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Dear Editor, 

The authors appreciate the suggestion of the reviewers of the revised manuscript with ID 

code: CATTOD-D-22-00348. Afterward, all the comments have been completed to 

improve the scientific discussion of the results.  

As previous revision, all the comments, and the answers, text modifications and 

clarifications are listed below. Additionally, changes have been highlighted in yellow in 

the revised version of the manuscript file. 

Editor can find the respond to the reviewers’ comments in the following paragraphs. In 

addition, the modifications made in the manuscript have been also included here. 

 

Reviewers' comments: 

 

Reviewer #2: The manuscript CATTOD-D-22-00348R1 has been improved as the 

Authors have been taken into account several comments from the Reviewers. However, 

several points of concern still remain; in my opinion, some of them could be solved. In 

its present form, I cannot recommend for publication in Catalysis Today journal. 

Detailed Response to Reviewers



Some relevant points are: 

1.-The passivation treatment should be clearly referred to the CO2 treatment. 

-Answer: The authors acknowledge the review’s comment. However, the passivation 

includes N2 treatment overnight as well as subsequence CO2 treatment. To clarify this 

point, the corresponding part has been rewritten. 

“Upon cooling down, the catalyst was passivated under N2 overnight followed by a 

mixture of 16% of CO2 (balanced with N2 with a total flow of 250 mL/min) for 1 h.” 

2.-The TPR profiles should be shown and commented accordingly. 

-Answer: As the authors comment in previous revision, the TPR indicates very low H2 

consumptions. The major H2 consumed is cause of the decomposition occurred at higher 

temperatures than the synthesis one, i.e. 700 ºC. Even though, the TPR profile have been 

included in the revised manuscript as well as its comment in the text as follows: 

The TPR profiles of the samples are shown in Fig. 6. It is shown two peaks at around 

400 and 700 ºC. According to XRD results, the peak located at 400 ºC is attributed to 

the reduction of Fe oxidized during the passivation since the major part of Fe remains 

reduced after the synthesis. Thus, the H2 consumed in this part corresponds to less than 

0.4 µmol reinforcing the latter. In addition, due to the catalysts are prepared at 700 ºC, a 

greater peak shown at higher temperatures is attributed to the further decomposition of 

the catalysts. 



 

Fig. 6. TPR profiles of as-prepared catalysts. 

The procedure were also included in the experimental section. 

3.-The pristine CDC material must be separately reported for textural and compositional 

data. 

-Answer: We appreciate the suggestion. The required analysis can be found in the 

supplementary information file and referenced in the revised version of the manuscript. 

Table SI.1. Elemental analysis and textural properties of pristine supports. 

Support 

Ca 

(wt.%) 

Ha 

(wt.%) 

Na 

(wt.%) 

Bb 

(wt.%) 

Oc 

(wt.%) 

SBET 

(m2/g) 

Pore 

volume 

(cm3/g) 

Micropore 

volume 

(%) 

dpore 

(nm) 

N-CDC 88.24 2.12 4.52 - 5.12 7 0.019 17 1.1 

CDC 95.07 1.43 0.59 - 2.91 482 0.219 87 1.1 

B-CDC 74.93 1.65 0.40 6.89 16.13 2 0.002 49 13.4 
aweight percentage obtained from elemental analysis 
bweight percentage obtained from TGA-Air data 
c weight percentage obtained from mass balance 

 

 



4.-The behavior of CDC, and derived N- and B- materials as for CO2-TPD must be 

reported. 

-Answer: The authors acknowledge this suggestion. Certainly, it is necessary to a better 

understanding of the catalysts. The corresponding figure has been included in the 

supplementary information as Fig. SI. 2 and the reference has been included in the 

manuscript as follows: 

 

Fig SI.2. Normalized CO2 profile resulted from CO2-TPD analysis of the reduced 

supports. The amount of CO2 desorbed was 10 µmol/g in case of B-CDC and 4 µmol/g 

in case of CDC. 
 

“On the other hand, all samples exhibited a CO broad peak (no shown in supports, 

Fig.SI.2) from 600 ºC composed by two contributions attributed to phenol and carbonyl 

groups.” 

5.-The XPS peak for Mg2+ must be clearly discussed. 

-Answer: In order to clarify this point, the Mg 2s and Mg KLL signals have been included 

in the supplementary information along with more explanation in the revised manuscript 

in section 3.3 (XPS), in 3.4(catalytic activity) and in conclusions as follows: 



 
Fig SI.3. XPS spectra of Mg 2s and satellite signal of as-prepared catalyst. 

“While the addition of N has low impact on Fe and Mg binding energies, B leads to a 

shift to higher binding energies in comparison with Fe-Mg/CDC indicating stronger 

interaction between those atoms. Indeed, given the higher electronegativity of boron with 

respect to Fe and Mg, it is produced an electron transfer from Fe and Mg to B leading to 

an electron deficiency in central atoms [39] which hinders CO2 adsorption. The latter is 

in accordance with signals of Mg 2s and Mg KLL shown in supplementary information 

(Fig. SI.3).” 

“Under H2/CO2 feed streams, Fe-Mg/CDC exhibited higher CO productivity being these 

ca. three times higher the values reached by the Fe-Mg/B-CDC catalyst. For the RWGS 

reaction, the adsorption and activation of CO2 constitutes a limiting step [2] which is 

indorse by basicity of the catalysts. Analogously, the poorer RWGS performance might 

be related to minor CO2 adsorption cause by, on the one hand, a partial block of the basic 

active sites by surface B2O3 domains and, on the other hand, the higher binding energies 

showed by Fe and Mg (Fig.5).” 

“The activity of the catalysts was measured under RWGS conditions (500 °C, H2/CO2 

= 4/1) and the impact of CO and H2O species as co-reactants in the feed was evaluated. 

Fe-Mg/CDC reaches higher CO productivity under model conditions (CO2/H2) most 

likely due to its higher basicity. In the presence of CO, the electronic properties of the Fe-

Mg/CDC catalyst seem to also promote CO adsorption thereby depleting its RWGS 



performance. On the contrary, CO adsorption is greatly inhibited by B2O3 enabling less 

accused drops on the CO2 conversion values. On the other hand, the presence of water 

provokes a major impact in Fe-Mg/B-CDC since electron deficiency on Fe and Mg could 

lead to stronger adsorption of H+/OH- species on the catalyst.” 

6.-The EDS-STEM and TEM results must commented in this work and, at least, reported 

as supplementary material. 

-Answer: Truly, EDS-STEM results reinforces TEM images and clearly show the 

nanoparticles. Then, these results are now included in the supplementary information in 

Fig. SI.2. Also, it has been properly referenced in the manuscript as follows: 

“On the other hand, despite the differences in the macrostructure, TEM images (shown 

on the right side of Fig.3) and EDS-STEM results (shown in Fig. SI.1) show that the 

metallic nanoparticles are well dispersed on the carbonaceous support in all cases.” 
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 N- or B- doping improves the Fe-Mg/CDC performance for the RWGS in presence of 

CO and H2O. 
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Abstract  

Nowadays, the majority of the Reverse Water Gas Shift (RWGS) studies assume somehow 

model feedstock (diluted CO2/H2) for syngas production. Nonetheless, biogas streams contain 

certain amounts of CO/H2O which will decrease the obtained CO2 conversion values by 

promoting the forward WGS reaction. Since the rate limiting step for the WGS reaction 

concerns the water splitting, this work proposes the use of hydrophobic RWGS catalysts as an 

effective strategy for the valorization of CO2-rich feedstock in presence of H2O and CO. Over 

Fe-Mg catalysts, the different hydrophilicities attained over pristine, N- and B-doped 

carbonaceous supports accounted for the impact on the activity of the catalyst in presence of 

CO/H2O. Overall, the higher CO productivity (4.12 μmol/(min·m2)) attained by Fe-Mg/CDC 

in presence of 20% of H2O relates to hindered water adsorption and unveil the use of 

hydrophobic surfaces as a suitable approach for avoiding costly pre-conditioning units for the 

valorization of CO2-rich streams based on RWGS processes in presence of CO/H2O. 
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1. Introduction 

Syngas is a key compound for the industrial production of multiple chemicals such as 

ammonia, alcohol, ethanol, acetic acid, or formaldehyde in addition to synthetic fuel [1–7]. The 

depletion of conventional sources such as natural gas, liquid hydrocarbons, fossil oil or coal 

[2,8,9] along with the associated carbon footprint characteristics of the traditional production 

routes motivate the need for the development of alternative and more sustainable sources of 

syngas. Biogas constitutes one such an unconventional and renewable source that has the 

potential to enable a delocalized conversion of CO2-rich residues into syngas mixtures. 

