removal in the synthesis of methanol or DME [102]. They studied the separation factor in the 
interval 125-200 ºC and found that sodalite membranes provided H2O/H2 separation factor of 8 
approximately. An interesting point with this membrane was that H2O/CH3OH or H2O/DME 
selectivities were quite large, in accordance with the small pore of sodalite. Silica membranes have 
been employed in membrane reactors [67], but the water/H2 permselectivity was between 1 and 3. 
Otherwise, the stability of silica membranes under a steam atmosphere is quite low, since pores 
growth due to the transport of silicic acid vapors. Other interesting materials are carbon molecular 
sieve membranes, such as the one patented by Rahimalimamaghani et al. [103]. 

A list of experimental results for the separation of vapors (e.g. water, methanol) from permanent 
gases (e.g. CO2, H2) using zeolite or carbon molecular sieve membranes is given in Table 1. As it may 
be seen NaA zeolite membrane are widely employed, although mordenite also provides good results. 
In fact, the values provided by Sawamura et al. [104] were obtained with a total pressure in the feed 
of 7 bar and with the permeate at atmospheric pressure, while the operation with different total 
pressure in feed and retentate often causes a loss of selectivity. Although some good results have 
been described with zeolite NaA, large differences between different authors can be seen, which 
reflects the effect of defects at temperatures of interest for membrane reactors. The best results at high 
temperature correspond to zeolite membranes prepared from zeolite nanoparticles, which have very 
few defects [66]. 

Table 1. Experimental results for the separation of vapors from permanent gases using zeolite membranes. 

Mixture Temp. Selectivity Comments Ref. 
H2O /alcohol/O2 

(alcohol = MeOH, EtOH, 
PrOH) 

25 ºC 
25 ºC 
250 ºC 

H2O/PrOH = 149 
H2O/O2 = 47 
H2O/O2 = 2.5 

mordenite/ ZSM-5/ 
chabazite [73] 

H2O/H2 200 ºC 
 

H2O/CO2 = 22 
H2O/H2 = 160 NaA [105] 

H2O /He 300 K 
500 K 

H2O/He=4.5 
H2O/He = 0.5 

ZSM-5 
ZSM-5 [106] 

  H2O/H2 = 72 NaA [107] 

H2O/MeOH/H2 250 ºC HO/H2 = 49 
H2O/MeOH = 73 

Mordenite [104] 

H2O/H2 /C6H12 100ºC H2O/H2 = 3.2 
H2O/H2 = 6 

Silicalite 
ZSM-5 

[108] 

H2O/H2  200ªC H2O/H2 = 4.6 
H2O/MetOH = 233 

Sodalite [102] 

H2O/CO2/N2/H2  180ºC 
260ºC 

H2O/H2 = 200 
H2O/H2 = 10 

NaA [95] 

 30ºC 
240ºC 

H2O/H2 = ∞ 
H2O/H2 = 0.18 

NaA [96] 

H2O/CO2/CO/H2/MeOH 250 ºC H2O/CO2 = 550 
H2O/H2 = 190 

NaA [69] 

CO2/CO/N2/CH4/H2O 
150 ºC 
200 ºC 

H2O/H2 = 12 
H2O/H2 = 7 Carbon mol. sieve [109] 

CO2/CO/H2/H2O/MeOH 200 ºC H2O/H2 = 2 Carbon mol. sieve [110–112] 

2.2. DME 

DME is currently produced from methanol, but it could be produced from CO2/H2 mixtures 
according to Eq.3. 
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2𝐶𝑂ଶ + 6𝐻ଶ ⇄ 𝐶𝐻ଷ𝑂𝐶𝐻ଷ + 3𝐻ଶ𝑂 (3) 
This reaction is produced on bifunctional catalysts, that include a metallic active site for 

methanol production and an acid active site for methanol etherification. It is clear from eq. 3 that a 
significant amount of water is produced, and therefore the removal of water from the reaction 
environment will allow higher yield than in a traditional reactor. This idea was firstly proposed by 
Diban et al. [113], who employed a mathematical model of membrane reactor using the kinetic model 
for the reaction previously developed at the same group [114].  After the initial proposal, more 
sophisticated model have been published. Diban et al. [115] improved the previous mathematical 
model by including the non-ideality of the membrane, i.e. by considering some methanol permeance.   

This concept was experimentally proven by Rodriguez-Vega et al. [116], who used a zeolite A 
membrane and Poto et al. [112,117], who used a carbon molecular sieve membrane. Dong et al. [118] 
presented a prototype of membrane reactor for DME production using a bundle of hollow fiber 
zeolite membranes. This reactor provided 1.3 kg/day with a set of 7 membranes with a length of 15 
cm each. The use of hollow fibers will be interesting for industrial application, since they can provide 
very large permeation area per unit of reactor volume. Poto et al. [110] developed a 2D heterogenous 
reactor model, showing that intraparticle mass transfer may decrease the reaction rate under some 
operating conditions and that concentration polarization may decrease the permeation rate through 
the membrane compared with an ideal system without radial concentration profiles.  

Brunetti et al. [119] studied DME production in a membrane reactor, but using methanol as feed. 
They used two ZSM-5 membranes, with two different supports (TiO2 and Al2O3 membranes). In that 
case the membrane was acting as the catalyst for methanol dehydration to DME and the reactor is 
operating in a flow-through configuration, i.e. all the feed is permeated through the membrane. 

2.3. Fischer-Tropsch 

Hydrocarbons are produced from syngas (CO-H2 mixture), derived from fossil fuels, in the 
Fischer-Tropsch process by various companies (Sasol and Shell). The production from CO2 is a more 
recent proposal [36,120], that would allow to use captured CO2 and H2 obtained from electrolysis 
using renewable electricity.  

In the classical way, this reaction also produces a large amount of water, as may be seen from 
Eq. 4. 𝑛𝐶𝑂 + 2𝑛𝐻ଶ ⇄ (−𝐶𝐻ଶ−)௡ + 𝑛𝐻ଶ𝑂 (4) 

Membrane reactors for Fischer-Tropsch have been proposed considering a feed of syngas (i.e. 
CO+H2, with minor amounts of CO2). Experimental results in conditions that simulate the 
environment in this reaction have shown that zeolite membranes can remove water selectively 
[121,122] and thus could be employed to reduce the partial pressure of water in the reaction 
environment. As may be seen form Eq. 4, a large amount of water is formed in the reaction (in molar 
amounts, much more than hydrocarbons), and thus the water partial pressure can be very high. Water 
has several negative effects on this reaction: it reduces the reaction rate and, in some cases, may 
deactivate the catalyst.  This concept was experimentally tested by Rhode et al. [123], first using a 
silica membrane and later [124] using a zeolite membrane (hydroxy sodalite, H-SOD).  

Forghani et al. [125] and Rahimpour et al. [126] also have simulated Fischer-Tropsch reaction in 
a membrane reactor using a hydrogen selective membrane (Pd based membrane). The basis of this 
reactor is the permeation of hydrogen to the reaction area and feeding the hydrogen depleted feed to 
the reaction area, where hydrogen is distributed (Figure 3).  
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Figure 3. Membrane reactor for methanol with Pd membrane (selective to H2). 

