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A B S T R A C T   

Correlations in Fischer-Tropsch synthesis (FTS) and CO2 hydrogenation are investigated over Fe supported on 
the acidic (H) and sodium (Na) forms of ZSM-5 (Si/Al = 50). FTS reactor studies indicate the selectivity toward 
olefins increases from 11% over Fe/H-ZSM-5 to 29.4% over Fe/Na-ZSM-5 because of Na increasing the surface 
basicity of the catalyst. Reactor studies are extended to CO2 hydrogenation, where reverse water-gas shift is the 
dominant reaction, with Fe/Na-ZSM-5 displaying enhanced CO2 adsorption, and in turn, higher CO selectivity 
(∼80%) versus Fe/H-ZSM-5 (∼60%). The catalysts are characterized by a variety of analytical techniques in
cluding Mössbauer spectroscopy, Fourier transform infrared (FTIR) spectroscopy and temperature programmed 
desorption (TPD) of NH3 and CO2 to correlate acid-base properties with catalytic performance. The findings of 
this study clearly show the selectivity of FTS and CO2 hydrogenation can be attenuated toward the desired 
products by modifying the acid-base properties of the catalyst with sodium. These results are an important step 
toward designing high-performance catalysts for light olefin synthesis from CO and CO2.   

1. Introduction 

As CO2 levels in the atmosphere continue to increase, negative ef
fects associated with climate change and ocean acidification require 
large-scale solutions. Catalytic conversion of CO2 into value-added 
chemicals and fuels has attracted increasing attention [1–3], with 
specific emphasis on short-chain olefins for the production of plastics, 
polymers and specialty chemicals [4,5]. The high demand for lower 
olefins, ca. 200 million metric tons per year, makes them a valuable 
low-molecular weight target product with potential to sequester up to 
23% of emitted CO2 [6]. 

Currently, three main research directions have been proposed for 
catalytic conversion of CO2 to olefins: (i) CO2 conversion to methanol 
over a methanol synthesis catalyst, e.g. Cu-ZnO/Al2O3, followed by 
methanol-to-olefins (MTO) over a zeolite, e.g. SAPO-34 [7–13]; (ii) CO2 

conversion into CO via the reverse water-gas shift (RWGS) reaction, 
followed by Fischer-Tropsch synthesis to olefins (FTO) over Fe or Co- 
based catalysts [14–20]; and (iii) Direct hydrogenation of CO2 to olefins 
over multi-functional, Fe or Co-based catalysts [21–25]. 

Direct hydrogenation of CO2 to olefins (CO2-FTO) is a very pro
mising approach for industrial applications, however, controlling the 

selectivity is challenging. For example, Xie et al. have developed a 
tandem catalyst that combines RWGS and Fischer-Tropsch (FTS) over 
one well-defined nanostructure, which can directly convert CO2 to C2- 
C4 hydrocarbons with a selectivity higher than 60% [26]. This core- 
shell tandem catalyst consists of Co impregnated onto a mesoporous 
silica shell, and a CeO2 core decorated with Pt nanoparticles. During the 
CO2 hydrogenation reaction, CO2 is first reduced to CO via RWGS in the 
Pt/CeO2 core, and subsequently converted to C2-C4 hydrocarbons via 
FTS over the Co/SiO2 shell. Although the C2-C4 hydrocarbon selectivity 
is promising, the specific olefin selectivity is not reported. 

Typically, Fe or Co-based catalysts are active for FTS, but when 
extended to CO2, these catalysts produce CH4 with high selectivity [27]. 
To tune these catalysts to produce olefins during CO2 hydrogenation, 
research has focused on adding alkali metals to increase adsorption of 
the acidic CO2 reactant and subsequently promote olefin selectivity. For 
example, Willauer et al. show that Fe-based catalysts promoted with 
potassium (K) produce olefins with increased selectivity, but the hy
drocarbon products follow the Anderson-Shulz-Flory (ASF) distribution 
[28]. 

Controlling product distribution during CO2-FTO typically requires 
the use of an acidic zeolite to control C-C coupling [29–35]. For 
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example, Wei et al. have physically mixed a Na-Fe3O4 active phase with 
a zeolite to synthesize a multifunctional catalyst for CO2-FTO [36]. The 
authors show that three active sites catalyze the complex CO2 hydro
genation reaction: Fe3O4 for RWGS, Fe5C2 for FTS, and acid sites (H- 
ZSM-5, H-BEA or H-MOR) for C-C coupling. Overall, H-ZSM-5 with Si/ 
Al = 160 shows the highest selectivity (78%) to gasoline-range hy
drocarbons (C5-C11), with low selectivity toward methane (4%). It is 
important to note that these values only include hydrocarbons, e.g. CO- 
free selectivity, and the selectivity to C2-C4 hydrocarbons (including 
olefins) is below 20% [36]. Nevertheless, this study demonstrates that a 
multifunctional catalyst can be a useful tool for controlling light olefin 
selectivity during direct CO2 hydrogenation. 

