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Catalytic CO2 methanation technology can be improved by process intensification, i.e. enabling 
higher energy efficiency and process sustainability. Here, thin-film composite membranes 
(TFCM) were developed for in-situ water removal in a catalytic membrane reactor (CMR) for the 
Sabatier process. The selective separation layer (1.4µm-thick) of the composite membrane is 
made of the polyimide 6FDA-6FpDA, a glassy polyimide, which exhibits high permeability and 
selectivity together with stable function at unprecedented high temperatures (>200 °C), 
compared to polyimides reported until now (90 °C), thus matching the temperature range of 
Sabatier reactors. Remarkably, TFCM developed in this work, allow to extract an outstanding 
amount of water up to 1 m3/(m2·h·bar) at 260 °C. TFCM was implemented for the water removal 
from the methanation reaction in a CMR operated at 260 °C and using Ni-Todorokite as catalyst. 
The TFCM-mediated water-extraction enabled to raise both catalytic stability and activity during 
CMR operation. CO2 conversion stability was greatly improved exhibiting a conversion value of 
72 % during the course of the reaction (21 % increase in CO2 conversion), with a water removal 
of 12.5 % and specific flux of ~100 g·h-1·m-2. 
 
1. Introduction 
Global warming, energy shortage and pollution have led global efforts of science and 
technology research towards clean and efficient energy systems. In recent years, 
different strategies have emerged to reduce carbon dioxide (CO2) emissions such as its 
capture and storage, or its use to store renewable energy via hydrogenation to produce 
fuels and other molecules of interest.1,2 The development of these processes is essential 
to mitigate climate change and to achieve the aims set out in the Paris Agreement,3 which 
establishes the objective of maintaining the global average temperature increase below 
2 °C above pre-industrial levels.  
The possibility of using CO2 as feedstock for fuels and chemicals production by reducing 
CO2 to methane (CH4), known as Sabatier reaction 4 (Equation (1)), is currently considered 
as one of the most attractive alternatives.5–7 This exothermic process uses molecular 
hydrogen (H2) which, in principle, could be provided by the energy surplus from 
renewable sources, while CH4 could be used as an energy carrier easily transported 
through the current gas pipelines network. The CO2 availability is an important 
consideration related to the economy of the methanation process. For instance, the use 
of biogas as CO2 source is an interesting option, since its direct conversion without 
separation would increase CH4 concentration in the final outlet gas stream, boosting its 
energetic value and improving the global economy of the biogas production process.  
CO2 hydrogenation (Equation 1) is a linear combination of reverse water-gas shift reaction and 
carbon monoxide (CO) methanation (Equation (2) and (3), respectively). 
 



𝐶𝑂2 + 4𝐻2 ↔ 𝐶𝐻4 + 2𝐻2𝑂(𝑔)           ∆𝐻 = −164 𝑘𝐽/𝑚𝑜𝑙 (1) 

𝐶𝑂2 + 𝐻2 ↔ 𝐶𝑂 + 𝐻2𝑂(𝑔)                ∆𝐻 = 41 𝑘𝐽/𝑚𝑜𝑙 (2) 

𝐶𝑂 + 3𝐻2 ↔ 𝐶𝐻4 + 𝐻2𝑂(𝑔)                ∆𝐻 = −206 𝑘𝐽/𝑚𝑜𝑙 (3) 