Simulation results show 4.45% enhancement in the yield of gasoline production, 6.16% decrease 
in the undesired product formations, and a favorable temperature profile along the membrane 
Fischer–Tropsch reactor in comparison with conventional reactor. Rahimpour et al. [127], proposed 
a dual-type reactor in which a membrane reactor (with a fixed bed of catalyst in it) with a water 
selective membrane was followed by fluidized bed membrane reactor with a Pd-Ag membrane 
(selective to hydrogen). The mathematical model predicted a higher yield to gasoline and lower yield 
to CO2 in this configuration.  

Another type of membrane reactor applicable for Fischer-Tropsch synthesis has been presented 
by Khassin et al. [128]. These authors name it “monolith”, but it is a cylindrical pellet with the feed 
permeating through the pellet, and this could be named a flow-through membrane reactor. They 
found high values of the “alfa” parameter, which characterizes the Anderson-Schulz-Flory model, 
and this high value is an indication of high selectivity to C5+. 

When each catalyst particle is surrounded by a membrane, this configuration can also be 
considered as a membrane reactor. It has been tested in Fischer-Tropsch, showing an improved 
selectivity to C5-C10 hydrocarbons with a Co/SiO2 catalyst covered by a ZSM-5 membrane, since the 
exit of larger hydrocarbons from the catalyst particle is hindered by the membrane [129]. An 
extension of this concept used carbon coated catalysts [130]. A combination of a ZSM-5 membrane 
covering a Co-Al2O3 monolith [131] showed excellent yield to gasoline while keeping the same 
conversion as the monolith. In that case the authors say that the membrane contributes with 
additional catalytic activity (cracking and isomerization). Monoliths are a kind of structured reactor 
widely employed for Fischer-Tropsch, as will be discussed below.  

3. Sorption-Enhanced Reactors 

The concept of sorption-enhanced reactions originated from the need to improve the efficiency 
of chemical processes by simultaneously conducting reaction and separation in a single unit. As well 
as water removal through membrane separation, the sorption-enhanced reaction (SER) technologies 
leverage the famous Le Châtelier’s principle to improve a process performance. Unlike the previous 
configuration, water deletion from the reaction environment is produced by its sorption into a 
specific solid, which is generally put in contact with the catalyst, according to Figure 4 
(exemplificative scheme in case of methanol synthesis enhanced by water removal).  
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Figure 4. Scheme of sorption-enhanced processes (example of methanol sorption-enhanced synthesis). 

The idea of removing a product from the reaction environment to enhance reaction efficiency is 
rooted in the principles of pressure-swing adsorption, which allows for the periodic regeneration of 
the sorbent.  

This approach was first explored in processes like the water-gas shift reaction and steam-
methane reforming, where the removal of a reaction by-product, such as carbon dioxide, can shift the 
equilibrium towards the desired products, thereby enhancing conversion rates and product purity. 
One of the earliest studies on sorption-enhanced reactions involved the equilibrium-controlled 
reverse water-gas shift reaction for carbon monoxide production. This study demonstrated the 
feasibility of using a fixed packed column containing a mixture of catalyst and sorbent to selectively 
remove a reaction by-product from the reaction zone, thereby achieving high conversion rates at 
lower temperatures than traditional methods [132]. This concept was further developed in the context 
of hydrogen production via steam-methane reforming, where a chemisorbent was used to selectively 
remove carbon dioxide, resulting in high-purity hydrogen production [133,134]. Additionally, the 
sorption-enhanced water-gas shift reaction (SE-WGS) for hydrogen production has been studied, 
where carbon dioxide is removed through chemisorption on CaO particles, leading to higher-than-
equilibrium hydrogen production [135]. This approach has been applied to various processes, 
including methanol synthesis, where the in-situ removal of water byproduct helps overcome 
thermodynamic limitations and improve methanol yield [136,137]. 

In the framework of e-fuels synthesis, water adsorption has the benefits already explained in the 
previous sections. SER processes, intended as the ones in which water removal is produced by its 
adsorption onto a specific solid, can produce the same effects in the enhancement of reactions 
performance than membranes reactor, but with important advantages. To begin with, membranes 
have the huge drawback of their fragility: once a membrane is damaged in a single point, its 
separation efficiency is completely disrupted, and it must be entirely substituted. As well, the 
dispersed and non-continuous nature of a sorbent guarantees that even in the case of partial 
deactivation, the remaining amount of solid would keep its separation function, with a minor 
repercussion on the whole process. In addition, SER processes are easier to operate and scale up: they 
do not need different piping for the retentate side, nor a sweep gas for aiding the separation; 
furthermore, the spatial limitation than the utilization of a membrane can produce does not exist 
when working with adsorbent solids. Ultimately, membranes are fragile, thus not optimal in high-
pressure processes, and when applied specifically to methanol/DME processes they must fulfill the 
requisite of high selectivity toward the permeation of water but not methanol, which is still a 
significant issue in membranes research [138].  

On the other hand, sorption-enhanced processes have their drawbacks as well. Since water is 
trapped into the sorbent, it undergoes saturation overtime; therefore, the process can suffer of a 
periodic efficiency decrease and surely requires regeneration steps to operate. Furthermore, sorption 
effectiveness is strictly related to the operating temperature, which is often in contrast with the 
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requirements of the chemical reaction carried out into the process. Even though many reactions are 
conducted at relatively low temperature, and this is the case of methanol and DME synthesis as well 
as Fischer-Tropsch process (which are promoted below 300 °C), for kinetic reasons the operating 
condition cannot involve very low temperatures, impacting on the water adsorption capacity and 
time of breakthrough. 

3.1. Sorption-Enhanced Methanol Synthesis 

3.1.1. Experimental Studies 

The pioneering work of Westerterp et al. [139] introduced the countercurrent gas–solid–solid 
trickle bed reactor as an innovative approach to methanol synthesis. As reported by the authors, the 
trickle flow principle was already well-known in literature, even though mainly applied to the heat 
exchangers area. In these first applications, the contact between a sand-like solid and a gas was 
enhanced by a packing material, as it is nowadays widely employed in adsorption columns. This 
configuration was called as gas–solid–solid trickle flow (GSSTF) contractor. At the time, the 
possibility of substituting the inert packing with a reaction-involved solid had never been evaluated. 
Hence, they proposed to create the column packing using a combination of a pellet catalyst and 
Rashing rings, and to employ a top-to-bottom sorbent stream in countercurrent with the gas. The 
study was in a first instance performed as a mathematical model, which already assessed the 
potential of such application to achieve equilibrium conversion by leveraging in-situ water removal. 
Further experimental validation [140] confirmed the viability of this system, showing that the trickle 
bed configuration significantly improved methanol yields. In detail, with their experiments the 
authors demonstrated that complete conversion in single-pass operation is attainable during 
methanol synthesis. It worth noticing that these works dealt with methanol synthesis from syngas. 
According to the stoichiometry of the reaction, methanol is the only product of the process, in the 
absence of competitive reactions. Therefore, in these earlier studies, methanol, and not water, was 
actually separated via adsorption. Nevertheless, the technology applies the same principle as water 
separation. These foundational studies set the stage for further advancements in sorption-enhanced 
methanol synthesis (SEMS). 