As shown above, Fe-zeolite tandem catalysts are promising, but 
because of their complexity, additional studies are required to under
stand the effect of zeolite properties, e.g. extra framework cations and 
Si/Al ratio, on catalytic performance for FTS and CO2-FTO [37]. To 
elucidate these structure-property relationships, we synthesize Fe/Na- 
ZSM-5 and Fe/H-ZSM-5, characterize the catalysts with a variety of 
analytical techniques and evaluate reactor performance under typical 
FTS and CO2 hydrogenation conditions. The findings of this paper de
monstrate a correlation between acid-base properties and catalytic 
performance for each reaction, further advancing catalyst development 
for producing short-chain olefins from CO and CO2. 

2. Materials and methods 

2.1. Materials 

Tetraethyl orthosilicate (TEOS, 98%, Alfa Aesar), tetra
propylammonium hydroxide (TPAOH, 25 wt% in water, Acros 
Organics), aluminum nitrate nonahydrate (Al(NO3)3∙9H2O, > 99%, 
Alfa Aesar), sodium hydroxide (NaOH, > 98%, extra pure, Alfa Aesar), 
ammonium nitrate (NH4NO3, 98%, Acros Organics), and iron (III) ni
trate nonahydrate (Fe(NO)3∙9H2O, > 98%, Alfa Aesar) were used in this 
study without further purification. 

2.2. Catalyst preparation 

The ZSM-5 zeolites with Si/Al = 50 were synthesized via a hy
drothermal synthesis method according to reports in the literature 
[38,39]. The proton and sodium forms of ZSM-5 were prepared by ion- 
exchange, and Fe was loaded by incipient wetness impregnation (5 wt% 
of Fe, metal basis) into each zeolite, resulting in Fe/H-ZSM-5 (Fe-H-M) 
and Fe/Na-ZSM-5 (Fe-Na-M). Additional catalyst synthesis details are 
found in the Supplementary Material. 

2.3. Characterization of catalysts 

X-ray diffraction (XRD) patterns were recorded on a Malvern 
Panalytical multi-purpose diffractometer over the range of 2θ = 5-70° 
at room temperature. N2 physisorption was acquired on a Micromeritics 
ASAP 2020 analyzer at −196 °C. For physisorption experiments, all 
catalysts were degassed at 350 °C for 2 h under vacuum before analysis. 
Transmission electron microscopy (TEM) of the catalysts were per
formed in a FEI Tecnai G2-F20 scanning transmission electron micro
scope operated at an accelerating voltage of 200 kV. CO2 pulse che
misorption experiments were performed in the AutoChem II analyzer, 
and the catalyst was pre-reduced at 450 °C under 10% H2 in Ar before 
pulsing CO2. Temperature-programmed desorption (TPD) measure
ments of CO2, CO, H2 and NH3 were also performed on the Autochem II. 
The pretreatment conditions were the same as pulse chemisorption. 
After adsorption of the probe molecule, the sample was purged with 
helium and heated at a rate of 4 °C/min to 650 °C. 

Pyridine adsorption infrared spectroscopy was applied to determine 
the relative concentration of Brønsted and Lewis acid sites in the cat
alysts with a Nicolet iS50 Fourier transform infrared (FTIR) 

spectrometer (Thermo Scientific) equipped with a MCT/A detector. 
Approximately 50 mg of catalyst was loaded into a reactor cell (Harrick 
Praying Mantis™ diffuse reflection with ZnSe window). After degassing 
the catalyst, pyridine was introduced into the cell by bubbling N2 

through liquid pyridine. Subsequently, the cell was purged with Ar to 
remove the physically adsorbed pyridine. The relative concentration of 
Brønsted and Lewis acid sites (B/L ratio) was calculated from the in
tegrated IR bands at 1550 and 1450 cm–1, respectively. Additional 
catalyst characterization details for each analytical technique are found 
in the Supplementary material. 