Coupling thermocatalytic CO2 valorization units to biogas streams derived from biomass 

treatment plants represents one of the central strategies projected towards the implementation 

of more sustainable energy systems [2–6]. In this frame, the combination of Reverse Water Gas 

Shift (RWGS) with Fischer-Tropsch reaction units has been proposed the most economically 

feasible process towards the generation of syngas [10–12].  

RWGS is an endothermic equilibrium reaction in which CO2 and H2 are converted into CO 

along with H2O molecules (CO2+H2=CO+H2O) at temperatures higher than 700 ºC. Currently, 

the vast majority of RWGS studies devoted to the development of long-life efficient catalysts 

considers model feedstock composed by diluted CO2/H2 [13,14]. Nevertheless, although only 

in lower concentrations, biogas streams contain several side components like CH4, CO, and 

H2O in concentrations depending on the biomass source as well as the treatment [15–22]. For 

instance, disregarding Sulphur compounds and particulate matter, the average biogas 

composition derived from gasification units (recognized as the most easily scalable technology 

for biomass treatment) might be envisaged in a range of 8-57%CO2, 5-40%CO, 3-50%H2, 0-

20%CH4, 7-17%H2O and N2 [10,23–27]. Thus, insights into the influence of minor compounds 

commonly present in biogas should enable the design of catalytic systems capable of operating 

under more realistic feedstock and reducing the number of pre-conditioning units required for 

the biogas valorization. Recently, González-Arias [28] evaluated the performance of Cu-MnOx 
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based catalysts under model and simulated biomass-derived streams (22% CO2,66% H2, 1% 

CO, 1% CH4 and N2 balanced). Different optimal MnOx contents were found depending on the 

reaction atmosphere. Thus, compared to model feedstock (22% CO2, 66% H2), higher amounts 

of MnOx maintained higher conversion values in presence of CH4/CO fractions most likely due 

to improved resistances against coking phenomena.  

Therefore, the incorporation of adequate amounts of redox promoters enhanced the 

performance of the RWGS catalysts under simulated biomass-derived feedstocks [28,29]. 

However, the CO2 conversion drops observed in presence of CO were also associated to favored 

forward WGS reaction, in concordance to Le Chatelier principle. A potential strategy for 

constricting the negative impact that CO and H2O induces over the CO2 conversion values 

might rely on inhibiting the adsorption of the reactants on the catalyst surface and, in 

consequence, the forward WGS reaction. Given that the rate limiting step of the WGS reaction 

involves the water dissociation step, the use of a hydrophobic system should inhibit the extent 

at which the WGS reaction occurs, permitting higher CO2 conversion rates [30,31].  

In this sense, the use of carbonaceous supports like CNT, activated carbon, carbon spheres or 

Cellulose Derived Carbon (CDC) arises as an appealing approach. Being widely proposed as 

catalytic supports [3,32–35], carbon materials remain cost-effective and can be easily prepared 

from biomass conferring a renewable character [36]. Remarkably, the easily tunable textural 

properties [37] and functionalities of CDC supports provide tools for specific design of the 

catalyst depending on the final application [38]. Thus, the incorporation of heteroatoms 

combined to adequate surface treatments tailor the type and concentration of functional 

oxygenated groups affecting the acid-base or hydrophobic character thereby governing the 

overall catalyst behavior [32,39–41].  

This study investigates the use of hydrophobic RWGS supported catalysts as an approach for 

the valorization of biogas streams containing H2O and CO as undesired constituents. Among 

the different metals usually proposed for the RWGS reaction (Cu and Fe) [42], Fe was preferred 
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because of its cost-effectiveness, optimal activity and selectivity and higher thermal stability. 

[2,43–47]. Moreover, Mg was added as electronic promoter so the CO2 adsorption and coke 

resistance were indorsed [48]. The hydrophobicity of the systems was tuned by doping the CDC 

supports with N and B species [49–51]. Hence, (10 wt.%)Fe-(10 wt.%)Mg catalysts supported 

over pristine, N-doped and B-doped CDC supports were prepared and tested for the RWGS 

reaction in absence and presence of H2O and CO impurities. The chosen H2O and CO 

percentages were extrapolated considering biogas feedstock derived from gasification 

processes. The lower conversion drops exhibited by the N-doped CDC catalyst emphasize that 

tailoring the hydrophobic character of the catalysts constitutes an optimal strategy towards the 

development of RWGS catalysts with higher tolerances towards CO/H2O fractions.   

 

2. Experimental 

2.1. Synthesis of the catalysts 

The samples were prepared by wetness impregnation of cellulose (fibers cellulose from 

Sigma Aldrich) with an aqueous dissolution with Fe(NO3)3·9H2O from Sigma Aldrich and 

Mg(NO3)2·6H2O from Panreac as metal precursors. The metal loading was fixed at 3.5%wt. of 

Fe with respect to the dried cellulose, along with an atomic ratio of Fe:Mg=3:7. After the 

impregnation, the solid was placed in a horizontal furnace and dried at 100 °C for 12 h in 50 

mL/min of N2. Afterwards, thermal decomposition was carried out under reducing atmosphere 

(50% H2 balanced with N2) at 700 °C for 3 h using a heating rate of 50 °C/min. Upon cooling 

down, the catalyst was passivated under N2 overnight followed by a mixture of 16% of CO2 

(balanced with N2 with a total flow of 250 mL/min) for 1 h. This catalyst was labelled as Fe-

Mg/CDC. In addition, hydrophobic and hydrophilic catalysts were prepared adding urea or 

boric acid to the aqueous dissolution (6 g of urea crystal from Panreac and 1.6g of boric acid 

from STREM Chemicals, respectively). Then, the solid was treated following the steps 
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previously described. In this case, the catalysts were labelled as Fe-Mg/N-CDC and Fe-Mg/B-

CDC, respectively. 

2.2.Characterization techniques 

The metal content of the samples was measured by inductively coupled plasma mass 

spectrometry (ICP-MS) with Thermo Scientific equipment. The metal content was also 

evaluated by TGA-Air analysis. The determination of C, H and N content on the catalysts was 

carried out using a Leco CHN628 elemental analyzer. The thermal stability was analyzed in Air 

using a METTLER Toledo STA/SDTA 851e thermogravimetric instrument. The TGA-Air 

experiments were conducted using around 1 mg of sample placed in a 40 µL crucible. Then, 

the sample was heated up to 900 ºC with a heating rate of 10 ºC/min. Since carbonaceous 

support is burned off under oxidative atmosphere, the metallic percentage of the samples was 

calculated from the weight of the remaining ashes assuming elements at their higher oxidation 

state (Fe2O3, MgO and B2O3 in each case). Given that the nominal molar ratio of the metal 

precursors used during the catalyst preparation is known, the composition of the catalysts was 

estimated.  

XRD diffractograms were obtained by a Siemens D-5000 (45 kV, 40 mA) diffractometer 

equipped with Cu anode (kα radiation, λ=0,1542 nm). The diffractograms were acquired in the 

5º to 90º 2θ range with 0.02º counting step and a step time of 4 s. The phase composition was 

determined by using an ICDD database and the High Score Plus (PANalytical) software. The 

crystallite size (CS) of each species was calculated using the Scherrer’s equation [52]. 

The textural properties of the samples were analyzed by N2 adsorption-desorption isotherms 

carried out at 77 K using a Tristar 3000 equipment from Micromeritics Instrument Corp. The 

surface area was calculated through Brunauer−Emmett−Teller (BET) method. On the other 

hand, the total pore volume along with the average pore diameter were obtained by the 

Horváth−Kawazoe method, while the t-plot method was employed to determine the 
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microporous volume. Finally, Barrett-Joyner-Halenda (BJH) method was used to obtain the 

pore size distribution. 