 
Given the great stability of the CO2 molecule, the use of catalysts as well as temperatures 
above 250 °C are essential in order to achieve acceptable conversion and selectivity 
values. Hydrogenation of CO2 to CH4 has been investigated using catalytic systems based 
on supported VIII group metals on various supports.8–11 Among these catalysts, Ni-based 
catalysts have been widely employed for the CO2 methanation reaction due to their high 
catalytic activity and high methane selectivity.12–14 
However, it is known that conventional Ni-based catalysts suffer from severe catalyst 
deactivation during this reaction mainly due to two reasons: (i) the sintering of nickel 
particles,15 which could be mitigated by the addition of a second metal such Fe, Sm, Ce, 
La, Mg, and Y, that would enhance the stability and catalytic activity of Ni-based 
catalysts;16–21 and (ii) at low temperature, the interaction of the metal particles with CO, 
the formation of carbon deposits and mobile nickel subcarbonyls.22 The necessity to 
develop more efficient technologies to produce CH4 from CO2 reduction processes is 
clear. One way of enhancing the reaction performance, is shifting the equilibrium. It is 
worth noting that the Sabatier reaction is not thermodynamically limited at 260 °C and 1 
bar, however it is kinetically limited.9 CO2 methanation can be enhanced using water 
sorbents such as zeolites, La2O3 or CaO.23,24 According to the Le Chatelier principle, the 
yield and selectivity of the targeted compound are boosted by the removal of the 
byproducts of the reaction.25 An option in this process is to shift the equilibrium by 
eliminating water. Water removal is important in several industrial applications since it 
is a byproduct in several chemical reactions. In this way, Gao et al. improved the CH4 yield 
by using a water sorption catalyst, Ni-zeolite 5A.26 The adsorption of H2O in the zeolite, 
resulted in CH4 yield increase, reaching values of 100 %.  
However, as main drawbacks to be considered, adsorbents need to be regenerated once 
they reach saturation, together with the added complication of selective separation 
when the reaction is heterogeneously catalysed. In addition, as water sorption is 
favoured thermodynamically at low temperature, the development of materials capable 
of retaining water at high temperatures is challenging.  
An alternative to absorbents is to carry out the extraction from water directly from the 
reaction from the vapour phase. Such an alternative is offered by the use of catalytic 
membrane reactors (CMR). Membranes and CMR have gained intensive attention of 
researchers around the world due to their extensive number of applications.27,28,29,30,31,32 
The integration of a water selective membrane in a catalytic reactor enables  the process 
intensification concept which leads to higher energy and carbon-use efficiency. These 
membranes are able to provide (i) effective purification of a desired reaction product; (ii) 
distributed and controlled dosing of one reactant; and (iii) optimal removal of products 
that could deactivate or poison the catalyst or limit the equilibrium conversion dictated 
by thermodynamics.33,34 
However, some of the processes, such as the methanation reaction explained before, are 
extremely challenging. The process conditions are extreme for polymeric materials such 
the combination of high feed pressures and very high temperatures. Under those 
conditions, the main part of the membrane materials will degrade and lose their 
performances. Therefore, the design of highly stable components is critical in order to 
ensure stable performances over the time.  



Polymeric membranes, as dense membranes, follow a solution-diffusion model. 
Permeability can be expressed as the product of diffusion coefficient and solubility 
coefficient. Diffusion coefficient is related with the kinetics and it is related to the 
mobility of the individual molecules in the membrane material (molecular size). On the 
other hand, solubility coefficient is an equilibrium term and it is associated to the number 
of molecules dissolved in the material (molecular interaction). Several polymers showed 
a preferential interaction or transport towards water vapour. A clear example are the 
polyethylene glycol-based polymers, such as PolyActive or Pebax, that show very high-
water vapour fluxes. However, the amount of polymeric membranes tested at 
temperatures above 200 °C is very limited.35–37 
Polymers such as sulfonated polyether ketone (SPEEK) due to the interaction between 
the water vapour and the sulfonate groups present in the polymer chain, shows very high 
water permeability and great H2O/N2 selectivity.38 However, this type of materials 
present a severe thermal degradation at temperatures above 200 °C under inert 
atmosphere.39 
Combining the elevated pressures and temperatures, the amount of polymeric materials 
tested are negligible. Polybenzimidazole (PBI) combines a very high thermal resistance 
and a preferential interaction between the polymer chain and the water vapour. 
Although this material has been already tested at very elevated temperatures, its main 
drawbacks are the relatively low permeability and limited processability due to very high 
brittleness.40,41 
In similar way, polyimides exhibit superior separation performance, permeability and 
selectivity than other glassy polymers, well-balanced thermal and chemical stability, and 
processability, hence, they have been thoroughly investigated in the last 40 years.42,43 A 
broad variety of works related to polyimides, as well as several reports regarding 
outstanding polyimide properties, have been published,44 but only few of the 
documented polyimides proved to be stable at temperatures around 100 °C. In fact, the 
highest temperatures reported are in the range from 60 to 90 °C and very few reported 
water permeation.45–50  
Thin-film composite membrane (TFCM) for the in-situ water separation in the 
methanation reaction has been developed in this work. Methanation reaction was 
performed at 260 °C using Ni-Todorokite as catalyst. The reaction has been evaluated 
with and without the developed water selective membrane, full characterization is also 
presented. The results show that the extraction of water not only improves the reaction 
yield but also the catalytic performance when a TFCM was employed. 
 