Mössbauer spectroscopy was used to characterize the iron phases 
pre- and post-FTS. All solid samples for 57Fe Mössbauer spectroscopy 
were run on nonenriched samples. All samples were prepared in Delrin 
Mössbauer sample cups under ambient conditions and subsequently 
frozen in liquid N2. Samples were fitted with an inner Delrin cup prior 
to freezing. Low temperature 57Fe Mössbauer measurements were 
performed using a SeeCo. MS4 Mössbauer spectrometer integrated with 
a Janis SVT-400 T He/N2 cryostat for measurements at 80 K. Isomer 
shifts were determined relative to α-Fe at 298 K. All Mössbauer spectra 
were fit using the program WMoss (SeeCo). All Mössbauer spectra 
display the raw data (black dots) and where applicable, the total fit 
(black line) and individual components represented by colored two-line 
and six-line hyperfine patterns. Errors of the fit analyses are δ ± 0.02 
mm/s and ΔEQ ± 3%. For multicomponent fits, the quantitation errors 
of individual components were ± 3%. Note the following abbrevia
tions: Full width at half maximum (FWHM), Isomer Shift (δ), Electric 
Quadrupole Splitting (ΔEQ), and Internal Magnetic Field (H(int)). 

2.4. Reactor studies 

For typical FTS and CO2 hydrogenation reactor studies, 200 mg of 
catalyst was loaded into the reactor and reduced under 40 mL/min H2 

for 2 h at 450 °C and 50 psig. After reduction, the reactor was switched 
to the bypass loop and pressurized to 300 psig with the reactant gas 
mixture. For CO2 hydrogenation, the gas composition was 10 mL/min 
CO2, 30 mL/min H2 and 5 mL/min Ar. For Fischer-Tropsch synthesis, 
the gas composition was 10 mL/min CO, 20 mL/min H2 and 15 mL/min 
Ar to achieve H2:COx ratios of 3:1 or 2:1, respectively. The concentra
tion of gases exiting the reactor were evaluated with an in-line Agilent 
gas chromatograph. The reactions were determined to be free of mass- 
transfer limitations, as determined by the Koros-Nowak criterion in Fig. 
S1 of the SI [40]. 

2.5. In situ FTIR reactor studies 

In situ FTIR reactor studies were conducted to characterize adsorp
tion behavior of reactants and identify reaction intermediates with the 
FTIR spectrometer stated above. Approximately 50 mg of catalyst was 
loaded into the cell and reduced at 450 °C for 2 h followed by in
troducing the probe gases for 15 min. For CO adsorption, the gas 
composition was 3.5 mL/min CO and 3.5 mL/min Ar to achieve CO/Ar 
ratio of 1:1. For Fischer-Tropsch synthesis, the gas composition was 3.5 
mL/min CO, 7 mL/min H2 and 21 mL/min Ar to achieve CO:H2:Ar 
ratios of 1:2:6. Then, spectra were recorded under vacuum. 

3. Results and discussion 

All catalysts are confirmed to have a typical MFI topology with high 
crystallinity according to XRD patterns and N2 physisorption isotherms 
(Fig. S2 and S3 of the Supplementary material). Two weak peaks at 2θ 
= 33 and 36° in the XRD patterns match the Fe2O3 hematite phase of Fe 
oxide. The catalysts exhibit similar microporous adsorption-desorption 
behaviors (type I), and hysteresis loops at high relative pressure are 
present, which are due to mesopores [41,42]. After introduction of the 
Fe species, the BET surface area, total pore volume and micropore vo
lume are relatively unchanged, as shown in Table 1. 
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These physical properties are consistent with TEM images of the 
catalysts in Fig. 1, which includes the particle size distributions of both 
catalysts. Particle size distributions in Table 1 are calculated by mea
suring horizontal particle diameters in several different images of both 
Fe/ZSM-5 catalysts. Median particle size is found to be 16.2 nm and 
17.5 nm for Fe-Na-M and Fe-H-M, respectively. For Fe-H-M, multiple 
larger and smaller particles are also observed in Fig. S4 and S5, re
sulting in the wider standard deviation in particle size. 

To confirm if the particle size results in differences in the number of 
active sites, CO and CO2 uptake values are also included in Table 1. Fe- 
H-M shows nine times higher CO uptake (12.1 μmol/g) than Fe-Na-M 
(1.3 μmol/g). However, for CO2 uptake, the opposite trend is observed. 
Fe-Na-M has higher CO2 uptake than that of Fe-H-M, which are 232.6 
and 87.1 μmol/g, respectively. The significant difference in CO and CO2 

adsorption over the Fe-based catalysts is likely caused by the presence 
of Na, which increases the surface basicity of Fe-Na-M relative to Fe-H- 
M, resulting higher uptake of the acidic CO2 molecule [44–46] and a 
ten-fold decrease in adsorption of the slightly basic CO molecule [47]. 
Similar conclusions have been reported by An et al., who use CO2-TPD 
to conclude K and Na increase the surface basicity of Fe/SiO2 for FTS 
[45]. 