In the following years, the topic of CO2 utilization has become more and more significant and 
the studies on methanol synthesis followed this trend. Methanol production from CO2 hydrogenation 
involves simultaneous water and methanol generation. In this case, selective separation of one of the 
two reactants is more complicated, and many aspects favor water adsorption instead of methanol. 
The most conventional sorbents for this application are zeolites, which are generally more selective 
toward water adsorption [141], even though factors other than the simple molecular sieve mechanism 
drive the sorption selectivity toward water, since the molecular size are comparable [142].  

Among recent studies, Terreni et al. [143] provided an early demonstration of SEMS using 13X 
zeolite as sorbent for the process intensification and highlighted exactly this issue. The authors 
observed the enhancement of methanol yields by using hydrophilic sorbents, with a maximum 
increase of 28% in methanol yield. Nevertheless, they reported that at 200 °C methanol and dimethyl 
ether, both obtained as products, were completely adsorbed onto the zeolite during the sorption-
enhanced process. At higher temperatures, the sorption of the products was not total, but it was still 
competitive with water: with the increase of temperature, the authors were able to recover half of 
their products previously adsorbed into the zeolite. Finally, they concluded that 13X zeolite was 
appropriate for water adsorption and process enhancement, but not ideal for the purpose of SEMS as 
it adsorbs also other reaction products. Therefore, the Le Châtelier principle is applied to multiple 
reactions and the control of selectivity is hard. The authors hypothesize that the employment of a 
zeolite with smaller pores radius could lead to a better selectivity management, since the intra-
crystalline activity would be limited.  

It is also worth noting that the incorporation of a zeolite into a methanol synthesis system not 
only induce products sorption. The presence of strong acid sites – particularly Brønsted-type sites – 
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promotes methanol dehydration and the formation of dimethyl ether. Among the key properties of 
zeolites, their surface acidity, the nature of their acid sites, and their hydrophobicity play a crucial 
role in this process. H-ZSM-5 zeolites are well known for their efficiency as methanol dehydration 
catalysts, with their hydrophobicity, as reported by Vanoye et al. [144], being a critical factor for 
achieving high DME productivity. However, other types of zeolites, such as LTA, FER, and SAPO, 
also exhibit dehydration activity and are employed in methanol dehydration [145]. Moreover, in 
addition to DME, light olefins can also be produced over zeolites [146]. 

To disclose the catalytic effect from sorption, Nikolic et al. [147] extended this research by 
employing inelastic neutron scattering (INS) techniques to investigate the molecular interactions 
between catalysts and sorbents. Their study provided fundamental insights into how different 
sorbents influence reaction pathways, demonstrating that zeolites play a dual role in shifting 
equilibrium and stabilizing intermediate species. The study was performed using a so-called 
“sorption catalyst”, constituted by a copper-zeolite-supported formulation, and mixture of 
commercial CZA catalyst with either 3A or 5A zeolite. Besides the different selectivity due to the 
employment of one catalytic system or the other (the authors clearly state the higher methanol 
selectivity when 3A is employed, due to the inaccessibility of the small pores by methanol for its 
further conversion), they observed a similar evolution in time of the process. Water was quickly 
formed as the reactants entered the catalytic bed, as the product of the reverse water-gas shift 
reaction, and it began to saturate the sorbent. Conversely, the formation of methanol and dimethyl 
ether occurred at a relatively later stage and was not associated with significant water production. 
This suggests that a substantial amount of intermediates (CO, methoxy, and methyl groups) forms in 
the early stages, accumulating within the sorption catalyst before ultimately reacting to yield the final 
products.  

From this study, it appears that sorption-enhancement is not really applied directly to methanol 
formation; instead, it induces CO2 conversion to CO and other intermediates, and their amount and 
conversion rate finally determines the yields to methanol and/or dimethyl ether. 

Maksimov et al. [137] further studied SEMS via CO2 hydrogenation, offering a more 
macroscopic observation of the reaction enhancement. Based on their experiments and calculations, 
the enhancement factor resulted to be in the range 150-290 % for methanol and 220-510 % for CO. 
These results are surely more convincing on the efficiency of the SEMS process, but it worth noticing 
that they were obtained at higher pressures compared to previous studies (20-70 bar). The authors 
themselves stated as result that the enhancement factor is remarkably influenced by the operating 
pressure; furthermore, their result somehow confirms the INS observation, since CO production 
resulted to be promoted to a higher extent compared to methanol synthesis. It is also worth 
mentioning that the work involved not only the evaluation of SEMS at different pressures, but also 
at different space velocity and catalyst-to-zeolite ratios. Besides all the differences in productivity 
obtained in each condition, the obtainment of a higher enhancement factor for CO production was 
not affected by any of the variable. Hence, it appears that there is not really a way for tuning the 
system to enhance methanol production instead of CO.  

This can lead to the conclusion that the catalyst formulation is mainly responsible for the 
selectivity of the system, also in case of SEMS. 

Heracleous et al. [148] conducted a detailed experimental investigation into SEMS for CO2 
hydrogenation, further validating the efficacy of sorption-enhanced techniques. Their findings 
confirmed that selective water removal significantly improves methanol selectivity and yield, 
reinforcing earlier theoretical predictions. By using high pressure and 13X zeolite, their work can be 
compared to the previous ones separately, concluding that the 60.5% enhancement observed in this 
work is halfway between previous results, since the type of zeolite has worse selectivity toward 
methanol, but high pressures improve the results, as already mentioned by Maksimov et al. In a 
subsequent study, Heracleous et al. [149] explored the impact of different zeolite types on SEMS 
performance, revealing that sorbent properties such as pore structure and hydrophilicity are key 
factors in optimizing the process. With this study, the authors highlighted that the better 
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enhancement factor was obtained with 5A zeolite, because of its methanol uptake ability. 
Nevertheless, the authors did not observe as much of a difference in selective methanol enhancement, 
compared to the study of Maksimov et el. [137], at least for what concerned the first reaction cycle. 
Afterwards, the authors evaluated also the stability of sorbents and catalyst over three cycles and 
observed that all zeolites lost sorption efficiency, leading to lower methanol and CO yields. In 
addition to the catalyst decrease in activity, among the sorbents the 13X zeolite was the one that 
exhibited the major yield decrease, while the 4A-CZA was found to be the most stable SEMS system. 
This result is coherent with the study conducted by Gavrilovic et al. [150], who evaluated various 
catalyst-sorbent pairings, including CaO, which was firstly considered for SEMS. The study of the 
sorbents can be considered as preliminary, since it only evaluated the sorption ability of all sorbents, 
concluding that among zeolites, 13X was the one with the highest adsorption capacity, but it was 
overcome by CaO. Despite this result, the CaO stability over saturation/desorption cycles was not 
investigated, and only zeolites 13X and 4A were tested. The authors reported that 4A zeolite outstood 
13X in terms of stability, since it almost did not lose adsorption capacity over 100 cycles, while 13X 
reduced its capacity to the half. These studies mark a critical step toward industrial scalability, 
demonstrating that careful material selection can lead to substantial process improvements. 