2. Experimental 
2.1. Materials 
MnCl2·4H2O, Ni(NO3)2·6H2O and KMnO4 were provided by Sigma-Aldrich (Darmstadt, 
Germany) and NaOH was provided by Scharlab (Barcelona, Spain). Dimethyl acetamide, 
tetrahydrofuran (THF) and toluene were purchased from Merck GmbH (Darmstadt, 
Germany). 3MTM FluorinertTM FC-770 > 99 % was purchased by IOLITEC Ionic Liquids 
Technologies GmbH (Heilbronn, Germany). 
Polybenzimidazole (PBI), a Poly[2,2’-(m-phenylene)-5,5’-bibenimidazole], was purchased 
from PBI® performance products, Inc. (Charlotte, USA) as solution in dimethylacetamide 
(DMAc). Polyethylene glycol (PEG) was acquired from Sigma-Aldrich with an average 
molecular weight of 2000 g/mol. Monomers for polyimide synthesis are 4,4′-
(hexafluoroisopropylidene) diphthalic anhydride (6FDA) and 2,2-bis(4-aminophenyl) 
hexafluoropropane (6FpDA) which were purchased from Sigma-Aldrich (St. Louis, USA). 
Teflon® AF 2400 was purchased from E. I. du Pont de Nemours (Wilmington, USA). 

 
Catalyst 



The Ni Todorokite catalyst was synthesized according to the procedure described by 
Onda et al.51  
Todorokite is a type of octahedral molecular sieve (OMS) which is known as OMS-1. It is 
composed of octahedral MnO6

x- ions forming tunnels of 6.9x6.9x9.76 Å with three 
manganese oxide octahedrons on each side.52 This material shows high catalytic activity 
compared to other type of supported catalysts probably due to its capability to activate 
CO2 via a dissociative as well as an associative mechanism.53 This finding supports the use 
of this catalyst in the present study.  
Catalyst was firstly reduced with pure H2 at 450 °C for 2 h in an external oven. When the 
reduction oven was at room temperature, the catalyst was subjected to a passivation 
process with air and inert gas (N2). This process aims to preserve the reduced state of the 
catalyst during the transfer to the methanation chamber. It consists of a surface 
passivation of reduced metal particles by controlled re-oxidation to create a thin and 
protective oxide layer.54,55 
 
Thin-film composite membrane (TFCM) 
The selective water vapor removal during the CO2 methanation reaction was performed 
with a TFCM composed of polyphenylene sulphide (PPS) as a non-woven support, 
polybenzimidazole (PBI) as a porous support, a selective dense layer of a highly thermally 
stable polymer, the polyimide 6FDA-6FpDA, and Teflon® AF 2400 as a protective layer 
that will increase durability, and sealing layer as it corrects small defects that may be 
produced in the membranes. 
Non-woven polyphenylene sulphide (PPS) was selected due to its excellent thermal and 
chemical resistance and high porosity. Polyimide 6FDA-6FpDA was synthesized for the 
current work using the monomers 4,4′-(hexafluoroisopropylidene) diphthalic anhydride 
(6FDA) and 2,2-bis(4-aminophenyl) hexafluoropropane (6FpDA), following the classical 
in-situ silylation two steps method.56 A detailed description of this synthesis can be found 
in a previous work.57 PBI porous support on PPS non-woven was prepared on a lab scale 
membrane casting machine. The process can be found in previous work.58 TFCMs of 
6FDA-6FpDA were prepared by dip coating process. First, the porous support was dipped 
into toluene in order to fill the pores and allowed to dry at ambient conditions to 
evaporate toluene from the membrane surface but, to keep toluene in the porous 
structure of PBI. Secondly, the samples were dip coated using the 6FDA-6FpDA solution 
in THF (3.5 wt. %) and dried at 50 °C. Afterwards, samples were dip coated by 1 wt. % 
Teflon® AF 2400 solution in FC-770 to get a protective layer out of Teflon® AF 2400 and 
dried again on the heating plate. TFCMs were subsequently dried in an oven under 
vacuum for 24 h at 270 °C, in order to avoid aging of the polymer selective layer. It is 
worth noting that membranes are thermally treated at temperatures above methanation 
reaction’ conditions. 
 