The effect of CO and CO2 adsorption on FTS reactor performance 
can be observed in Table 2. For Fe-H-M, which adsorbs a greater 
amount of CO, the catalyst exhibits higher CO conversion than Fe-Na- 
M, while selectivities to CH4 and CO2 increase with increasing tem
perature, suggesting high temperature favors methanation and water- 
gas shift. There is also an observed increase in olefin production with 
increasing temperature over both catalysts [48–50]. Relative to Fe-H-M, 

Table 1 
N2 physisorption, CO and CO2 chemisorption results over the parent H-ZSM-5, Fe-H-M and Fe-Na-M catalysts.             

Catalyst SBET (m2/ 
g) 

Smicro (m2/ 
g) 

Vtotal 

(cm3/g) 
Vmicro 

(cm3/g) 
Total (μmol 
NH3/g) 

B/L ratio CO uptake 
(μmol/g STP) 

CO2 uptake 
(μmol/g STP) 

Average diameter1 

(nm) 
Average diameter2 

(nm)  

H-ZSM-5 325 161 0.55 0.12 350 1.06 0 0 N/A N/A 
Fe-H-M 345 166 0.66 0.12 270 0.06 12.1 87.1 19.6(17.5) ± 9.5 29.6 
Fe-Na-M 338 180 0.63 0.13 260 0.01 1.3 232.6 18.2(16.2) ± 8.4 33.3 

1Mean particle size calculated from TEM measurements, with median particle diameters in parenthesis. 
2Average diameter estimated by performing Scherrer analysis using the (104) reflection of Fe2O3 at 2θ = 33.1°[43].  

Fig. 1. TEM images with corresponding histograms of particle size distributions of (a) Fe-H-M and (b) Fe-Na-M. All samples are reduced under 40 sccm H2 for 2 h at 
450 °C and 50 psig prior to inserting in the TEM. 
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FTS over Fe-Na-M results in slightly suppressed CO2 selectivity, which 
is consistent with the higher CO2 uptake over Fe-Na-M. Methane se
lectivity also decreases with increasing temperature, while the se
lectivity for C2-C4 hydrocarbons, especially C2-C4 olefins increases sig
nificantly, which is correlated with the Na promoter decreasing the 
concentration of acid sites [51–58]. The effect of Na loading on FTS is 
shown in Table S1, where CO conversion increases up to 1 wt% Na, 
followed by decreasing CO conversion from 1 to 3 wt% Na. At a Na 
loading of 3 wt%, the olefin selectivity is at a maximum of 27.8%, while 
the CH4 selectivity monotonically decreases with Na loading. These 
results agree with previous literature reports on Na promoters for Fe- 
based catalysts [51]. 

Because the acid-base properties of the Fe-based catalysts appear to 
influence the selectivity, NH3 adsorption and pyridine FTIR are used to 
measure total acidity and type of acid sites, shown in Table 1 and Fig. 2. 
As seen in the data, the total acidity of the parent H-ZSM-5 is 0.35 
mmol/g and decreases to 0.27 mmol/g and 0.26 mmol/g for Fe-H-M 
and Fe-Na-M, respectively. These findings agree with those of Xu et al., 
who show the addition of 10 wt% Fe to H-ZSM-5 decreases the total 
acidity by 27% (from 0.61 to 0.44 mmol/g), which is similar to the 
value reported here (∼23% decrease from 0.35 to 0.27 mmol/g) [50]. 

As for the type of acid sites, the results of pyridine FTIR in Table 1 
and Fig. 2 indicate that the relative Brønsted to Lewis acid ratio (B/L 

ratio) of the parent H-ZSM-5 is 1.06, while after introduction of Fe, the 
B/L ratio decreases to 0.06 for Fe-H-M and 0.01 for Fe-Na-M. For Fe-H- 
M, the significant decrease of the B/L ratio is attributed to selective 
adsorption of the Fe species onto Brønsted acid sites [59,60], while the 
parent Na-ZSM-5 does not contain Brønsted acid sites (extra framework 
protons) after synthesis. Together, these results suggest that the total 
acidity, measured by NH3 adsorption, does not strongly influence the 
production of light olefins, while decreasing Brønsted acid site con
centration from substituting extra framework Na cations increases 
olefin selectivity. 