Scanning electron microscopy (SEM) micrograph images were captured in a FEI Inspect 

F50 microscope operating at 10 kV microscope. Moreover, transmission electron microscopy 

(TEM) micrograph images were acquired in a FEI Tecnai T-20 microscope operating at 200kV. 

CO2-TPD analyses (Temperature Programmed Desorption) were performed in a ChemBet 

PULSAR from Quantachrome instruments. 50 mg of sample were placed in a U-shape reactor. 

Over the pre-reduced samples cooled down in inert atmosphere, CO2 was adsorbed at room 

temperature exposing the sample to a flow of 15% CO2 diluted with He for 40 min. The CO2 

specie physisorbed were removed in He flow. Afterwards, CO2-TPD was carried out heating 

up to 700 °C with a heating rate of 15 °C/min. The TCD as well as mass spectrometer signals 

with mass-to-charge ratio (m/z) of 2, 4, 15, 28 and 44 were acquired continuously. 

The chemical composition of the surface was analyzed by X-ray photoelectron spectroscopy 

(XPS) in a Kratos Axis ULTRA spectrometer using non-monochromatic Al Kα radiation (hν = 

1486.7 eV). The spectra were analyzed using CASA XPS software by applying a Shirley-type 

background. 

The reducibility of the samples was analyzed by Temperature Programme Reduction (TPR) 

in a ChemBet equipment from Anton Paar. 50 mg of sample was charged in U-shape quartz 

reactor. The samples were heated from room temperature up to 900 ºC at 10 ºC/min using 10% 

of H2 balanced with He. TCD and mass spectrometer signals with mass-to-charge ratio (m/z) 

of 2, 4, 15, 28 and 44 were recorded continuously. 

2.3.Catalytic activity 

The catalysts diluted with SiC were placed in a fixed-bed tubular reactor (8 mm of inner 

diameter). The amount of catalysts was calculated in order to maintain the CO2/ Fe ratio 

constant (CO2 molar flow/Fe mass was fixed to 3.02 mol CO2 ⋅ 𝑔𝐹𝑒
−1 ⋅ h-1) being GHSV 12000 

h-1 in all cases. Prior to the reaction, the catalyst was reduced at 700 °C for 1 h using 40% of 
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H2 balanced with N2 (100 mL/min of total flow). Afterwards, the reaction was carried out at 

500 °C feeding 15% of CO2 and 60% of H2 in all cases. In addition to that, between 3-15% of 

CO or 5-20% of H2O were also co-fed. The composition of the exhausted gases was analyzed 

by a gas chromatographer model HP 6890 equipped with a ShinCarbon ST column. The CO 

productivity was calculated through the Eq.1. Additionally, the impact of CO and H2O in the 

activity was calculated as the variation of the productivity respect to the CO productivity 

obtained under H2/CO2 streams following the Eq.2. 

,out

2min
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3. Results and discussion 

 3.1 Chemical and structural composition of the fresh catalysts 

Table 1 shows the chemical composition obtained for the samples. According to TGA, the 

decomposition of the impregnated cellulose results in metal percentages higher than the 

nominal ones (3.5%wt. Fe and 3.6%wt. Mg) resulting in ca. 10%wt. of Fe along with 10%wt. 

of Mg in all cases. The Fe percentage obtained by ICP results are very close to that confirming 

the metallic content in the final catalysts. In addition to that, in Table 1 elemental analysis 

results are also included. As we can see, C and H are quite similar in all samples seeing little 

differences. On the contrary, Fe-Mg/B-CDC contains 5.89% of B while the N content is higher 

in Fe-Mg/N-CDC due to the addition of these precursors in the synthesis. In comparison with 

bare supports, CDC is composed mainly by carbon (see Table SI.1) while N-CDC and B-CDC 

show higher percentage of O due to the presence of N and B species. 
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Table 1. Chemical composition and elemental analysis of the fresh catalysts. 

Catalyst 
Fea 

(wt.%) 

Feb 

(wt.%) 

Mga 

(wt.%) 

Ba 

(wt.%) 

Cc 

(wt.%) 

Hc 

(wt.%) 

Nc 

(wt.%) 

Od 

(wt.%) 

Fe-Mg/N-CDC 10.4 9.2 10.5 - 53.40 1.49 2.48 21.73 

Fe-Mg/CDC 13.3 12.3 13.5 - 48.27 1.39 0.55 22.99 

Fe-Mg/B-CDC 9.6 7.5 9.7 5.89 54.36 1.10 0.71 18.64 
aweight percentages obtained from TGA-Air data 
bweight percentages obtained from ICP measurements 
cweight percentage obtained from elemental analysis 
d weight percentage obtained from mass balance 

 

In addition, the structural composition was analyzed by XRD. The diffractograms displayed 

in Fig. 1 show common peaks located at 44.7°, 65.0° and 82.3° attributed to metallic Fe along 

with peaks at 36.1°, 43.0° and 62.0° which correspond to MgO. Also, a broad peak located 

around 26.1° corresponds to amorphous carbonaceous support, which also appears in all 

catalysts. Moreover, peaks located at 43.5º, 50.6º and 74.2º are shown in Fe-Mg/B-CDC 

diffractogram which are attributed to Fe0.94C0.06. Regarding heteroatom addition, no nitrogen 

species are shown in Fe-Mg/N-CDC whereas two peaks appear in the case of Fe-Mg/B-CDC. 

These peaks, located at 33.5° and 19.9°, correspond to B2O3. This fact is due to the N species 

which are not introduced into the carbon lattice being removed as NOx volatile compounds. 

Nevertheless, in case of boric acid, the excess of B-species remains in the catalyst as B2O3. In 

Table 2, the metallic crystal sizes calculated through Scherrer’s equation are presented. Thus, 

metallic Fe as well as MgO manifest similar average crystal size around 38 nm and 8 nm, 

respectively, in as-prepared catalysts. This indicates that N or B have no significant effect on 

the dispersion of the metallic nanoparticles.  
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Fig. 1. XRD of the fresh catalysts. 

3.2 Textural properties and micrographs of the fresh catalysts 

Textural properties were analyzed by N2 adsorption isotherms and the values obtained are 

presented in Table 2. Accordingly, the catalysts showed a high surface area and pore volume 

obtaining minimum values of 320 m2/g and 0.291 cm3/g, respectively, with Fe-Mg/B-CDC. In 

comparison with bare supports, the surface area of Fe-Mg/CDC decreases (see Table SI.1) 

while, in presence of N or B, surface area of the corresponding catalyst significantly increases 

due to metals favor the cellulose decomposition. Furthermore, the pore volume distribution 

displayed in Fig. 2 showed that the catalysts are mainly mesoporous materials. Thus, in 

comparison with Fe-Mg/CDC, Fe-Mg/N-CDC developed higher surface area as well as 

microporosity showing smaller average pore diameter, 1.1 nm. On the other hand, although Fe-

Mg/B-CDC showed similar microporosity and average pore diameter to Fe-Mg/CDC, its 

surface area and pore volume decreases likely due to B-species (B2O3) provokes a partial block 

of porosity. 

Table 2. Crystal size and textural properties of the fresh catalysts 

 Crystal size Textural properties 
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Catalyst 
Fea 

(nm) 

MgOa 

(nm) 

SBET 

(m2/g) 

Pore volume 

(cm3/g) 

Micropore volume 

(%) 

dpore 

(nm) 

Fe-Mg/N-CDC 38 8 436 0.330 33 1.1 

Fe-Mg/CDC 41 10 388 0.374 25 2.7 

Fe-Mg/B-CDC 32 7b 320 0.291 28 2.4 
acalculated through Scherrer equation applied to the peak located at 44.7° for Fe and 43.0° for 

MgO 
bcalculated through Scherrer equation applied to the peak located at 36.1º 

 

 

Fig. 2. Pore volume distribution of the fresh catalysts. 

SEM images of the fresh catalysts are presented on the left side of Fig.3. There, Fe-Mg/N-

CDC (Fig. 3A) revealed a series of intricate cavities on its surface whereas the surfaces of Fe-

Mg/CDC and Fe-Mg/B-CDC are softer. Nevertheless, a higher scale image of Fe-Mg/B-CDC 

(Fig. 3C inset, scale of 1µm) revealed small spheres dispersed on the surface likely 

corresponding to B2O3. On the other hand, despite the differences in the macrostructure, TEM 

images (shown on the right side of Fig.3) and EDS-STEM results (shown in Fig. SI.1) show 

that the metallic nanoparticles are well dispersed on the carbonaceous support in all cases. 