2.2. Characterization 
Catalyst 
Crystalline structure of the catalyst was evaluated by X-ray diffraction (XRD) by a 
PANalytical CUBIX diffractometer with Cu Kα1.2 radiation. The applied current and 

voltage were 40 mA and 45 kV, respectively. The samples were scanned in the 2 range 
from 3.0° to 90.0°. 
Temperature programmed reduction (TPR) was carried out to gain insight into the 
catalyst behaviour in a reductive environment. This analysis was developed using a 
Micromeritics Autochem 2910 equipped with a TCD detector. The sample (50 mg 
approximately) was loaded into a quartz reactor and, after being pre-treated with an Ar 
flow at room temperature for 15 min, the temperature was increased up to 900 °C at a 



heating rate of 10 °C/min in a flow of Ar and H2 (50 mL/min, 10 % of H2) while the H2 
consumption was monitored. 
Chemical composition of the catalyst was determined with a Varian 715-ES ICP-Optical 
Emission Spectrometer, after solid dissolution using an aqueous solution containing 
HNO3/HCl/HF.  
The textural properties of the catalyst were determined from N2 adsorption isotherms 
measured at -196 °C in a Micromeritics ASAP 2420. Before the N2 physisorption, the 
catalyst was degassed at 80 °C for 12 h. 
Field-emission scanning electron microscope (FE-SEM) (Zeiss Ultra 55, Oberkochen, 
Germany), high resolution field-emission scanning electron microscope (HR-FESEM) 
(Zeiss GeminiSEM 500, Oberkochen, Germany), and high-resolution transmission 
electron microscope (HR-TEM) (JEM 2100F, Akishima, Tokio, Japan) equipped with an 
energy dispersive X-ray equipment (EDX), were used for studying the morphology of the 
samples. Further semi-quantitative analysis of the catalyst was performed by EDX. 
X-ray photoelectron spectroscopy (XPS) spectra of the catalyst were recorded with a SPECS 
spectrometer with a Phoibos 150 MCD-9 multichannel analyzer using a non-monochromatic 
MgKα (1253.6 eV) X-Ray radiation. The pass energy and the X-ray power were 30 eV and 100 W, 
respectively. The sample was pelletized, loaded onto the sample holder and measured at room 
temperature and a pressure of 10−9 mbar. Then, the sample was submitted to H2 reduction (15 
mL/min) at 450 °C and atmospheric pressure for 2 h in a high-pressure reactor connected under 
UHV to the XPS analysis chamber. In the case of the catalyst after reaction, the samples were 
measured directly as powder. XPS spectra were referenced to the C 1s peak (284.5 eV). 
 
TFCM 
Field-emission scanning electron microscope (FE-SEM) (Zeiss Ultra 55, Oberkochen, 
Germany), equipped with FIB was used for the structural characterization of the TFCM. 
 
Permeation test 
Mixed gas measurements at high temperature (from 240 to 260 °C) were performed to 
obtain permeance values and real selectivities for the TFCM. The employed set-up 
consists of different mass flow controllers with the possibility to introduce H2 and CO2 as 
feed gas and Ar as sweep gas. In series with H2 and CO2 mass flow controllers, a gas 
bubbler allows the introduction of water vapour into the gas stream. Membranes were 
placed in the centre of the reactor and sealed from both sides. Hence, two well-defined 
chambers separated by the sample allow to perform measurements at high temperature. 
64 mL/min of a stream composed by 62 % H2, 16 % CO2 and 22 % H2O was used as feed 
gas and 50 mL/min of Ar were employed as sweep. H2 and CO2 concentrations in the 
permeate side were measured with a Micro-GC CP-4900 (equipped with a TCD detector 
and Molsieve 5A and Pora PLOT Q columns) and water vapour was analysed by a 
hygrometer which controls the relative humidity (RH). RH can be translated into partial 
pressure of water vapour at the permeate side that acts as driving force of the 
permeation process.  
 
Catalytic reactor 
The methanation reactor set-up consists of a micro-reactor with two separated chambers 
(reaction and permeation chamber) that allows to place the membrane and seal the sample by 
rubber rings in the centre. More detailed information is given in the supporting information (Fig. 
S1).  
 