To further characterize the acidic properties of the Fe-ZSM-5 cata
lysts, NH3 and CO2-TPD measurements are shown in Fig. 3 (CO-TPD 
profiles are in Fig. S6 of the Supplementary Material). For NH3-TPD of 
the parent H-ZSM-5, two desorption peaks are observed at 175 °C and 
340 °C, which are ascribed to weak and strong acid sites, respectively 
[61,62]. After introduction of Fe into H-ZSM-5, the peak at 175 °C re
mains unchanged, but the peak at 340 °C shifts to a higher temperature 
of 460 °C over the Fe-H-M catalyst [63]. Similar to our observations, 
Lima et al. show that the addition of Fe to ZSM-5 also does not change 
the NH3 desorption temperature of weak acid sites, but shifts the des
orption temperature of strong acid sites from 388 °C to 448 °C [63]. 

For Fe-Na-M, the peak at high temperature peak disappears, sug
gesting strong acid sites are not present in this catalyst, which agrees 
with the pyridine FTIR in Fig. 2, and the low temperature peak corre
sponding to weak acid sites becomes broader. These findings are con
sistent with those of Putluru et al., who show that alkali promoters 
preferentially bind to the strong acid sites of zeolites, decreasing their 
concentration, while weak acid sites are only slightly affected [64]. 

For basic site characterization by CO2-TPD (Fig. 3b), the maximum 
desorption peaks for CO2 over both catalysts are similar (∼175 °C), 
however, the total amount of adsorbed CO2 is significantly less over Fe- 
H-M (87.1 μmol/g), relative to Fe-Na-M (232.6 μmol/g), as shown in  
Table 1. This is due to Na increasing the surface basicity, thus resulting 
in a greater extent of CO2 adsorption, which is correlated with lower 
CO2 selectivity during FTS. 

To gain insight into the active sites for FTS over the Fe-based cat
alysts, we have employed a combination of H2-TPR, diffuse reflectance 
FTIR and Mössbauer spectroscopy. The H2-TPR profiles in Fig. S6 give 
some insight into the phase of the reduced catalysts, indicated by two 
reduction steps at an intermediate temperature region of 350–500 °C 
and a high temperature region of 500-700 °C. These steps correspond to 
the reduction of Fe3+ to Fe2+ and Fe2+ to Fe°, respectively. In both 
catalysts, the main reduction peak is located at ∼400 °C, which is the 
reduction of isolated Fe3+ to Fe2+, such as Fe3+ in Brønsted acid sites 
and/or small Fe clusters [64–66]. This suggests the bulk of the catalyst 
is not fully reduced before reaction, consistent with the XRD showing 

Table 2 
Summary of catalytic performance of Fe-based catalysts for FTS.             

Catalyst Temperature (ºC) CO Conversion 
(%) 

Selectivity (%)a Olefin yield  
(mL/h/gcat) 

α valued Carbon balance  
(%) 

CH4 (%) CO2 (%) C2-C4 hydrocarbons 
(%)b 

C2-C4 olefins 
(%) 

Other  
(%)c  

Fe-H-M 300 14.4 36.8 21.3 30.2 6.2 11.7 26.8 0.37 95.0  
320 17.4 39.2 19.0 30.9 8.8 10.9 45.9 0.31 95.3  
335 21.8 40.4 22.6 24.3 11.0 12.7 71.9 0.31 91.8  
350 24.7 42.1 26.4 23.2 10.6 8.3 78.5 0.31 94.9 

Fe-Na-M 300 7.3 47.8 12.9 27.8 20.3 11.5 44.5 0.23 97.0  
320 9.5 38.5 16.5 33.9 26.9 11.1 76.7 0.33 98.2  
335 12.1 31.3 19.0 39.1 29.4 10.6 106.7 0.40 97.4  
350 16.3 26.6 22.1 36.9 26.6 14.4 130.1 0.35 92.6 

Data are reported at 12 h of time-on-stream (TOS). Reaction conditions: CO:H2 = 1:2, CO (10 mL/min), H2 (20 mL/min), and Ar (15 mL/min) as balance gas and 
internal standard; P =300 psig, 200 mg catalyst, GHSV =13500 mL h-1 gcat 

-1. Na or H: Na or H form zeolite. A: Molar carbon-based selectivity including CO2; b: 
Molar carbon-based selectivity of C2-C4 hydrocarbons (C2-C4 olefins included); c: Molar carbon-based selectivity of other products, including long-chain (C5+) 
hydrocarbons, oxygenated and unknown products; d: α value is the hydrocarbon chain growth probability, calculated based on the Anderson-Schulz-Flory (ASF) 
distribution model.  