These results are in concordance with the N2 adsorption results as well as XRD diffractograms 

discussed previously. 



11 

 

 

 

 

  

 

Fig. 3. SEM (left) and TEM (right) images of fresh catalysts: (A) Fe-Mg/N-CDC, (B) Fe-

Mg/CDC and (C) Fe-Mg/B-CDC. 

 

3.3 Chemical and redox properties 

A 

B 

1μm 
C 
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The CO2-TPD were used to measure the basicity of the pre-reduced catalysts. In carbon 

materials, CO2 and CO are released from the decomposition of the surface oxygen functional 

groups (OFGs). CO2 is released at lower temperatures and it is related with acid sites while CO 

is atributted to basic sites and it appears at higher temperatures [40,53]. Specifically, CO2 results 

from carboxylic acids, carboxylic anhydrides and lactones being lactone group more thermally 

stable. Likewise, CO results from carboxylic anhydrides, phenols, carbonyls and quinone 

groups [54]. In this work, carboxylic anhydrides were discarded due to CO2 and CO signals are 

not overlapped. For Fe-Mg/CDC and Fe-Mg/N-CDC, the observed CO2 desorption profiles 

(zoomed in Fig. 4 inset) exhibited a single broad peak located at ca. 300 °C which can be 

ascribed to carboxylic groups and underline the presence of relatively weak adsorption sites. 

However, the main CO2 desorption peak observed for the Fe-Mg/B-CDC sample points to 

moderate-strenght sites and could be associated to the decomposition of lactone species. On the 

other hand, all samples exhibited a CO broad peak (no shown in supports, Fig.SI.2) from 600ºC 

composed by two contributions attributed to phenol and carbonyl groups. In case of Fe-Mg/B-

CDC, a broader CO peak indicates the presence of stronger sites. Table 3 summarizes the 

quantification of the CO2 and CO released along with the basic site density of each catalyst 

calculated from the CO evolved. Fe-Mg/CDC presents higher basic site density than Fe-Mg/N-

CDC likely due to a low content of N remained in the carbon lattice as a result of the high 

temperature used in the synthesis as is corroborated by XPS results, Fig. 5. 
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Fig. 4. Normalized CO2 and CO evolution resulted from CO2-TPD analysis of the reduced 

catalysts. 

Table 3. Quantification of CO2-TPD carried out over the pre-reduced catalysts. 

Catalyst 
Total CO2 

(µmol/g) 

Total CO 

(µmol/g) 

Basic site 

density 

(µmol/m2) 

Fe-Mg/N-CDC 98 284 0.651 

Fe-Mg/CDC 101 556 1.433 

Fe-Mg/B-CDC 30 155 0.484 

 

The surface chemical state of the catalysts was identified by XPS analysis. Fig.5 shows XPS 

spectra of the different atoms involved in each catalyst. In addition, Table 4 shows the atomic 

percentage obtained from XPS spectra (i.e. surface percentages) and TGA-Air test 

(approximately at% bulk). As we can see in Fig. 5, the spectra of Fe 2p exhibits a pair of peaks 

located around 710.9 eV (Fe 2p3/2) and 724.5 eV (Fe 2p1/2) attributed to Fe3+ in Fe2O3 [55]. 

Likewise, the peak located around 1304.0 eV of Mg 1s spectra corresponds to Mg2+ [56] as well 

as the peak located around 193.8 eV of B 1s is attributed to B2O3 [39]. This is corroborated by 

O 1s spectra where the peaks located at 531.9 and 530.3 eV can be identified as O2- from metal 

oxides and adsorbed O-H [57,58]. Thus, those spectra indicate that Fe, Mg as well as B are 
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presented as metal oxides while different C-N configurations were found. While the addition 

of N has low impact on Fe and Mg binding energies, B leads to a shift to higher binding energies 

in comparison with Fe-Mg/CDC indicating stronger interaction between those atoms. Indeed, 

given the higher electronegativity of boron with respect to Fe and Mg, it is produced an electron 

transfer from Fe and Mg to B leading to an electron deficiency in central atoms [39] which 

hinders CO2 adsorption. The latter is in accordance with signals of Mg 2s and Mg KLL shown 

in supplementary information (Fig. SI.3). The atomic percentages, shown in Table 4, indicates 

that the concentration of Fe is quite low taking into account the atomic percentage in the bulk. 

Nevertheless, Fe content is higher in Fe-Mg/CDC catalyst. On the other hand, Mg atomic 

percentages are higher than Fe in all cases being higher also in Fe-Mg/CDC. These results are 

in concordance with CS found by XRD where Mg is much smaller than Fe and, therefore, more 

dispersed. Regarding the heteroatoms, only a minor part of N remains into the carbon lattice 

while B2O3 content represents 5.32% of the surface in case of Fe-Mg/B-CDC. This value is 

rather similar to B content in the bulk (5 %at.) indicating that B is mainly on the surface.  

 

Fig. 5. XPS spectra of as-prepared catalyst. 
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Table 4. Surface atomic percentages of as-prepared catalyst. 

Catalysts 
Fe 2p 

(at.%) 

Febulk 

(at.%) 

Mg 2s 

(at.%) 

Mgbulk  

(at.%) 

C 1s 

(at.%) 

O1s 

(at.%) 

N or B 

(at.%) 

Mg/

Fe 

Fe/C 

(·103) 

Fe-Mg/N-CDC 0.38 2.57 5.92 6.06 78.8 14.9 1.07 15.6 4.8 

Fe-Mg/CDC 0.55 3.44 6.34 8.15 77.51 15.60 - 11.5 7.1 

Fe-Mg/B-CDC 0.34 2.35 3.45 5.54 72.06 18.83 5.32 10 4.7 

 

The TPR profiles of the samples are shown in Fig. 6. It is shown two peaks at around 400 

and 700 ºC. According to XRD results, the peak located at 400 ºC is attributed to the reduction 

of Fe oxidized during the passivation since the major part of Fe remains reduced after the 

synthesis. Thus, the H2 consumed in this part corresponds to less than 0.4 µmol reinforcing the 

latter. In addition, due to the catalysts are prepared at 700 ºC, a greater peak shown at higher 

temperatures is attributed to the further decomposition of the catalysts.  

 

Fig. 6. TPR profiles of as-prepared catalysts. 

3.4 Catalytic activity 

The productivity to CO per unit of surface exhibited by the catalysts’ series at 500 °C under 

different RWGS reaction atmospheres is shown in Fig. 7 represented by bars. In addition to 

that, the impact of CO/H2O on the productivity was calculated as the variation of the 
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productivity respect to H2/CO2 feed stream productivity (dash lines). Under H2/CO2 feed 

streams, Fe-Mg/CDC exhibited higher CO productivity being these ca. three times higher the 

values reached by the Fe-Mg/B-CDC catalyst. For the RWGS reaction, the adsorption and 

activation of CO2 constitutes a limiting step [2] which is indorse by basicity of the catalysts. 

Analogously, the poorer RWGS performance might be related to minor CO2 adsorption cause 

by, on the one hand, a partial block of the basic active sites by surface B2O3 domains and, on 

the other hand, the higher binding energies showed by Fe and Mg (Fig.5). Moreover, as it was 

expected, the addition of CO or H2O resulted in a drop in the CO yield since the RWGS is an 

equilibrium reaction and the incorporation of reaction products shift the equilibrium towards 

the reactants. The incorporation of CO affected in a significant manner the systems with higher 

RWGS activity suggesting that Fe-Mg/CDC and Fe-Mg/N-CDC samples adsorb efficiently 

both CO and CO2 species. Indeed, it is well known that N-containing groups enhance the 

adsorption of the CO [32,59] whilst B-species greatly inhibits it [39,60]. The observed 

variations on the catalysts’ performance advocates that the basic sites required for the CO2 

activation and the RWGS also facilitates the CO adsorption and, consequently, the WGS 

reaction. 