From the literature survey, it is possible to observe that SEMS studies have been conducted in a 
limited range of operating conditions and type of sorbents. Zeolites 3A, 5A and 13X have mostly been 
studied, and as reported 3A zeolite is the most suitable sorbent for SEMS, especially for its selectivity 
toward methanol. Many authors have attributed this characteristic to a shape selectivity, since the 3 
Å pores of the zeolite allows the adsorption of water but not methanol. On the other hand, 5A zeolite 
demonstrated to be a significant alternative since it has a strong adsorption capacity. 13X zeolite, 
despite being the first choice in former studies, demonstrated to have a low selectivity and a scarce 
stability overtime in cycles of adsorption/regeneration. A resume of the literature SEMS studies is 
given as bubble graph in Figure 5. This representation allows to observe the most employed 
combinations of operating conditions (temperatures mostly between 230 and 260 °C and pressures 
around 30 bar) together with the magnitude of methanol enhancement factor obtained with each kind 
of zeolite. The dimension of the bubble is proportional to the magnitude, the maximum value is 
indicated in the figure.  

 

Figure 5. Methanol enhancement factor in SEMS experimental studies vs operating conditions (temperature and 
pressure). The dimension of the bubble represents the magnitude. 

As the previous literature review could have demonstrated, most of the sorption-enhanced 
applications have been studied so far in fixed bed reactors. The closer to a potential industrial 
application considers the cycling operations between reaction and regeneration. In recent years, 
Menéndez et al. [151] proposed and patented a technology to conduct sorption-enhanced reactions 
in a fluidized bed with continuous flux of one of the solids. The proposed technology involved a 
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fluidized bed reactor in which the sorbent and the catalyst have significant different physical 
properties – mainly particles size and density – so that they segregate in the fluidized bed. If 
segregation is optimized, either at the top or to the bottom, a fraction of almost 100% of one of the 
solid can be reached (100% of flotsam for the top section and 100% of the jetsam for the bottom 
section). Hence, it is possible to selectively remove either the catalyst or the sorbent from the reactor, 
to perform the regeneration of the adsorbent without damaging the catalyst. Also, if the sorbent is 
chosen to be the continuous flux and the catalyst remains fluidized into the reactor, it is possible to 
operate both the process and the regeneration step continuously. This concept is illustrated in Figure 
6. A preliminary assessment of this application was given by Menéndez et al. [152]. In this study the 
authors only evaluated the feasibility of the proposed technology by continuously segregating a 
methanol synthesis catalyst and a sorbent (13X zeolite), demonstrating that with opportune 
fluidization condition an efficient separation is possible, thus the technology can be proficiently 
employed. Furthermore, since zeolite can provide water removal, the proposed system can be used 
in all the processes which have water as by-product: Methanol synthesis from CO2 is only one of 
them, but it can be applied also to DME synthesis and CO production via reverse water-gas shift. 

 

Figure 6. Continuous sorbent-flow technology proposed by Menéndez et al. [151,152]. 

3.1.2. Mathematical Modelling  

Mathematical modelling has limitations in predicting the behavior of experimental systems, 
mainly due to the assumptions made or the equations chosen. Nevertheless, it remains a powerful 
tool for saving time and costs in experimental work, gaining insight into phenomena that cannot be 
directly observed, and supporting the scale-up of technologies. Sorption-enhanced processes are 
particularly studied with mathematical modeling because of their complex nature and the challenges 
of experimentally capturing all the interacting phenomena involved. Also, mathematical modelling 
offers to work with a significantly higher amount of data compared to experimental work, which 
allows a better estimation of the process costs.  

Arora et al. [153] presented a detailed modelling study on optimizing methanol production 
through a sorption-enhanced reaction process, aiming to overcome equilibrium limitations that 
restrict conversion efficiency in conventional methanol synthesis. The authors proposed a periodic 
SEMS system that integrates in-situ water removal via selective adsorption, thereby shifting the 
reaction equilibrium toward higher methanol yields.  The study employed a fixed-bed, multi-
tubular reactor where a Cu-ZnO-Al₂O₃ catalyst was combined with NaX zeolite adsorbent, designed 
to selectively capture water during the reaction. To account for the adsorbent finite capacity, the 
system was modeled to operate in a cyclic manner, alternating between reaction-adsorption and 
regeneration phases. The model considered operating conditions typical of industrial methanol 
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synthesis, therefore temperatures between 200 and 270 °C, pressures up to 77 bar, and a typical 
synthesis gas composition (65.9% H₂, 9.4% CO₂, 4.6% CO, and smaller amounts of CH₄, N₂, CH₃OH, 
and H₂O). The study finds that optimizing the ratio of reactants, particularly adjusting CO₂ and H₂ 
levels, significantly influences conversion efficiency. By carefully tuning these parameters, the 
authors demonstrated that SEMS process can allow to achieve remarkable improvements in yield 
while maintaining competitive production costs. A key finding of the study is the substantial increase 
in methanol yield compared to conventional processes. Without sorption-enhancement, the base-case 
methanol yield is reported at 34.02%. When the SEMS process is applied, yield increases to as much 
as 59.92%, representing a 76.13% improvement. However, this enhancement came with a trade-off. 
Due to the periodic nature of the adsorption-regeneration cycle, overall production capacity is 
reduced by 9 to 46% depending on the specific optimization scenario. Despite this reduction, the 
authors demonstrated that careful process optimization can mitigate losses, with a 7% yield gain 
achieved in an industrial reactor setup at the cost of only a 2% decrease in production capacity. With 
these data, the study further explored the techno-economic feasibility of SEMS, showing that the 
production cost remains competitive with traditional syngas-to-methanol processes. The authors 
emphasized that the balance between yield improvement and production capacity reduction is a 
crucial factor in determining the industrial viability of SEMS. They identify synthesis gas 
composition, reactor temperature, and pressure as primary determinants of process performance. 
Additionally, they highlight the importance of optimizing the adsorbent regeneration phase to 
minimize downtime and maintain continuous operation. 

Nieminen et al. [154] developed and modeled a full process configuration for CO₂-based 
sorption-enhanced methanol synthesis. The process was considered as a cyclic system with alternated 
reaction-adsorption and sorbent regeneration steps, using either adiabatic packed-bed or isothermal 
boiling-water reactors. According to their findings, considering an operating pressure of 50 bar and 
a temperature of 220 °C for the isothermal configuration and initial temperature of 215 °C for the 
adiabatic one, water adsorption shifts the equilibrium toward methanol production, improving per-
pass conversion and yield. Many other process parameters, such as flowrate and catalyst/adsorbent 
ratio, were optimized by the authors to achieve a target purity of methanol. As they reported, the 
model was able to predict a configuration that eliminated the need for distillation by producing high-
purity crude methanol (99 wt.%) through condensation and separation of unreacted gases. This result 
highlighted the feasibility of trapping all the water produced by the reaction into a suitable sorbent, 
leading to the condensation of almost pure methanol. Economic analysis suggested that cost 
reductions could be achieved through further optimization in cycle design, reactor configuration, and 
separation methods. 