Fig. 2. Pyridine FTIR spectra of the Fe-H-M and Fe-Na-M catalysts with H-ZSM- 
5 included as a reference. Peaks at ca. 1550 cm-1, 1490 cm-1 and 1450 cm-1 

correspond to Brønsted, complexes of Brønsted and Lewis, and Lewis acid sites, 
respectively. 
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evidence of Fe2O3 prior to reduction. Unlike Fe-H-M, the presence of Na 
in Fe-Na-M broadens the intermediate reduction temperature. Fur
thermore, the complex TPR profiles also suggest that multiple Fe spe
cies exist within the catalysts, but Fe3+ is predominant [64]. 

Further evidence on the structure of the reduced catalyst is shown 
via FTIR of adsorbed CO in Fig. 4. For both catalysts, the peaks at 2064 
cm-1 and 2058 cm-1 are assigned to linearly adsorbed CO on partly 
reduced Fe2+ particles. The incomplete reduction of Fe, which agrees 
with the H2-TPR in Fig. S6a, increases the electron donating capacity of 
Fe2+ and shifts the vibrational frequency of linearly adsorbed CO to a 
lower wavenumber, when compared to Fe2+ deposited on a flat surface 
(2155 cm-1) [67–69]. The shoulder at 2050 cm-1 corresponds to CO 
linearly adsorbed on Fe° interacting with carbon and/or oxygen atoms 
[67,70] while the peak at 1933 cm−1 is due to bridged CO on flat 
metallic Fe [70,71]. Additionally, the IR band at 1800 cm-1 is ascribed 
to inclined bridged CO adsorbed on Fe° (111) shallow hollow sites [72]. 

The relative integrated area of the bands from 2064 cm-1 to 2058 
cm-1 are greater over Fe-Na-M, which agree with the CO-TPD profiles in 
Fig. S6b, further suggesting a larger amount of CO is adsorbed over Fe- 
Na-M. It is also worth noting that Fe-H-M contains a unique feature at 
1734 cm-1, representing CO adsorbed on 4-fold deep hollow Fe(100) 
sites [73]. 

For studying the structure of the Fe-based catalysts, 57Fe Mössbauer 
spectroscopy was used to identify the iron species present in the as- 
prepared and post-FTS Fe-Na-M and Fe-H-M catalysts [74]. As shown in  
Fig. 5, iron oxide species are found in both Fe-Na-M and Fe-H-M prior to 
FTS, which is consistent with XRD. Following FTS, numerous iron 
carbide species are found in both samples, with Fe-Na-M containing a 
larger fraction of Fe carbide relative to Fe-H-M as shown in Table. S2 

(88% vs 78%, respectively). More specifically, Fe-Na-M also contains a 
higher fraction of Fe5C2 (58% vs 47%), the active phase for FT to olefins 
[75], suggesting the Mössbauer findings are consistent with the FTS 
reactor data. 

Insight into the catalytic mechanism is shown in Fig. 6 for the FTIR 
of adsorbed intermediates during in situ FTS. The band at 3740 cm-1 is 
assigned to hydroxyl groups adsorbed over Fe-H-M and Fe-Na-M. Fe-H- 
M has a significantly larger amount of adsorbed hydroxyl groups when 
compared to Fe-Na-M due to the Brønsted acid sites present in H-ZSM-5 
[76]. Gaseous CO2 is present in the range of 2400–2300 cm-1, as ex
pected, and peaks describing chemically bonded CO are observed 
within the same range as discussed for CO-FTIR in Fig. 4. However, the 
band at 1734 cm-1, corresponding to CO adsorbed on 4-fold hollow sites 
on Fe° (100), is no longer present after FTS in Fig. 6. Merill et al. have 
demonstrated that CO adsorption over 4-fold hollow sites on Fe (100) 
can be hindered by hydrogen atoms, which may explain why the band 
at 1734 cm-1 disappears during FTS [73,77]. Additionally, two char
acteristic peaks of carbonate species are found at 1240 cm-1 and 1168 
cm-1 [70,73,76]. 

The close-up view of the 3100–2700 cm-1 region, representing hy
drocarbon species in Fig. 6b indicates gaseous methane is present, 
which is assigned to the band centered at 3011 cm-1 [73,78,79]. The 
bands at 2955 cm-1 and 2935 cm-1 are ascribed to the asymmetric CH 
stretching modes of methyl -CH3 and methylene -CH2, respectively, 
while the corresponding symmetric stretching modes are at 2871 cm-1 

and 2856 cm-1 [73,79]. The presence of increased hydrocarbon species 
on the surface of Fe-H-M is consistent with coking leading to the rapid 
deactivation observed in Fig. 7 and XPS data of the C1s electron 
showing increased coking of the Fe-H-M catalyst relative to Fe-Na-M in 
Fig. S7. 