Catalytic performance evaluation was divided in two parts:  
(i) Blank reaction. The aim of this first part is to evaluate the behaviour of the catalyst 
without the water selective membrane, to compare and normalize the advantages and 



improvements when the TFCM is placed in the CMR. A blank catalytic test was performed 
using an aluminium disc (not permeable) instead of a gas separation membrane and no 
sweep gas was fed into the permeation chamber.  
(ii) CO2 methanation with TFCM for in-situ water removal. The catalytic methanation test 
was performed by using the TFCM. In this case, a flow of 30 mL/min Ar was introduced 
as sweep gas into the permeate chamber.  
In both cases, 0.033 g of catalyst were used in the reaction. The catalyst was shaped into 
granules sized between 0.250 to 0.425 mm. Afterwards, the catalyst was mixed with 
silicon carbide (SiC) in 1:1 weight ratio and distributed homogenously along the channel 
of a volume of 100 mm3 and a longitudinal shape. Once the reactor module was perfectly 
closed and located in the methanation module, a second reduction (employing 15 
mL/min of pure H2) was performed at 250 °C for 2 h. Then, temperature in the reactor 
was set at 260 °C, feed gases were introduced into the catalyst bed, and hence the 
reaction started. For the methanation reaction, 5 mL/min of a mixture composed by 72 
% of H2, 18 % of CO2 and 10 % of N2 (calibrated cylinder) was used as feed into the reaction 
chamber. N2 was used as internal standard. 30 mL/min of Ar were injected after the 
reaction chamber to ensure that all the reaction products, as well as the internal 
standard, reach correctly the gas chromatograph for analysis. Reaction was performed at 
260 °C and atmospheric pressure. Reaction was carried out for 48 h at 260°°C at 
atmospheric pressure.  
The water permeating through the membrane was quantified using a hygrometer. 
Permeating gases, such as H2, and reaction products were analysed with the GC (Varian 
CP-3800, TCD HayeSep Q and FID MolSieve 13X).  
CO2 conversion, as well as CH4 selectivity and yield were calculated according to 
Equations (4), (5) and (6), respectively.  
 

𝑋𝐶𝑂2
=

𝜒𝐶𝑂2_0
− 𝜒𝐶𝑂2

𝜒𝐶𝑂2_0

 ∙ 100  
(4) 

𝑆𝐶𝐻4
=

𝜒𝐶𝐻4

𝜒𝐶𝑂2_0
− 𝜒𝐶𝑂2

 ∙ 100 
(5) 

𝑌𝐶𝐻4
=

(𝑋𝐶𝑂2
· 𝑆𝐶𝐻4

)

100
 (6) 

 
where 𝑆𝐶𝐻4

 is the selectivity of CH4 (%), 𝜒𝑖  are the molar flowrates of the gases, 𝜒𝐶𝑂2_0
 is feed 

molar flowrate of CO2, 𝑋𝐶𝑂2
 is the conversion of CO2 (%) and 𝑌𝐶𝐻4

 is the yield of CH4 (%).  

 
3. Results and discussion 
3.1. Catalyst 
Ni Todorokite- catalyst has been studied by FESEM and HR-TEM. The fresh material shows 
a sheet-like morphology (Fig. 1a) in which small pores appear after reduction. In these 
pores, a homogeneous Ni nanoparticles distribution is distinguished (Fig. 1b). HR-TEM 
images allow measuring the Ni particle size distribution, being 80 % of these 
nanoparticles between 3 to 6 nm, whereas punctual (Fig. 1c) and linescans (Fig. 1d-e) 
analyses by EDX confirm that these nanoparticles are composed by Ni.  



 

 
Chemical composition and textural properties of Ni-Todorokite were measured by ICP 
and N2 adsorption, respectively. The catalyst contains 50.7 wt. % of manganese and 15.0 
wt. % of nickel, and it presents a surface area of 13 m2/g. These results are consistent 
with the values given by Onda et al. for this kind of materials.51 
The XRD pattern of the synthesized catalyst Ni-Todorokite is shown in the SI, Fig. S2. The 

main diffraction peaks of the catalyst before reduction are the ones characteristic of the 

todorokite structure. This todorokite structure is entirely transformed after reduction at 

450 °C being MnO the main phase detected while diffraction peaks with low intensity 

corresponding to metallic nanosized nickel can also be distinguished.  