Bayat et al. [155] introduced a Fluidized Bed Sorption-Enhanced Thermally Coupled Reactor 
(FSE-TCR) to enhance methanol synthesis. The system integrates methanol production with in-situ 
water adsorption in a fluidized bed while using the exothermic heat to drive the dehydrogenation of 
cyclohexane on the endothermic side. The study employs a multi-objective optimization approach 
using the NSGA-II algorithm to maximize methanol production and selectivity. the FSE-TCR reactor 
was further optimized in terms of temperature profile to achieve the maximum enhancement in 
methanol yield. As reported, optimization results indicate significant improvements in methanol 
yield (214.3 ton/day) and CO₂ removal (280.5 ton/day) compared to conventional methanol synthesis 
reactors. Furthermore, temperature-optimized FSE-TCR ensured a 55.97 ton/day higher methanol 
yield compared to the non-optimized configuration. Even though the results can be seen as hardly 
replicable in experimental methanol synthesis system, they are still of high interest since they point 
out the feasibility and the potentiality of the proposed technology.  

Abashar and Al-Rabiah [156] investigated the performance of a circulating fast fluidized-bed 
reactor (CFFBR) for sorption-enhanced methanol synthesis. The study employed a mathematical 
model, validated using industrial data from a quasi-isothermal Lurgi reactor. The authors simulated 
reactor conditions with a pressure of 50 bar, a temperature of 201.75 °C, and a stoichiometric feed 
ratio of H₂/CO₂ = 3:1, evaluating different sorbent-to-catalyst mass fractions. The results 
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demonstrated that the CFFBR significantly enhanced methanol production, with a 14 times higher 
yield compared to the process without water adsorption conducted in the same type of reactor. The 
study further revealed that CFFBR offers superior performances compared to fluidized bed reactor, 
which the authors attributed to bubble bypass and backmixing effects.  

In a further study [157], the authors demonstrated that CFFBR has better performances also 
compared to a reactor with in-situ condensation (IC), with an enhancement of approximately 88% for 
the former and 60% for the latter. If, of one hand, the sorption was more efficient than condensation 
in displacing the chemical equilibrium, the authors also demonstrated that excessive sorption 
inhibited the WGS equilibrium, hence favored the CO existence and lowered the selectivity to 
methanol of the process. 

Moioli and Schildhauer [158] conducted a computational investigation into small-scale SEMS to 
evaluate the difference in the type of reactor employed for the process. The study evaluated a fixed-
bed, an entrained-flow, and a fluidized-bed/entrained reactor. The latter application recalls the one 
previously described by the patent of Menéndez et al. [151]. While the concept of patent claims to 
segregate the solids while keeping them both in a fluidized bed regime, this technology involves the 
full entrainment of one of the solids, specifically the sorbent, which flows across a fluidized/almost-
suspended bed of catalyst. The models considered a CO₂/H₂ feed ratio of 1:3, a pressure of 30 bar, 
and a temperature range of 220–300 °C, simulating conditions relevant to small-scale methanol 
production. The fixed-bed reactor was modeled as a dynamically operated system, where one reactor 
was in reaction mode while another underwent regeneration. Results indicated that while the water 
removal significantly shifted the thermodynamic equilibrium toward methanol formation, the 
process was limited by the need for frequent reactor switching, making continuous operation 
complex. The entrained-flow reactor, in contrast, allowed for continuous operation due to 
simultaneous catalyst and sorbent exchange. However, the short residence time reduced methanol 
selectivity, favoring the competing reverse water-gas shift (rWGS) reaction, leading to an increased 
CO yield. The fluidized-bed/entrained reactor, which combined entrained sorbent flow with a 
suspended catalyst bed, demonstrated the most balanced performance, achieving higher CO₂ 
conversion and methanol selectivity while maintaining continuous operation. The work is highly 
valuable, especially to validate the idea of selective removal of one of the solids from the reactor. 
Nevertheless, it surely can be considered of difficult application, because of the complications of 
experimentally realize the suspension of a solid and the entrainment of the other. Furthermore, many 
other factors such as diffusion – which can limit both catalysis and adsorption – will occur 
experimentally and will probably lead to worse performances compared to the theoretical study. 

Nevertheless, comparing the SEMS simulation results with the experimental data in Figure 7 
shows that the predicted enhancement factors are reasonably close to the experimental values, 
suggesting that the simulations provide good predictive capability for existing systems.  

 

Figure 7. Methanol enhancement factor in SEMS studies vs operating conditions (temperature and pressure) for 
experimental and mathematical studies. The dimension of the bubble represents the magnitude. 
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3.2. Sorption-Enhanced DME Synthesis 

The sorption-enhanced approach has recently been extended to dimethyl ether (DME) synthesis 
as well. Although interest in DME production emerged later than in methanol or CO synthesis, it has 
steadily gained a growing share of research attention over the years. Similar to methanol synthesis, 
DME production benefits significantly from water removal; moreover, due to the higher water-to-
DME ratio compared to methanol, the enhancement effect could be even more pronounced.  

It is undoubted, however, that sorption-enhanced DME synthesis (SEDMES) involve a higher 
degree of complication compared to SEMS. Indeed, DME is produced via methanol dehydration, and 
to perform a single-step conversion from CO/CO2 the systems need two co-working catalysts, one 
dedicated to methanol synthesis and the other to its dehydration [159]. The properties of these 
catalysts are significantly different, therefore there is no way of conducting the one-step process on a 
single formulation. Typically, basic sites are needed for CO2 activation while acid sites are necessary 
for methanol dehydration [160]. The means in most cases the coexistence of two solids into the 
reactor, and the presence of a water adsorbent would add a third. The mechanism of 
reaction+sorption would be the one depicted in Figure 8. Hence, aspects like internal diffusion or heat 
management must be related to three different components. Some authors have reported the use of 
a single solid, addressed as bifunctional catalyst, to conduct the direct DME synthesis [161,162]; the 
employment of such solution would make the SEDMES process more similar to SEMS. 

 

Figure 8. Scheme of sorption-enhanced DME synthesis in presence of three solids: the methanol synthesis 
catalyst, the methanol dehydration catalyst and the water adsorbent. 

3.2.1. Experimental 

Sorption-enhanced DME synthesis conducted in presence of sorbents physically mixed with the 
catalyst is a novel topic, and there are not many studies on this subject, to the best of our knowledge. 
One of the earliest studies on SEDMES was given by Liuzzi et al. [163]. This study investigated the 
direct synthesis of dimethyl ether (DME) from CO₂-rich biomass-derived syngas using a dual 
catalytic bed composed of Cu/ZnO/Al₂O₃ (CZA) for methanol synthesis and γ-Al₂O₃ for methanol 
dehydration. Experiments were conducted with a syngas mixture featuring a CO₂/CO molar ratio of 
1.9, reflecting typical biomass gasification outputs. In their study, the authors first observed that the 
addition of promoters (ZrO₂ and Ga₂O₃) to the methanol synthesis catalyst increased the extent of the 
side reactions, mainly rWGS, leading to higher CO and water production. Then, they reported that 
the water-rich atmosphere of the system was detrimental for the catalyst stability, therefore the 
enhancement obtained by doping the catalyst actually led to a worsening of the performances 
overtime. To mitigate the detrimental  effects of water, zeolite 3A was incorporated as an in-situ 
water sorbent, establishing a sorption-enhanced process. The inclusion of the zeolite shifted reaction 
equilibria, enhancing both methanol and DME production. Operating at 250 °C and 20 bar, the DME 
yield increased dramatically from 8.7% without sorption to 70% with the zeolite. Carbon conversion 
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surpassed conventional equilibrium limits due to the continuous water removal, confirming the 
viability of SEDMES in intensifying DME production from CO₂-rich syngas. 