To further study deactivation, we evaluated our catalysts for 48 h 
time-on-stream during FTS, as shown in Fig. 7. For Fe-H-M (Fig. 7a), the 
conversion decreases from 24.9 to 14.4%, indicating slight deactiva
tion. For Fe-Na-M (Fig. 7b), the conversion first increases from 13.2 to 
15.0% and then decreases to 11.1% after 48 h time-on-stream, in
dicating largely improved stability over Fe-H-M. Furthermore, the in
duction period over the first ∼10 h time-on-stream is consistent with 
Mössbauer results, suggesting the formation of a Fe5C2 phase. Our ob
servations of improved stability over Fe-Na-M are consistent with pre
vious studies showing Na results in increased olefin yield and stability 
of to Fe/ZSM-5 catalysts [80]. 

The deactivation could be due to a combination of factors including 
sintering and phase transformation of the Fe species [80–82], coke 
formation [83–86] and water poisoning [87]. To gain some insight into 
the cause of the deactivation, XRD patterns and textual properties of the 
spent catalysts are found in Fig. S8 and Table S3 of the Supplementary 
material. According to XRD in Fig. S8, the structure of the ZSM-5 in the 
spent catalysts (Fe-H-M and Fe-Na-M) is preserved and the weak peaks 

Fig. 3. Temperature program desorption profiles of the Fe-H-M and Fe-Na-M catalysts. (a) NH3-TPD; and (b) CO2-TPD.  

Fig. 4. FTIR spectra of CO adsorbed on reduced Fe/ZSM-5 catalysts.  
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at 2θ = 33 and 36° associated with Fe2O3 disappear, consistent with 
formation of Fe carbides that are observed in Mössbauer spectroscopy. 
Although the surface area and pore volume of Fe-H-M remains rela
tively constant in Table S3, there is a marked decrease observed over 
Fe-Na-M. These findings together with the C1s XPS in Fig. S7, suggest 
that coke formation is a possible mechanism of deactivation, but the 
significant loss of surface observed over Fe-Na-M is likely due to the 
formation of the additional low surface area Fe carbide phases observed 

in Mössbauer. 
After completing FTS studies, we are interested in determining if 

any trends observed in FTS from the addition of Na can be correlated 
with CO2 hydrogenation. As previously mentioned, highly active FTS 
catalysts are typically methanation catalysts during CO2 hydrogenation, 
but as shown in the CO2 hydrogenation results in Table 3, CO produced 
via RWGS is the primary product over both catalysts. This is apparent 
for Fe-Na-M, where CO selectivity is over 80%, consistent with previous 

Fig. 5. 80 K 57Fe Mössbauer spectra of as-prepared (A) Fe-Na-M, (B) Fe-H-M and post-FTS (C) Fe-Na-M and (D) Fe-H-M. For a compilation of all multicomponent 
fitted Mössbauer parameters see Table S2. 

Fig. 6. (a) FTIR spectra of adsorbed species of FTS over reduced Fe/ZSM-5 catalysts, with (b) close up view of 3100–2700 cm-1 region.  

Fig. 7. Reactor performance versus time-on-stream for (a) Fe-H-M and (b) Fe-Na-M during FTS. Reaction conditions: CO:H2 = 1:2, CO (10 mL/min), H2 (20 mL/min), 
and Ar (15 mL/min) as balance gas and internal standard; T = 350 °C, P =300 psig, 200 mg catalyst, GHSV =13500 mL h-1 gcat 

-1. 
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studies using alkali metal promoters for RWGS [88–93]. The effect of 
increasing the Na loading is shown in Table S4, which results in 
monotonically decreasing CO2 conversion, but the CO selectivity is 
relatively unchanged (∼75%). 

To further understand the difference in performance between the 

Fe-Na-M and Fe-H-M catalysts, apparent activation energies for FTS and 
CO2 hydrogenation are calculated from the Arrhenius plots in Fig. 8, 
with the temperature profile and experimental procedure outlined in 
Fig. S9. As shown in Fig. 8 for FTS, Fe-Na-M has a lower Ea (9.2 kcal/ 
mol) than Fe-H-M (12.9 kcal/mol), which is consistent with apparent 
activation barriers over Fe based catalysts [94–99]. For CO2 hydro
genation, the activation barriers over Fe-Na-M (Ea = 15.1 kcal/mol) 
and Fe-H-M (Ea =15.6 kcal/mol) are similar, which agree with other 
reported values for CO2 hydrogenation catalysts [100–103]. Clearly in 
FTS, the addition of Na facilitates olefin production, which is observed 
by the decrease in apparent activation barrier. In CO2 hydrogenation, 
the apparent activation barriers are similar, but the addition of Na re
sults in an increase of selectivity to C2-C4 olefins and CO, providing 
additional evidence that Na promotes the production of desirable pro
ducts. 