The reducibility of the catalyst was studied by TPR. The profiles of the catalyst before and 

after the steps of reduction (at 450 °C) and passivation are shown in the SI, Fig S2. When 

the catalyst is previously reduced and passivated, the reduction of the material takes 

place at a lower temperature as it is ascribed from the intense peak that appears between 

180 and 250 °C. Thus, the in-situ reduction can be carried out at these less demanding 

conditions and, in this way, the properties of the polymeric membrane (with a maximum 

operation temperature around 280 °C) can be preserved. 

Ni-Todorokite catalyst was also evaluated by XPS. Fig. S3 shows the synthesized and 

reduced catalyst spectra. Comparing both spectra, the binding energy of the main peak is 

shifted to lower binding energies indicating that Ni was reduced after H2 treatment.  

 
3.2. Selective water removal 
In a previous work, the thermal stability of the PBI and the 6FDA-6FpDA polymer was studied by 
TGA.58 A single weight loss step was observed at temperatures higher than 450 °C, indicating the 
high thermal stability of 6FDA-6FpDA. The glass transition temperature (Tg) of the 6FDA-6FpDA 
polymer was 310 °C and the molecular weight (Mw) was 190000 g/mol.57 Regarding PBI support, 
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Fig. 1. FE-SEM images of fresh catalyst (a) and after reduction (b). HR-TEM images with (c) punctual and (d-e) 
linescan analysis by EDX. 



the Tg was 427 °C. These values clearly indicate the applicability of the chosen polymers for 
application in the desired temperature range above 200 °C. 
Fig. 2a shows FIB micrograph of the TFCM cross-sections. The porous support, the dense 
6FDA-6FpDA layer, and the Teflon® AF 2400 protective layer can be observed in the 
images. Teflon® AF 2400 layer has an irrelevant influence on the permeance of the 6FDA-
6FpDA TFCM, as it was observed in previous works.58 The dense 6FDA-6FpDA layer 
exhibits a thickness of approximately 1.4 µm. FIB micrographs were recorded after 
catalytic test completion, hence small surface defects such as the peel-off of the Teflon® 
AF 2400, may be detected. Nevertheless, it is important to highlight that the membrane 
has withstood the reaction conditions. Fig. 2a presents a cross-section of the porous 
support composed by PPS and PBI, and a detailed FIB image of the porous support PBI, 
respectively.  
Regarding gas transport properties of TFCMs, permeance values and mixed-gas 
selectivities were characterized. H2, CO2 and H2O permeances, as well as H2O/H2, H2O/CO2 
and H2/CO2 selectivities were studied. A stream (64 mL/min) composed of 62 % H2, 16 % 
CO2 and 22 % H2O was employed as feed gas whereas 50 mL/min of Ar was used as sweep 
gas, at atmospheric pressure.  
Fig. 2b shows the permeance of H2, CO2 and H2O whereas H2/CO2, H2O/H2 and H2O/CO2 
real selectivities are plotted in Fig. 2c. H2O permeance shows the highest values, followed 
by H2 and CO2 which is in concordance with the kinetic diameter: 2.65 Å(H2O) < 2.89 Å 
(H2) < 3.3 Å (CO2). Hence, based on that differences on size, H2O/CO2 gas pair presents 
the highest selectivity values, whereas H2O/H2 exhibits the lowest. At very elevated 
temperatures, the separation occurs mainly due to the differences on the diffusivity of 
the different gases. Permeance values slightly increase as a function of temperature in 
the case of H2 and CO2, while H2O permeance remains stable with temperature. In 
general, big differences are found by varying the temperature due to the differences on 
the solubility and diffusivity. Solubility factor is minimized at temperatures sufficiently 
elevated, and then the main differences are due to the differences in the diffusion of the 
gas molecules through the polymeric membrane. Water vapour acts as plasticizer at 
temperatures lower than 100 ºC, which generally it is reflected in a severe increase on 
the permeance by increasing the temperature. At temperatures above 100 ºC, sorption 
coefficient is lower and this effect is minimized. At very elevated temperatures, as it is 
shown in Fig. 2b, water vapour permeance remains constant, while H2 permeance 
increases as a result of a higher diffusion coefficient when temperature increases. The 
increase on the permeance for the CO2 is lower compared to H2 due to the high kinetic 
diameter. All these facts are reflected in the selectivity. H2/CO2 selectivity increases as a 
function of temperature, whereas H2O/H2 and H2O/CO2 selectivity decrease, due to the 
fact that H2O permeance stays constant.  
Fig. S4 presents a cross-section of the porous support and Fig. S5 shows a detailed FIB 
image of the porous support PBI. Fig. S6 shows the permeance and ideal selectivity values 
(single gas measurements) of the TFCM for H2 and CO2 from 30 °C to 270 °C. To the best 
of our knowledge, these values are the highest reported so far, and for this reason, this 
type of membranes are very promising for water separation in industrial applications.  