Similar results were obtained by Altinsoy et al. [164], who explored direct CO₂ hydrogenation 
to DME using a physical mixture of commercial Cu–ZnO/Al₂O₃ (CZA) and synthesized 
phosphotungstic acid (PTA)/γ-Al₂O₃ catalysts. Both methanol synthesis and dehydrogenation 
catalysts are similar to the previously revised study, but the authors modified the γ-Al₂O₃ to ensure 
better dehydrogenation performances. Reaction intensification was achieved by incorporating in-situ 
steam separation via zeolite 3A adsorption. Experiments were conducted at 225 °C, 30 bar, H₂:CO₂ 
ratio of 3:1, and a gas hourly space velocity (GHSV) of 1750 h⁻¹ based on the CZA catalyst volume. 
The study optimized PTA loading, identifying 30 wt.% as optimum concentration. By operating the 
system with a CZA:PTA/γ-Al₂O₃ mass ratio of 1:2 as the best configuration, achieving ~21% CO₂ 
conversion and 6.3% DME yield. Integration of 3A zeolite, tested at catalyst-to-adsorbent mass ratios 
of 1:0.33 to 1:4, elevated CO₂ conversion and DME yield beyond equilibrium values. At the ratio of 
1:4, they found that catalyst productivity increased from 5.5×10⁻³ to 2×10⁻² kgDME h⁻¹ kgcat⁻¹. Both 
catalysts and sorbent demonstrated stability over multiple pressure swing adsorption-regeneration 
cycles, showcasing the potential of sorption-enhanced systems in overcoming thermodynamic 
limitations of CO₂ hydrogenation.  

Van Kampen et al. [165,166] experimentally validated the SEDMES process at bench-scale under 
industrially relevant conditions using pressure swing regeneration (PSR). The system operated 
between 250–300 °C and 25 bar with a catalyst-to-adsorbent mass ratio of 1:4. Also in the case of this 
study, a CZA catalyst and γ-Al₂O₃ dehydration catalyst were mixed with zeolite 3A for in-situ water 
adsorption. The study demonstrated that PSR allowed for high-performance water removal, 
achieving over 80% single-pass carbon selectivity to DME and a fourfold increase in productivity. 
The authors developed and validated a 1D dynamic reactor model integrating Graaf’s methanol 
synthesis kinetics [167], Berčič’s methanol dehydration kinetics [168], and a Sips isotherm for water 
adsorption [169]. The Sips isotherm is a hybrid adsorption model that combines features of both the 
Langmuir isotherm (which assumes homogeneous adsorption sites with a maximum capacity) and 
the Freundlich isotherm (which accounts for surface heterogeneity). Cycle optimization indicated 
that PSR enabled shorter cycles, improving productivity while maintaining high selectivity, 
confirming SEDMES's potential for efficient CO₂ utilization and intensification. 

Ozcan et al. [170] also reported enhancement in DME production using sorption-enhanced 
processes, even though with a different kind of application. In their study, the authors evaluated the 
effect of CO2 adsorption onto Huntite, a carbonate mineral with the chemical formula Mg3Ca(CO3)4. 
They reported an enhancement in DME selectivity from 56% to over 60% due to the removal of CO2. 
Nevertheless, this result cannot be compared to the effect of Le Châtelier equilibrium displacement 
obtained with water removal. Indeed, to the best of our knowledge this is the only study that 
evaluates the adsorption of CO2 instead of water.  

As can be observed, according the comments in this paragraph introductive section, all these 
studies involve the utilization of three solids: a methanol synthesis catalyst (typically CZA), a 
methanol dehydration catalyst (typically γ-Al₂O₃), and a water sorbent (mainly 3A zeolite). So far, no 
studies have been reported using a bifunctional catalyst for the one-step DME synthesis and a water 
sorbent, hence this can be certainly considered one of the challenges for future works on the topic.  

The concept of continuous sorbent flow fluidized bed reactors described for sorption-enhanced 
methanol synthesis [151,152] can be applied also to SEDMES, as far as the solids can be reduced to 
two. This can be done with the use of bifunctional catalysts or using a sorbent which can also address 
methanol dehydration. A preliminary assessment of this application has been given by the same 
research group in [171]. 

3.2.2. Model 

As said in the case of SEMS, also for SEDMES processes many theoretical studies have been 
published, with the same limitation. Nevertheless, all the previously discussed aspects on the 
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potentiality of the mathematical models apply also in this case. Guffanti et al. [172] developed a 
detailed 2D+1D heterogeneous dynamic model to investigate the performance of a multitubular 
fixed-bed reactor for SEDMES. The model described the coupled reaction and adsorption steps and 
accounted for axial and radial gradients in species concentrations and temperature. Validation was 
performed using experimental data from a bench-scale unit (2 m length, 3.8 cm internal diameter) 
operated with a CO/CO₂/H₂ mixture. The system operated at 250 °C and 25 bar, utilizing a physical 
mixture of Cu/ZnO/Al₂O₃ (CZA) and γ-Al₂O₃ catalysts with LTA zeolite 3A as the water adsorbent. 
A catalyst-to-sorbent weight ratio of 1:4 was employed also in this case, and 1:1 methanol and 
dehydration catalysts weight ratio was adopted. Simulations revealed that effective in-situ water 
removal enabled DME yields of 65–70%, largely independent of the CO/CO₂ ratio in the feed. 
Increasing CO content slightly raised peak temperatures due to accelerated reaction kinetics. 
Nonetheless, the use of adsorbent material effectively controlled maximum temperatures, 
maintaining them 20–30 °C below the 300 °C catalyst stability threshold. Furthermore, the study 
demonstrated that reactor tubes up to 46.6 mm in diameter could be utilized with less than 2% loss 
in DME yield, offering potential scale-up benefits. This modeling framework provided essential 
insights for designing industrial-scale SEDMES reactors with optimized thermal management and 
performance. A subsequent study [162] performed a comprehensive analysis of the interplay between 
kinetics, adsorption capacity, and transport phenomena in SEDMES using the 2D+1D dynamic model 
already validated. The model simulated the cyclic adsorption/reaction step under isobaric conditions 
at 25 bar and 250 °C with external cooling. The reactor was packed with a physical mixture or 
advanced structured catalysts (hybrid and core-shell designs) of CZA and γ-Al₂O₃, combined with 
zeolite 3A as the water adsorbent. Various adsorbent-to-catalyst ratios (2:1 to 16:1 by weight) and 
pellet configurations were examined to quantify their impact on DME yield, productivity, and 
thermal behavior. Results demonstrated that increasing the adsorbent ratio enhanced water removal, 
sustaining higher DME yields (>70%), but reduced productivity due to catalyst dilution. Conversely, 
low adsorbent ratios led to faster water saturation, diminishing DME yields. Intraparticle diffusion 
limitations were significant, particularly in conventional pellet mixtures, but were mitigated by 
decreasing catalyst particle sizes or adopting hybrid/core-shell structures, which improved mass 
transfer and DME productivity. Thermal analyses showed that maximum temperatures were well-
controlled due to the thermal buffering effect of the adsorbent.  