The incorporation of H2O into the H2/CO2 feed stream resulted in drops of the CO 

productivity for all samples. Among them, the CO productivity of Fe-Mg/B-CDC progressively 

decreases as H2O content increases being inactive with the addition of 20% of H2O. Thus, the 

electron transfer cause by B atoms could provoke stronger adsorption of H+/OH- species 

limiting available active sites [39]. On the other hand, although the activities of Fe-Mg/CDC 

and Fe-Mg/N-CDC decrease with the addition of 3% of H2O, the CO productivities are 

conserved at higher percentages of H2O. The fact that Fe-Mg/N-CDC is more resistance against 

H2O must be related with the amount of Mg present on the surface per atom of Fe (Mg/Fe) 

since Mg strongly adsorbs H2O molecules in comparison with other basic promoters [61] which 

is beneficial for WGS reaction. 
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Fig. 7. Catalytic activity feeding 60%H2 and 15%CO2 (H2/CO2) in addition to CO or H2O at 

12000 h-1 and 500 ºC along with its variation respect to H2/CO2 feed. 

4. Conclusions 

The impact of hydrophobicity on the performance of RWGS catalysts intended at the 

valorization of CO2-rich feedstock’ containing CO/H2O shares was investigated. Using Fe-Mg 

catalysts, three different cellulose derived carbon (CDC) supports: pristine, N-doped and B-

doped CDC were employed. The characterization of the catalysts shows that metallic Fe (10 

wt.%) and MgO (10 wt.%) nanoparticles are well dispersed on the carbonaceous supports. In 

the case of Fe-Mg/B-CDC sample, the characterization results show that B2O3 remains on the 

surface after their preparation, which are partially clogging the pores, reducing both the surface 

area and pore volume. CO2-TPD results shows that Fe-Mg/CDC sample presents higher basic 

site density and metal content in the surface.  

The activity of the catalysts was measured under RWGS conditions (500 °C, H2/CO2 = 4/1) 

and the impact of CO and H2O species as co-reactants in the feed was evaluated. Fe-Mg/CDC 

reaches higher CO productivity under model conditions (CO2/H2) most likely due to its higher 

basicity. In the presence of CO, the electronic properties of the Fe-Mg/CDC catalyst seem to 

also promote CO adsorption thereby depleting its RWGS performance. On the contrary, CO 

adsorption is greatly inhibited by B2O3 enabling less accused drops on the CO2 conversion 
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values. On the other hand, the presence of water provokes a major impact in Fe-Mg/B-CDC 

since electron deficiency on Fe and Mg could lead to stronger adsorption of H+/OH- species on 

the catalyst.  

These results open a potential route to improve not only the RWGS reaction itself, but also 

the resistance of the catalysts against the presence of CO and H2O which are common by-

products, for instance, in syngas production by biomass-gasification. 
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Abstract  

Nowadays, the majority of the Reverse Water Gas Shift (RWGS) studies assume somehow 

model feedstock (diluted CO2/H2) for syngas production. Nonetheless, biogas streams contain 

certain amounts of CO/H2O which will decrease the obtained CO2 conversion values by 

promoting the forward WGS reaction. Since the rate limiting step for the WGS reaction 

concerns the water splitting, this work proposes the use of hydrophobic RWGS catalysts as an 

effective strategy for the valorization of CO2-rich feedstock in presence of H2O and CO. Over 

Fe-Mg catalysts, the different hydrophilicities attained over pristine, N- and B-doped 

carbonaceous supports accounted for the impact on the activity of the catalyst in presence of 

CO/H2O. Overall, the higher CO productivity (4.12 μmol/(min·m2)) attained by Fe-Mg/CDC 

in presence of 20% of H2O relates to hindered water adsorption and unveil the use of 

hydrophobic surfaces as a suitable approach for avoiding costly pre-conditioning units for the 

valorization of CO2-rich streams based on RWGS processes in presence of CO/H2O. 
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1. Introduction 

Syngas is a key compound for the industrial production of multiple chemicals such as 

ammonia, alcohol, ethanol, acetic acid, or formaldehyde in addition to synthetic fuel [1–7]. The 

depletion of conventional sources such as natural gas, liquid hydrocarbons, fossil oil or coal 

[2,8,9] along with the associated carbon footprint characteristics of the traditional production 

routes motivate the need for the development of alternative and more sustainable sources of 

syngas. Biogas constitutes one such an unconventional and renewable source that has the 

potential to enable a delocalized conversion of CO2-rich residues into syngas mixtures. 

Coupling thermocatalytic CO2 valorization units to biogas streams derived from biomass 

treatment plants represents one of the central strategies projected towards the implementation 

of more sustainable energy systems [2–6]. In this frame, the combination of Reverse Water Gas 

Shift (RWGS) with Fischer-Tropsch reaction units has been proposed the most economically 

feasible process towards the generation of syngas [10–12].  

RWGS is an endothermic equilibrium reaction in which CO2 and H2 are converted into CO 

along with H2O molecules (CO2+H2=CO+H2O) at temperatures higher than 700 ºC. Currently, 

the vast majority of RWGS studies devoted to the development of long-life efficient catalysts 

considers model feedstock composed by diluted CO2/H2 [13,14]. Nevertheless, although only 

in lower concentrations, biogas streams contain several side components like CH4, CO, and 

H2O in concentrations depending on the biomass source as well as the treatment [15–22]. For 

instance, disregarding Sulphur compounds and particulate matter, the average biogas 

composition derived from gasification units (recognized as the most easily scalable technology 

for biomass treatment) might be envisaged in a range of 8-57%CO2, 5-40%CO, 3-50%H2, 0-

20%CH4, 7-17%H2O and N2 [10,23–27]. Thus, insights into the influence of minor compounds 

commonly present in biogas should enable the design of catalytic systems capable of operating 

under more realistic feedstock and reducing the number of pre-conditioning units required for 

the biogas valorization. Recently, González-Arias [28] evaluated the performance of Cu-MnOx 
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based catalysts under model and simulated biomass-derived streams (22% CO2,66% H2, 1% 

CO, 1% CH4 and N2 balanced). Different optimal MnOx contents were found depending on the 

reaction atmosphere. Thus, compared to model feedstock (22% CO2, 66% H2), higher amounts 

of MnOx maintained higher conversion values in presence of CH4/CO fractions most likely due 

to improved resistances against coking phenomena.  

Therefore, the incorporation of adequate amounts of redox promoters enhanced the 

performance of the RWGS catalysts under simulated biomass-derived feedstocks [28,29]. 

However, the CO2 conversion drops observed in presence of CO were also associated to favored 

forward WGS reaction, in concordance to Le Chatelier principle. A potential strategy for 

constricting the negative impact that CO and H2O induces over the CO2 conversion values 

might rely on inhibiting the adsorption of the reactants on the catalyst surface and, in 

consequence, the forward WGS reaction. Given that the rate limiting step of the WGS reaction 

involves the water dissociation step, the use of a hydrophobic system should inhibit the extent 

at which the WGS reaction occurs, permitting higher CO2 conversion rates [30,31].  

In this sense, the use of carbonaceous supports like CNT, activated carbon, carbon spheres or 

Cellulose Derived Carbon (CDC) arises as an appealing approach. Being widely proposed as 

catalytic supports [3,32–35], carbon materials remain cost-effective and can be easily prepared 

from biomass conferring a renewable character [36]. Remarkably, the easily tunable textural 

properties [37] and functionalities of CDC supports provide tools for specific design of the 

catalyst depending on the final application [38]. Thus, the incorporation of heteroatoms 

combined to adequate surface treatments tailor the type and concentration of functional 

oxygenated groups affecting the acid-base or hydrophobic character thereby governing the 

overall catalyst behavior [32,39–41].  

This study investigates the use of hydrophobic RWGS supported catalysts as an approach for 

the valorization of biogas streams containing H2O and CO as undesired constituents. Among 

the different metals usually proposed for the RWGS reaction (Cu and Fe) [42], Fe was preferred 
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because of its cost-effectiveness, optimal activity and selectivity and higher thermal stability. 