 

 

3.3. Catalytic membrane reactor 
The study of the catalytic performance is divided in two parts: (i) blank reaction, i.e. 
methanation reaction without TFCM and (ii) CO2 methanation with TFCM for in-situ water 
removal, see section 2.2 for further experimental details on the catalytic reactor. Fig. 3a 
shows the CO2 conversion as a function of time on stream for both, without (solid 
symbols) and with TFCM (open symbols). Regarding the experiment without membrane 
CO2 conversion continuously decreased from 72 % to 61 %, as well as CH4 yield, remaining 
CH4 selectivity constant at 100 %. 
With regard to the CMR experiment, CO2 conversion remains constant as a function of time for 
the first 24 h. As in the previous experiment, CH4 selectivity was 100 %. During the first 24 h, it 
was observed that H2 was also permeating through the membrane in agreement with the 
previous permeation measurements (Fig. 2). Note that this H2 permeation to the permeate 
chamber provokes a H2/CO2 ratio lower than 4 (ratio employed in the experiment without 
membrane). Thus, H2 was injected to the permeate chamber to equilibrate the H2 partial 
pressure across the membrane and, subsequently to avoid the H2 permeation through the 
membrane. In addition, Ar flow was decreased in order to keep the gas flow rate in the 
permeation chamber constant. Avoiding the loss of H2 as reactant from the reaction chamber 
results in an increase of CO2 conversion. After approximately 24 h, H2 was removed from the 
sweep gas and a drop in the CO2 conversion was observed, in line with the values reached during 
the first 24 h on stream. CO2 conversion remained constant for another 24 h. It should be noted 
that the reaction was stable for just under 3 days, obtaining a CO2 conversion of 72 % and, 
remarkably, 21 % higher than the one obtained without the water-selective membrane. 
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Fig. 3b shows the molar flowrate of theoretically produced H2O in the reaction chamber and 
molar flow rate of H2O permeated through the TFCM, reaching values fluxes of ~100 g·h-1·m-2. 
The TFCM allows to extract the 12 % of the H2O produced in the methanation reaction. This 
extraction increases even more, reaching the 15 %, when H2 is added in the sweep chamber. 
This effect is due to the fact that the decrease of H2 permeation gives rise to an increase of the 
CH4 production and subsequently in the H2O production. Hence, the resulting higher H2O partial 
pressure gradient through the membrane boosts the H2O permeation.  
Remarkably, it can be concluded that H2O extraction practically avoids catalyst deactivation, as 
inferred from the high stability of CO2 conversion and CH4 yield over time. Note that the absolute 
values of extracted H2O flow rate were achieved for the system proposed here with 1.4 microns 
thick membrane. However, reaching lower thickness values of around 100 nm -usual in 
commercial membranes- will lead to a 10-fold improvement of the H2O flux, and this would bring 
much higher percentage of water removal. 
As previously mentioned, the Sabatier reaction is not thermodynamically limited at 260 
°C and 1 bar, however, it is kinetically limited.9 In the present work, two effects are 
observed: (i) increase of the CH4 yield upon in-situ H2O extraction, and (ii) improvement 
of the catalyst stability. The increase of the CH4 yield can be ascribed to two kinetic effects 
directly affecting the reaction pathway: (a) regarding the reaction driving force, H2O 
removal alleviates the dilution effect and raises the partial pressure of the main 
reactants; and (b) regarding the adsorptive term, the lower H2O partial pressure leads to 
the lower surface coverage of H2O of the distinct active sites participating in the reaction 
mechanism, and thus, alleviating the competitive adsorption with the reactants, in line 
with previous reports.26,59 Additionally, the use of TFCM enables the constant water 
extraction from the reaction chamber at a high temperature, which is required for 
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methanation reaction, and with no need of regeneration as compared with the H2O 
adsorption by using zeolites. 26 
Regarding the deactivation of the catalyst in the reaction without H2O separation membrane, it 
can be due to the formation of Ni-hydroxide induced by the water formed in the reaction as it 
has been reported recently.60 The formation of Ni-hydroxide provokes the decrease of the 
number of active catalytic sites (metallic particles of Ni) as a consequence of the sintering of Ni 
particles and the formation of other inactive (oxidized) species. Then, the extraction of water 
from the reaction chamber helps in supressing this deactivation mechanism. In addition, 
catalysts subjected to the catalytic tests (blank reaction and CO2 methanation reaction) were 
studied by XPS and HR-FESEM. XPS results were inconclusive as the Ni particles were partially 
re-oxidized when the samples were exposed to air before the XPS measurements, as can be 
ascertained from the XPS spectra plotted in Fig. S3. Fig. 4a and b show the micrographs of the 
catalyst employed in the blank test whereas Fig. 4c and d belong to the CO2 methanation 
reaction with the selective membrane (after almost 3 days on stream). Ni particles of the catalyst 
employed in the blank test (Fig. 4b) seem to be embedded in the Mn structure, whereas in the 
catalyst employed in the reaction using TFCM (Fig. 4d), Ni particles are better dispersed, more 
abundant and defined on the pores of the Mn sheet-like morphology. This fact could be 
associated to the higher activity and stability of the catalyst under in-situ water mode.  
 