Iliuta et al. [173] developed a two-scale, isothermal, unsteady-state model to investigate 
sorption-enhanced dimethyl ether synthesis with in-situ H₂O removal. The fixed-bed reactor was 
considered packed with a homogeneous mixture of bifunctional catalysts and zeolite 4A adsorbent, 
with axial dispersion considered due to low gas velocity. The model coupled bulk-scale mass, 
momentum, and energy balances with particle-scale diffusion and reaction equations, and used the 
hypothesis of single species adsorption: only water is considered to be adsorbed by zeolite. The 
Unilan isotherm [107] described water adsorption. Simulations demonstrated that in-situ water 
removal remarkably favored methanol and DME yields, and that the unconverted methanol fraction 
is reduced during SEDMES process compared to conventional DME synthesis. The effect of 
enhancing DME selectivity was found to be particularly relevant with higher CO₂ feed concentrations 
due to increased water production and removal. 

A recent study of Tyraskis et al. [174] reported the optimization of a plant for conducting 
SEDMES, using a cycle design based on TNO’s 2023 pilot plant (Petten, The Netherlands) as 
reference. The impact of pressure, cycle duration, amount of inert gases, tube geometry and feed flow 
rate was analyzed. Since the conventional DME synthesis without water adsorption was not taken 
into account, this study cannot give an enhancement factor, but it focuses on detailed optimization 
of the SEDMES process. The authors demonstrated how the system was tolerant to high 
concentration of inert gas into the reactant mixture (up to 50%) and that a minor increase in the tube 
diameter could effectively reduce the gas velocity, thus increasing the contact time and improving 
the DME selectivity.  
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3.3. Sorption-Enhanced Fischer-Tropsch Process 

A consistent theme across the research on Fischer-Tropsch process is the detrimental effect of 
water, inherently produced during the reaction, on catalyst stability, conversion efficiency, and 
selectivity. In detail, in case of cobalt-base catalysts, which are a typical formulation in FT reaction, 
the presence of a significant amount of water induces the metal’s oxidation, reducing the number of 
active sites, determining an irreversible deactivation of the catalyst [175]. The same effect has been 
observed also in presence of iron-based catalysts, where water presence induced the active iron 
carbides into less active Fe₃O₄ phases, leading to deactivation [176]. Some recent studies explore the 
concept of Sorption-Enhanced Fischer–Tropsch Synthesis (SE-FTS), focusing on the integration of 
water removal strategies to improve the catalyst performance and the process efficiency. 

Asbahr et al. [177] developed and experimentally evaluated a cold flow model of two 
interconnected slurry bubble columns designed for SE-FTS. Their study addressed the 
hydrodynamics of a system, to enable continuous operation by integrating in-situ water removal and 
sorbent regeneration. By employing artificial intelligence models, they established that the liquid 
circulation rate (LCR) strongly depended on gas holdup, with minimal influence from the liquid 
level. This reactor concept demonstrated potential for overcoming the adverse kinetic and 
thermodynamic impacts of water in Fischer–Tropsch synthesis, thus contributing to process 
intensification strategies. 

Gavrilović et al. [178] experimentally validated the SE-FTS concept using zeolite sorbents (13X 
and 4A) for water removal under reactive conditions. Their findings revealed that the presence of 
zeolites enhanced CO conversion by 10% over 65 hours of continuous operation, improved C₅⁺ 
hydrocarbon selectivity, and mitigated catalyst deactivation. However, they also observed a 
significant decline in the sorption capacity of zeolite 13X after repeated cycles, attributable to 
structural degradation. This result agrees well with the stability studies of Heracleous et al. [149], 
which also reported the weak stability of this type of zeolite in their research on SEMS. Therefore, it 
can be assumed that the presence of a slurry phase does not impact significantly on the stability of 
the zeolite, since the same adsorption capacity loss is observed in gas-phase processes. 

Bayat et al. [179] contributed to the evaluation of SE-FTS with a mathematical model, somehow 
recalling the initial idea of SEMS provided by Westerterp et al. [139]. The authors considered a trickle 
bed flow in which both the gas and the sorbent flows across a packed bed of catalyst pellets (gas-
flowing solids-fixed bed reactor —GFSFBR— concept). The sorbent motion allowed for continuous 
sorbent regeneration, determining the obtainment of a notable advancement over conventional fixed-
bed systems. Their simulations predicted a 45% increase in gasoline yield, and the thermal coupling 
of this reactor with a cyclohexane dehydrogenation gave place to a 57% rise in hydrogen production. 
These enhancements were attributed to selective in-situ water removal, which shifted the equilibrium 
and reduced catalyst deactivation. In a subsequent work [180], the authors modeled a system 
combining membrane and sorption enhanced reaction, with a sorbent composed by fine particles that 
fall through the spaces of a fixed bed of catalyst.  

Collectively, these studies substantiated the necessity of managing water during FT synthesis. 
Sorption-enhanced approaches demonstrated considerable promise in mitigating water-induced 
deactivation, enhancing conversion rates, and improving product selectivity. Future research was 
recommended to optimize sorbent stability, reactor design, and operating conditions to realize the 
full potential of SE-FTS for sustainable fuel production. 

3.4. Summary and Outlooks 

The technology of sorption-enhanced reaction, both for methanol and DME synthesis, has been 
giving outstanding results. Not many studies have been reported so far for these applications, and a 
special lack of experimental study can be appreciated going over the current literature. Nevertheless, 
the mathematical studies on the topic are a powerful tool to fill the gap and select the range of 
operating conditions in which the experimental studies could be conducted, in addition to predict 
the large-scale behavior and/or the economy of these applications. Less studies have been reported 
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so far on Fischer-Tropsch sorption-enhanced reaction, even though the published ones are 
particularly encouraging on the feasibility and the advantages that this application could provide.  

Over the years, various sorbents and contact strategies have been investigated to optimize 
materials and process integration based on specific reaction requirements. For what concerns the 
choice of sorbents, while a broad range of materials is suitable for water adsorption, sorption-
enhanced methanol and DME synthesis typically relies on a limited selection of solids. For instance, 
metal oxides such as CaO are commonly employed in CO₂ hydrogenation to methane [181,182] but 
only one study, so far, reported its application in the sorption-enhanced synthesis of methanol and 
DME, whereas zeolites are predominantly used for these processes. The absence of comparative 
studies makes it unclear whether the preference for zeolites is solely driven by their superior water 
adsorption capacity or if other factors have contributed to the limited use of alkaline earth oxides. 
Between them, 3A zeolite appears to be ideal for sorption-enhanced processes. However, challenges 
such as sorbent saturation, reduced long-term stability (notably with 13X), and competition with 
methanol adsorption remain limiting factors. Additionally, the dual role of zeolites—acting as both 
sorbent and dehydration catalyst—complicates selectivity control due to unintended methanol-to-
DME conversion. For DME synthesis, sorption-enhanced processes further increase complexity due 
to the required synergy between methanol synthesis and dehydration catalysts.  