[2,43–47]. Moreover, Mg was added as electronic promoter so the CO2 adsorption and coke 

resistance were indorsed [48]. The hydrophobicity of the systems was tuned by doping the CDC 

supports with N and B species [49–51]. Hence, (10 wt.%)Fe-(10 wt.%)Mg catalysts supported 

over pristine, N-doped and B-doped CDC supports were prepared and tested for the RWGS 

reaction in absence and presence of H2O and CO impurities. The chosen H2O and CO 

percentages were extrapolated considering biogas feedstock derived from gasification 

processes. The lower conversion drops exhibited by the N-doped CDC catalyst emphasize that 

tailoring the hydrophobic character of the catalysts constitutes an optimal strategy towards the 

development of RWGS catalysts with higher tolerances towards CO/H2O fractions.   

 

2. Experimental 

2.1. Synthesis of the catalysts 

The samples were prepared by wetness impregnation of cellulose (fibers cellulose from 

Sigma Aldrich) with an aqueous dissolution with Fe(NO3)3·9H2O from Sigma Aldrich and 

Mg(NO3)2·6H2O from Panreac as metal precursors. The metal loading was fixed at 3.5%wt. of 

Fe with respect to the dried cellulose, along with an atomic ratio of Fe:Mg=3:7. After the 

impregnation, the solid was placed in a horizontal furnace and dried at 100 °C for 12 h in 50 

mL/min of N2. Afterwards, thermal decomposition was carried out under reducing atmosphere 

(50% H2 balanced with N2) at 700 °C for 3 h using a heating rate of 50 °C/min. Upon cooling 

down, the catalyst was passivated under N2 overnight followed by a mixture of 16% of CO2 

(balanced with N2 with a total flow of 250 mL/min) for 1 h. This catalyst was labelled as Fe-

Mg/CDC. In addition, hydrophobic and hydrophilic catalysts were prepared adding urea or 

boric acid to the aqueous dissolution (6 g of urea crystal from Panreac and 1.6g of boric acid 

from STREM Chemicals, respectively). Then, the solid was treated following the steps 
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previously described. In this case, the catalysts were labelled as Fe-Mg/N-CDC and Fe-Mg/B-

CDC, respectively. 

2.2.Characterization techniques 

The metal content of the samples was measured by inductively coupled plasma mass 

spectrometry (ICP-MS) with Thermo Scientific equipment. The metal content was also 

evaluated by TGA-Air analysis. The determination of C, H and N content on the catalysts was 

carried out using a Leco CHN628 elemental analyzer. The thermal stability was analyzed in Air 

using a METTLER Toledo STA/SDTA 851e thermogravimetric instrument. The TGA-Air 

experiments were conducted using around 1 mg of sample placed in a 40 µL crucible. Then, 

the sample was heated up to 900 ºC with a heating rate of 10 ºC/min. Since carbonaceous 

support is burned off under oxidative atmosphere, the metallic percentage of the samples was 

calculated from the weight of the remaining ashes assuming elements at their higher oxidation 

state (Fe2O3, MgO and B2O3 in each case). Given that the nominal molar ratio of the metal 

precursors used during the catalyst preparation is known, the composition of the catalysts was 

estimated.  

XRD diffractograms were obtained by a Siemens D-5000 (45 kV, 40 mA) diffractometer 

equipped with Cu anode (kα radiation, λ=0,1542 nm). The diffractograms were acquired in the 

5º to 90º 2θ range with 0.02º counting step and a step time of 4 s. The phase composition was 

determined by using an ICDD database and the High Score Plus (PANalytical) software. The 

crystallite size (CS) of each species was calculated using the Scherrer’s equation [52]. 

The textural properties of the samples were analyzed by N2 adsorption-desorption isotherms 

carried out at 77 K using a Tristar 3000 equipment from Micromeritics Instrument Corp. The 

surface area was calculated through Brunauer−Emmett−Teller (BET) method. On the other 

hand, the total pore volume along with the average pore diameter were obtained by the 

Horváth−Kawazoe method, while the t-plot method was employed to determine the 
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microporous volume. Finally, Barrett-Joyner-Halenda (BJH) method was used to obtain the 

pore size distribution. 

Scanning electron microscopy (SEM) micrograph images were captured in a FEI Inspect 

F50 microscope operating at 10 kV microscope. Moreover, transmission electron microscopy 

(TEM) micrograph images were acquired in a FEI Tecnai T-20 microscope operating at 200kV. 

CO2-TPD analyses (Temperature Programmed Desorption) were performed in a ChemBet 

PULSAR from Quantachrome instruments. 50 mg of sample were placed in a U-shape reactor. 

Over the pre-reduced samples cooled down in inert atmosphere, CO2 was adsorbed at room 

temperature exposing the sample to a flow of 15% CO2 diluted with He for 40 min. The CO2 

specie physisorbed were removed in He flow. Afterwards, CO2-TPD was carried out heating 

up to 700 °C with a heating rate of 15 °C/min. The TCD as well as mass spectrometer signals 

with mass-to-charge ratio (m/z) of 2, 4, 15, 28 and 44 were acquired continuously. 

The chemical composition of the surface was analyzed by X-ray photoelectron spectroscopy 

(XPS) in a Kratos Axis ULTRA spectrometer using non-monochromatic Al Kα radiation (hν = 

1486.7 eV). The spectra were analyzed using CASA XPS software by applying a Shirley-type 

background. 

The reducibility of the samples was analyzed by Temperature Programme Reduction (TPR) 

in a ChemBet equipment from Anton Paar. 50 mg of sample was charged in U-shape quartz 

reactor. The samples were heated from room temperature up to 900 ºC at 10 ºC/min using 10% 

of H2 balanced with He. TCD and mass spectrometer signals with mass-to-charge ratio (m/z) 

of 2, 4, 15, 28 and 44 were recorded continuously. 

2.3.Catalytic activity 

The catalysts diluted with SiC were placed in a fixed-bed tubular reactor (8 mm of inner 

diameter). The amount of catalysts was calculated in order to maintain the CO2/ Fe ratio 

constant (CO2 molar flow/Fe mass was fixed to 3.02 mol CO2 ⋅ 𝑔𝐹𝑒
−1 ⋅ h-1) being GHSV 12000 

h-1 in all cases. Prior to the reaction, the catalyst was reduced at 700 °C for 1 h using 40% of 
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H2 balanced with N2 (100 mL/min of total flow). Afterwards, the reaction was carried out at 

500 °C feeding 15% of CO2 and 60% of H2 in all cases. In addition to that, between 3-15% of 

CO or 5-20% of H2O were also co-fed. The composition of the exhausted gases was analyzed 

by a gas chromatographer model HP 6890 equipped with a ShinCarbon ST column. The CO 

productivity was calculated through the Eq.1. Additionally, the impact of CO and H2O in the 

activity was calculated as the variation of the productivity respect to the CO productivity 

obtained under H2/CO2 streams following the Eq.2. 
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3. Results and discussion 

 3.1 Chemical and structural composition of the fresh catalysts 

Table 1 shows the chemical composition obtained for the samples. According to TGA, the 

decomposition of the impregnated cellulose results in metal percentages higher than the 

nominal ones (3.5%wt. Fe and 3.6%wt. Mg) resulting in ca. 10%wt. of Fe along with 10%wt. 

of Mg in all cases. The Fe percentage obtained by ICP results are very close to that confirming 

the metallic content in the final catalysts. In addition to that, in Table 1 elemental analysis 

results are also included. As we can see, C and H are quite similar in all samples seeing little 

differences. On the contrary, Fe-Mg/B-CDC contains 5.89% of B while the N content is higher 

in Fe-Mg/N-CDC due to the addition of these precursors in the synthesis. In comparison with 

bare supports, CDC is composed mainly by carbon (see Table SI.1) while N-CDC and B-CDC 

show higher percentage of O due to the presence of N and B species. 
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Table 1. Chemical composition and elemental analysis of the fresh catalysts. 