 

 
Conclusions 
A catalytic membrane reactor (CMR) composed by (i) a micro-reactor with two chambers, 
which offers an excellent control of mass and heat transfer rates than other types of 
reactor,61 and (ii) a highly-thermally resistant and selective water-separation thin-film 
composite membrane (TFCM) were developed for operation at 260 °C. TFCM is 
composed by polyphenylene sulfide (PPS) as a non-woven support, polybenzimidazole 
(PBI) as a porous support, a selective dense layer of a highly stable polymer, the polyimide 
6FDA-6FpDA, and Teflon® AF 2400 as a protective and sealing layer. The high thermal 
stability (up to 260 °C) of TFCM developed in this study made possible its implementation 
in the CMR to perform the methanation reaction using a highly active Ni-Todorokite.  
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Fig. 4. HR-FESEM images of the catalyst used in the blank reaction test (with no membrane) (a,b).and used in the 
CO2 methanation reaction (with water-selective membrane) (c,d). 



The effect of the in-situ water removal on the methanation reaction was evaluated. With 
this aim, the catalytic performance was tested under two different conditions: (i) blank 
reaction test, i.e. methanation reaction without membrane and (ii) CO2 methanation test 
with TFCM for in-situ water removal. Regarding the first test, a high CO2 conversion is 
observed although it continuously decreases as a function of time, from 72 % to 61 % in 
48 h. 
Regarding the CMR test, the CO2 conversion stability was strongly improved by using a 
thin film composite membrane for the selective in-situ removal of the water vapour. For 
just under three days, CO2 conversion was stable with a maximum water removal of 15 
% of the total produced. The water extraction rate reached ~100 g·h-1·m-2 values albeit a 
substantial raise (10-fold) in flux can be reached by reducing the polyimide-layer 
thickness down to 0.1 µm, as usually done in industrial membrane manufacture. 
In addition, because H2 may also permeate through the membrane, during the second 
day, H2 was included into the sweep gas in order to avoid H2 removal from the catalyst 
chamber. Consequently, an increase was observed in both water extraction and CO2 
conversion. Finally, H2 was removed from the sweep gas on the third day and the drop of 
the CO2 conversion was again observed, reaching the same value obtained during the 
first 24 h. As future targets, longer stability tests should be addressed for the evaluation 
of both, catalyst and membrane performance, in order to approach an industrial 
scenario. 
To conclude, the implementation of a novel polymeric gas-separation membrane for in-
situ water removal prevents the catalyst deactivation, and boosts the reaction kinetics. 
In addition, it was confirmed that these membranes are able to operate continuously at 
unprecedented high temperatures, above 250 °C exhibiting a good performance. 
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