An increase in complexity is also produced in the SE-FTS, due to the co-existence of three phases 
that generate a slurry in which the sorbent is immersed. However, the loss in adsorbing capacity that 
was observed in the experimental studies is coherent with the findings of other sorption-enhanced 
application. 

Looking ahead, the industrial viability of SEMS, SEDMES and SE-FTS depends on optimizing 
material selection, cycle design, and reactor configurations. Emerging concepts such as continuous 
sorbent circulation in fluidized beds and advanced catalysts show potential to address these 
challenges by improving mass transfer, thermal management, and operational flexibility. Future 
research should focus on long-term sorbent stability, the economic evaluation of large-scale systems, 
and the development of materials offering tailored adsorption properties without compromising 
catalytic performance. 

4. Structured Catalyst Reactors 

One of the tools for Process Intensification are structured catalyst reactors. This includes any 
system where the catalyst is not deposited as a random set of particles filling the reactor, but in 
particular the most employed systems are microreactors and monoliths. Microreactors are 
characterized for having at least one dimension below 1 mm. This provides a surface to volume ratio 
much larger than conventional reactors and therefore a great capacity for heat transfer. This 
characteristic improves the temperature control, which is clearly a great advantage for exothermic 
reactions [183].  

The microreactors have been employed in Fischer-Tropsch by Velocys [184], which has raised 
the interest of the study [185–187]. CompactGTL (an English Provider of gas-to-liquids services) has 
built a pilot plant for Petrobras (a Brazilian petrochemical industry) using microreactors and has 
plans for other plants.  

Monoliths are composed by many parallel channels in a single block of solid. They are widely 
employed in the catalytic converters of cars, as they ensure a lower pressure drop compared to a 
conventional catalytic bed. The use of monoliths for Fischer-Tropsch (using CO+H2 as feed) has been 
studied by several groups, since the elevated pressure drop is a problem in fixed bed multitubular 
reactors. Hilmen et al. [188] prepared Co-Re/Al2O3 monoliths showing that the selectivity to C5+ was 
similar to powder catalysts of 38-53 μm. Guettel and Turek [189] found that a Co-Ru monolith catalyst 
provided better conversion that the same catalyst as a slurry. The explanation was the excellent mass 
transfer obtained in monoliths with gas slugs. Deugd et al. [190] claimed (using a mathematical 
model) that monolith catalyst operating in a recirculation loop would avoid some problems of 
conventional reactors, such as catalyst attrition and separation, backmixing and large diffusion 
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distances. They also showed that monolith catalysts have a clear decrease in activation energy (from 
c.a. 100 to c.a. 50 kJ/mol) when the washcoat layer thickness was increased from 20 to 110 nm, which 
is a clear indication of mass transfer limitations. Although this is generally undesirable, in the case of 
Fischer-Tropsh synthesis a small concentration gradient inside the catalytic layer may have a positive 
effect: since the diffusivity of hydrogen is higher than that of CO, the H2/CO ratio would be higher 
inside the catalytic layer than in the gas phase, and it could increase the selectivity to hydrocarbons 
in the gasoline range [191]. A problem with monoliths is the difficulty of heat removal. This could be 
solved with a high velocity in the monolith combined with a recirculation loop and an external heat 
exchanger or using metallic monoliths [192]. 

Periodic Ordered Catalysts (POCs) are another alternative in the search for low pressure drop. 
Visconti et al. [193] demonstrated their performance in a pilot plant of highly conductive packed 
POCS with a 99 mm long and 28 mm o.d. POCs sample. 

Almeida et al. [185] compared microchannels, aluminum foams and monoliths. They found that 
the thickness of the washcoat layer was a critical factor affecting the selectivity. The C5 selectivity of 
microchannels was higher than that of structured supports, which is explained by the better 
temperature control.  

5. Other Process Intensification Systems  

An alternative method, not industrially employed, for methanol synthesis is to use reaction in 
liquid phase. Ghosh and Seethamraju [194] combined this reaction with distillation in what is 
commonly named as reactive distillation.  

Mathematical models also predict that Fischer-Tropsch would provide higher selectivity to 
middle distillate products by using reactive distillation [195]. 

Other way to increase conversion beyond the thermodynamic equilibrium in a conventional 
reactor is to condense the products. This has been applied by van Bennekom et al. [196] with a syngas 
of composition H2/CO/CO2/CH4 = 0.65/0.25/0.05/0.05. At a suitable temperature, total conversion was 
achieved in a batch reactor.  

The combination of Fisher-Tropsch with hydrocracking in a microstructed reactor was 
experimentally studied by Kirsch et al. [197]. 

Another technique that sometimes provide improvements in the performance of catalytic 
reactors is non-steady state operation. In the case of Fischer-Tropsch dynamic operation, in particular 
hydrogen pulsing seems to be a potentially beneficial operating technique to remove accumulated 
liquid products, restore initial catalyst activity and increase diesel-range productivity [198].  

6. Conclusions 

Production of liquid e-fuels is rising a lot of interest among researchers and industry. They 
include methanol, DME and hydrocarbons from Fischer-Tropsch synthesis, that could be obtained 
from CO2 and renewable hydrogen. Direct hydrogenation of CO2 is usually considered, although in 
the case of Fischer-Tropsch synthesis an intermediate step of rWGS to produce syngas (CO+H2) 
would be probably convenient. The incorporation of Process Intensification tools to the technologies 
employed in the production of liquid fuels from CO2 will be a way to decrease the cost of the final 
product and reduce the environmental impact derived from their production. Many promising 
alternatives have been identified, and the most encouraging ones are membrane reactors, sorption 
enhanced reactors and structured catalysts. As demonstrated in this review paper, the exploitation 
of Le Chatelier principle is highly convenient in the production of e-fuels, since it can increment the 
single-pass conversion and the selectivity toward the desired products. As well, innovative 
technologies like microreactors and structured catalysts can offer exclusive properties to tune the 
selectivity and to ensure an adequate heat management of the system. 
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Abbreviations 

The following abbreviations are used in this manuscript: 
CCS Carbon Capture and Storage 
CFFBR Circulating Fast Fluidized-Bed Reactor 
CZA Copper-zinc-alumina 
DME Dimethyl Ether 
GSSTF Gas–Solid–Solid Trickle Flow 
LPG Liquefied Petroleum Gas 
MTG Methanol-to-Gasoline 
MTO Methanol-to-Olefins 
POC Periodic Ordered Catalysts 
PTA Phosphotungstic Acid 
rWGS Reverse Water Gas Shift 
SE-WGS Sorption-Enhanced Water-Gas Shift  
SEDMES Sorption-enhanced Dimethyl Ether Synthesis 
SEMS Sorption-enhanced Methanol Synthesis 
SER Sorption-enhanced Reaction 
WGS Water-Gas Shift 
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