Catalyst 
Fea 

(wt.%) 

Feb 

(wt.%) 

Mga 

(wt.%) 

Ba 

(wt.%) 

Cc 

(wt.%) 

Hc 

(wt.%) 

Nc 

(wt.%) 

Od 

(wt.%) 

Fe-Mg/N-CDC 10.4 9.2 10.5 - 53.40 1.49 2.48 21.73 

Fe-Mg/CDC 13.3 12.3 13.5 - 48.27 1.39 0.55 22.99 

Fe-Mg/B-CDC 9.6 7.5 9.7 5.89 54.36 1.10 0.71 18.64 
aweight percentages obtained from TGA-Air data 
bweight percentages obtained from ICP measurements 
cweight percentage obtained from elemental analysis 
d weight percentage obtained from mass balance 

 

In addition, the structural composition was analyzed by XRD. The diffractograms displayed 

in Fig. 1 show common peaks located at 44.7°, 65.0° and 82.3° attributed to metallic Fe along 

with peaks at 36.1°, 43.0° and 62.0° which correspond to MgO. Also, a broad peak located 

around 26.1° corresponds to amorphous carbonaceous support, which also appears in all 

catalysts. Moreover, peaks located at 43.5º, 50.6º and 74.2º are shown in Fe-Mg/B-CDC 

diffractogram which are attributed to Fe0.94C0.06. Regarding heteroatom addition, no nitrogen 

species are shown in Fe-Mg/N-CDC whereas two peaks appear in the case of Fe-Mg/B-CDC. 

These peaks, located at 33.5° and 19.9°, correspond to B2O3. This fact is due to the N species 

which are not introduced into the carbon lattice being removed as NOx volatile compounds. 

Nevertheless, in case of boric acid, the excess of B-species remains in the catalyst as B2O3. In 

Table 2, the metallic crystal sizes calculated through Scherrer’s equation are presented. Thus, 

metallic Fe as well as MgO manifest similar average crystal size around 38 nm and 8 nm, 

respectively, in as-prepared catalysts. This indicates that N or B have no significant effect on 

the dispersion of the metallic nanoparticles.  
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Fig. 1. XRD of the fresh catalysts. 

3.2 Textural properties and micrographs of the fresh catalysts 

Textural properties were analyzed by N2 adsorption isotherms and the values obtained are 

presented in Table 2. Accordingly, the catalysts showed a high surface area and pore volume 

obtaining minimum values of 320 m2/g and 0.291 cm3/g, respectively, with Fe-Mg/B-CDC. In 

comparison with bare supports, the surface area of Fe-Mg/CDC decreases (see Table SI.1) 

while, in presence of N or B, surface area of the corresponding catalyst significantly increases 

due to metals favor the cellulose decomposition. Furthermore, the pore volume distribution 

displayed in Fig. 2 showed that the catalysts are mainly mesoporous materials. Thus, in 

comparison with Fe-Mg/CDC, Fe-Mg/N-CDC developed higher surface area as well as 

microporosity showing smaller average pore diameter, 1.1 nm. On the other hand, although Fe-

Mg/B-CDC showed similar microporosity and average pore diameter to Fe-Mg/CDC, its 

surface area and pore volume decreases likely due to B-species (B2O3) provokes a partial block 

of porosity. 

Table 2. Crystal size and textural properties of the fresh catalysts 

 Crystal size Textural properties 
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Catalyst 
Fea 

(nm) 

MgOa 

(nm) 

SBET 

(m2/g) 

Pore volume 

(cm3/g) 

Micropore volume 

(%) 

dpore 

(nm) 

Fe-Mg/N-CDC 38 8 436 0.330 33 1.1 

Fe-Mg/CDC 41 10 388 0.374 25 2.7 

Fe-Mg/B-CDC 32 7b 320 0.291 28 2.4 
acalculated through Scherrer equation applied to the peak located at 44.7° for Fe and 43.0° for 

MgO 
bcalculated through Scherrer equation applied to the peak located at 36.1º 

 

 

Fig. 2. Pore volume distribution of the fresh catalysts. 

SEM images of the fresh catalysts are presented on the left side of Fig.3. There, Fe-Mg/N-

CDC (Fig. 3A) revealed a series of intricate cavities on its surface whereas the surfaces of Fe-

Mg/CDC and Fe-Mg/B-CDC are softer. Nevertheless, a higher scale image of Fe-Mg/B-CDC 

(Fig. 3C inset, scale of 1µm) revealed small spheres dispersed on the surface likely 

corresponding to B2O3. On the other hand, despite the differences in the macrostructure, TEM 

images (shown on the right side of Fig.3) and EDS-STEM results (shown in Fig. SI.1) show 

that the metallic nanoparticles are well dispersed on the carbonaceous support in all cases. 

These results are in concordance with the N2 adsorption results as well as XRD diffractograms 

discussed previously. 
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Fig. 3. SEM (left) and TEM (right) images of fresh catalysts: (A) Fe-Mg/N-CDC, (B) Fe-

Mg/CDC and (C) Fe-Mg/B-CDC. 

 

3.3 Chemical and redox properties 

A 

B 

1μm 
C 
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The CO2-TPD were used to measure the basicity of the pre-reduced catalysts. In carbon 

materials, CO2 and CO are released from the decomposition of the surface oxygen functional 

groups (OFGs). CO2 is released at lower temperatures and it is related with acid sites while CO 

is atributted to basic sites and it appears at higher temperatures [40,53]. Specifically, CO2 results 

from carboxylic acids, carboxylic anhydrides and lactones being lactone group more thermally 

stable. Likewise, CO results from carboxylic anhydrides, phenols, carbonyls and quinone 

groups [54]. In this work, carboxylic anhydrides were discarded due to CO2 and CO signals are 

not overlapped. For Fe-Mg/CDC and Fe-Mg/N-CDC, the observed CO2 desorption profiles 

(zoomed in Fig. 4 inset) exhibited a single broad peak located at ca. 300 °C which can be 

ascribed to carboxylic groups and underline the presence of relatively weak adsorption sites. 

However, the main CO2 desorption peak observed for the Fe-Mg/B-CDC sample points to 

moderate-strenght sites and could be associated to the decomposition of lactone species. On the 

other hand, all samples exhibited a CO broad peak (no shown in supports, Fig.SI.2) from 600ºC 

composed by two contributions attributed to phenol and carbonyl groups. In case of Fe-Mg/B-

CDC, a broader CO peak indicates the presence of stronger sites. Table 3 summarizes the 

quantification of the CO2 and CO released along with the basic site density of each catalyst 

calculated from the CO evolved. Fe-Mg/CDC presents higher basic site density than Fe-Mg/N-

CDC likely due to a low content of N remained in the carbon lattice as a result of the high 

temperature used in the synthesis as is corroborated by XPS results, Fig. 5. 
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Fig. 4. Normalized CO2 and CO evolution resulted from CO2-TPD analysis of the reduced 

catalysts. 

Table 3. Quantification of CO2-TPD carried out over the pre-reduced catalysts. 

Catalyst 
Total CO2 

(µmol/g) 

Total CO 

(µmol/g) 

Basic site 

density 

(µmol/m2) 

Fe-Mg/N-CDC 98 284 0.651 

Fe-Mg/CDC 101 556 1.433 

Fe-Mg/B-CDC 30 155 0.484 

 

The surface chemical state of the catalysts was identified by XPS analysis. Fig.5 shows XPS 

spectra of the different atoms involved in each catalyst. In addition, Table 4 shows the atomic 

percentage obtained from XPS spectra (i.e. surface percentages) and TGA-Air test 

(approximately at% bulk). As we can see in Fig. 5, the spectra of Fe 2p exhibits a pair of peaks 

located around 710.9 eV (Fe 2p3/2) and 724.5 eV (Fe 2p1/2) attributed to Fe3+ in Fe2O3 [55]. 

Likewise, the peak located around 1304.0 eV of Mg 1s spectra corresponds to Mg2+ [56] as well 

as the peak located around 193.8 eV of B 1s is attributed to B2O3 [39]. This is corroborated by 

O 1s spectra where the peaks located at 531.9 and 530.3 eV can be identified as O2- from metal 

oxides and adsorbed O-H [57,58]. Thus, those spectra indicate that Fe, Mg as well as B are 
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presented as metal oxides while different C-N configurations were found. While the addition 

of N has low impact on Fe and Mg binding energies, B leads to a shift to higher binding energies 

in comparison with Fe-Mg/CDC indicating stronger interaction between those atoms. Indeed, 

given the higher electronegativity of boron with respect to Fe and Mg, it is produced an electron 

transfer from Fe and Mg to B leading to an electron deficiency in central atoms [39] which 

hinders CO2 adsorption. The latter is in accordance with signals of Mg 2s and Mg KLL shown 

in supplementary information (Fig. SI.3). The atomic percentages, shown in Table 4, indicates 

that the concentration of Fe is quite low taking into account the atomic percentage in the bulk. 