The detailed performance of the Fe-based catalysts versus time on 
stream for CO2 hydrogenation is shown in Fig. 9 and Fig. S10. For both 
catalysts, the CO2 conversion is stable up to 12 h time-on-stream, 
however for Fe-H-M (Fig. 8a), the selectivity to CH4 and C2-C4 hydro
carbons decrease, and the selectivity to CO increases with time. For Fe- 
Na-M, the CO selectivity increases to slightly above 80%, suggesting 
that Na improves the catalytic stability. This is a similar observation to 
FTS, where C2-C4 selectivity decreases over Fe-H-M, but remains stable 
over Fe-Na-M, which is likely because the short chain hydrocarbons 
react over the strong acid sites of H-ZSM-5, resulting in coke formation 
and decreased hydrocarbon production. 

Table 3 
Summary of catalytic performance of Fe-based catalysts for CO2 hydrogenation.             

Catalyst Temperature (ºC) CO2 Conversion 
(%) 

Selectivity (%)a Olefins yield (mL/ 
h/gcat) 

α valued Carbon balance 
(%) 

CH4 (%) CO (%) C2-C4 hydrocarbons 
(%)b 

C2-C4 olefins 
(%) 

Other (%)c  

Fe-H-M 300 3.4 27.8 58.3 12.2 0.4 1.7 0.4 0.30 98.9  
320 4.6 28.6 58.9 11.1 0.4 1.4 0.6 0.29 98.5  
335 5.7 28.4 60.9 9.7 0.4 1.0 0.7 0.24 98.4  
350 6.8 26.9 64.3 8.1 0.1 0.7 0.2 0.23 98.2 

Fe-Na-M 300 1.7 16.2 80.0 3.8 0 0 0.0 0.17 100  
320 2.7 14.3 81.9 3.7 0.3 0.1 0.2 0.16 99.1  
335 3.8 13.5 83.8 1.4 0.3 1.3 0.3 0.17 98.3  
350 5.9 17.6 76.4 3.1 1.0 2.9 1.8 0.11 98.0 

Data are reported at 12 h time-on-stream (TOS). Reaction conditions: CO2:H2 = 1:3, CO2 (10 mL/min), H2 (30 mL/min), and Ar (5 mL/min) as balance gas and 
internal standard; P =300 psig, 200 mg catalyst, GHSV =13500 mL h-1 gcat 

-1. Na or H: Na or H form zeolite. a: Molar carbon-based selectivity including CO; b: Molar 
carbon-based selectivity of C2-C4 hydrocarbons (C2-C4 olefins included); c: Molar carbon-based selectivity of other products, including long-chain (C5+) hydro
carbons, oxygenated and unknown products; d: α value is the hydrocarbon chain growth probability, calculated based on the Anderson-Schulz-Flory (ASF) dis
tribution model.  

Fig. 8. Arrhenius plot of Fe-H-M and Fe-Na-M for FTS and CO2 hydrogenation, 
with olefin and CO yield used to calculate the respective apparent activation 
energies. The detailed experimental procedure for these plots can be found in 
the Supplementary material. 

Fig. 9. Reactor performance versus time on stream for (a) Fe-H-M and (b) Fe-Na-M for CO2 hydrogenation. Reaction conditions: CO2:H2 = 1:3, CO2 (10 mL/min), H2 

(30 mL/min), and Ar (5 mL/min) as balance gas and internal standard; T = 335 °C, P =300 psig, 200 mg catalyst, GHSV =13500 mL h-1 gcat 
-1. 
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4. Conclusions 

The effect of the ZSM-5 extra framework cation on FTS and CO2 

hydrogenation is evaluated over Fe-based catalysts. For FTS, Fe/Na- 
ZSM-5 results in improved catalytic stability and olefin selectivity over 
Fe/H-ZSM-5 because of an increase in surface basicity and greater ex
tent of formation of the active Fe5C2 phase. The presence of the acidic 
zeolite, ZSM-5, may further crack the primary long-chain hydrocarbon 
products into the secondary olefin products. However, for CO2 hydro
genation, RWGS becomes the dominant reaction over both Na- and H- 
form catalysts, and the Fe/Na-ZSM-5 shows higher selectivity toward 
CO than Fe/H-ZSM-5 from increased binding strength of CO2. The re
sults in this study show that the selectivity to the desired product, 
olefins for FTS and CO for RWGS, can be controlled by attenuating the 
acidic properties of the catalyst. 
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