Nevertheless, Fe content is higher in Fe-Mg/CDC catalyst. On the other hand, Mg atomic 

percentages are higher than Fe in all cases being higher also in Fe-Mg/CDC. These results are 

in concordance with CS found by XRD where Mg is much smaller than Fe and, therefore, more 

dispersed. Regarding the heteroatoms, only a minor part of N remains into the carbon lattice 

while B2O3 content represents 5.32% of the surface in case of Fe-Mg/B-CDC. This value is 

rather similar to B content in the bulk (5 %at.) indicating that B is mainly on the surface.  

 

Fig. 5. XPS spectra of as-prepared catalyst. 
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Table 4. Surface atomic percentages of as-prepared catalyst. 

Catalysts 
Fe 2p 

(at.%) 

Febulk 

(at.%) 

Mg 2s 

(at.%) 

Mgbulk  

(at.%) 

C 1s 

(at.%) 

O1s 

(at.%) 

N or B 

(at.%) 

Mg/

Fe 

Fe/C 

(·103) 

Fe-Mg/N-CDC 0.38 2.57 5.92 6.06 78.8 14.9 1.07 15.6 4.8 

Fe-Mg/CDC 0.55 3.44 6.34 8.15 77.51 15.60 - 11.5 7.1 

Fe-Mg/B-CDC 0.34 2.35 3.45 5.54 72.06 18.83 5.32 10 4.7 

 

The TPR profiles of the samples are shown in Fig. 6. It is shown two peaks at around 400 

and 700 ºC. According to XRD results, the peak located at 400 ºC is attributed to the reduction 

of Fe oxidized during the passivation since the major part of Fe remains reduced after the 

synthesis. Thus, the H2 consumed in this part corresponds to less than 0.4 µmol reinforcing the 

latter. In addition, due to the catalysts are prepared at 700 ºC, a greater peak shown at higher 

temperatures is attributed to the further decomposition of the catalysts.  

 

Fig. 6. TPR profiles of as-prepared catalysts. 

3.4 Catalytic activity 

The productivity to CO per unit of surface exhibited by the catalysts’ series at 500 °C under 

different RWGS reaction atmospheres is shown in Fig. 7 represented by bars. In addition to 

that, the impact of CO/H2O on the productivity was calculated as the variation of the 
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productivity respect to H2/CO2 feed stream productivity (dash lines). Under H2/CO2 feed 

streams, Fe-Mg/CDC exhibited higher CO productivity being these ca. three times higher the 

values reached by the Fe-Mg/B-CDC catalyst. For the RWGS reaction, the adsorption and 

activation of CO2 constitutes a limiting step [2] which is indorse by basicity of the catalysts. 

Analogously, the poorer RWGS performance might be related to minor CO2 adsorption cause 

by, on the one hand, a partial block of the basic active sites by surface B2O3 domains and, on 

the other hand, the higher binding energies showed by Fe and Mg (Fig.5). Moreover, as it was 

expected, the addition of CO or H2O resulted in a drop in the CO yield since the RWGS is an 

equilibrium reaction and the incorporation of reaction products shift the equilibrium towards 

the reactants. The incorporation of CO affected in a significant manner the systems with higher 

RWGS activity suggesting that Fe-Mg/CDC and Fe-Mg/N-CDC samples adsorb efficiently 

both CO and CO2 species. Indeed, it is well known that N-containing groups enhance the 

adsorption of the CO [32,59] whilst B-species greatly inhibits it [39,60]. The observed 

variations on the catalysts’ performance advocates that the basic sites required for the CO2 

activation and the RWGS also facilitates the CO adsorption and, consequently, the WGS 

reaction. 

The incorporation of H2O into the H2/CO2 feed stream resulted in drops of the CO 

productivity for all samples. Among them, the CO productivity of Fe-Mg/B-CDC progressively 

decreases as H2O content increases being inactive with the addition of 20% of H2O. Thus, the 

electron transfer cause by B atoms could provoke stronger adsorption of H+/OH- species 

limiting available active sites [39]. On the other hand, although the activities of Fe-Mg/CDC 

and Fe-Mg/N-CDC decrease with the addition of 3% of H2O, the CO productivities are 

conserved at higher percentages of H2O. The fact that Fe-Mg/N-CDC is more resistance against 

H2O must be related with the amount of Mg present on the surface per atom of Fe (Mg/Fe) 

since Mg strongly adsorbs H2O molecules in comparison with other basic promoters [61] which 

is beneficial for WGS reaction. 
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Fig. 7. Catalytic activity feeding 60%H2 and 15%CO2 (H2/CO2) in addition to CO or H2O at 

12000 h-1 and 500 ºC along with its variation respect to H2/CO2 feed. 

4. Conclusions 

The impact of hydrophobicity on the performance of RWGS catalysts intended at the 

valorization of CO2-rich feedstock’ containing CO/H2O shares was investigated. Using Fe-Mg 

catalysts, three different cellulose derived carbon (CDC) supports: pristine, N-doped and B-

doped CDC were employed. The characterization of the catalysts shows that metallic Fe (10 

wt.%) and MgO (10 wt.%) nanoparticles are well dispersed on the carbonaceous supports. In 

the case of Fe-Mg/B-CDC sample, the characterization results show that B2O3 remains on the 

surface after their preparation, which are partially clogging the pores, reducing both the surface 

area and pore volume. CO2-TPD results shows that Fe-Mg/CDC sample presents higher basic 

site density and metal content in the surface.  

The activity of the catalysts was measured under RWGS conditions (500 °C, H2/CO2 = 4/1) 

and the impact of CO and H2O species as co-reactants in the feed was evaluated. Fe-Mg/CDC 

reaches higher CO productivity under model conditions (CO2/H2) most likely due to its higher 

basicity. In the presence of CO, the electronic properties of the Fe-Mg/CDC catalyst seem to 

also promote CO adsorption thereby depleting its RWGS performance. On the contrary, CO 

adsorption is greatly inhibited by B2O3 enabling less accused drops on the CO2 conversion 
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values. On the other hand, the presence of water provokes a major impact in Fe-Mg/B-CDC 

since electron deficiency on Fe and Mg could lead to stronger adsorption of H+/OH- species on 

the catalyst.  

These results open a potential route to improve not only the RWGS reaction itself, but also 

the resistance of the catalysts against the presence of CO and H2O which are common by-

products, for instance, in syngas production by biomass-gasification. 
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Table SI.1. Elemental analysis and textural properties of pristine supports. 

Support 
Ca 

(wt.%) 

Ha 

(wt.%) 

Na 

(wt.%) 

Bb 

(wt.%) 

Oc 

(wt.%) 

SBET 

(m2/g) 

Pore 

volume 

(cm3/g) 

Micropore 

volume 

(%) 

dpore 

(nm) 

N-CDC 88.24 2.12 4.52 - 5.12 7 0.019 17 1.1 

CDC 95.07 1.43 0.59 - 2.91 482 0.219 87 1.1 

B-CDC 74.93 1.65 0.40 6.89 16.13 2 0.002 49 13.4 
aweight percentage obtained from elemental analysis 
bweight percentage obtained from TGA-Air data 
c weight percentage obtained from mass balance 

 

 

 

 

 

 

Fe-Mg/CDC 

Fe-Mg/B-CDC 



 

 

Fig SI.1. EDS-STEM analysis acquired from the designed areas of as-prepared 

catalysts. Bigger nanoparticles of Fe surrounded by Mg are found along with smaller 

nanoparticles Mg highly dispersed on the support. 

 

Fig SI.2. Normalized CO2 profile resulted from CO2-TPD analysis of the reduced 

supports. The amount of CO2 desorbed was 10 µmol/g in case of B-CDC and 4 µmol/g 

in case of CDC. 

 

Fe-Mg/N-CDC 



 
Fig SI.3. XPS spectra of Mg 2s and satellite signal of as-prepared catalyst. 
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