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a b s t r a c t

The performances of representative Co-based and Fe-based Fischer-Tropsch catalysts have been compar-
atively investigated in the hydrogenation of CO and CO2. Over an un-promoted Co/�-Al2O3 catalyst, CO2 is 
easily hydrogenated and its conversion rate is even faster than that of CO; however, the selectivities of the 
two processes are extremely different, with methane largely dominating the product distribution in the 
case of CO2 hydrogenation and long-chain hydrocarbons dominating the products pool during CO 
hydrogenation. As opposite to cobalt, CO2 hydrogenation rate over K-promoted 100Fe/10Zn/1Cu (at/at) 
catalysts is slower than that of CO, but the products are dominated by middle distillates when CO2 replaces 
CO in the feed. Such behaviors depend on the different adsorption strengths of CO and CO2, which affect 
the H/C atomic ratio on the catalyst surface. In the case of Fe-based catalyst, we have also found that the 
catalytic sites active in the chain growth process (iron carbides) are transformed into sites active in the 
hydrogenation reactions (iron oxides/reduced iron centers) at low CO partial pressures. Potassium has a 
key role in promoting the stability of chain growth sites, thus decreasing the secondary reactions of olefins.
Cobalt catalyst
Fischer-Tropsch synthesis 
Potassium
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The reduction of CO2 emissions into the atmosphere has becom
an important research topic in recent years because carbon dioxid
is one of the major contributors to the green-house effect, and it
worldwide production is growing [1,2].

A first strategy to reduce CO2 emissions, which has been deeply
investigated in the last years and which has been recently applied
for the first time to a large-scale power station in Canada [3], i
Carbon Capture and Storage (CCS) [4], which consists in the per
manent CO2 storage deep underground in very specific geologica
sites. A very attractive alternative to this technology is represented
by Carbon Capture and Utilization (CCU) processes, which consist in
the chemical conversion of CO2 to added-value carbon-containin
products. Among them, the large-scale conversion of CO2 into liq
uid fuels is of great interest, because the broad market of thes
products would guarantee an appreciable decrease of the globa
CO2 emissions, limiting at the same time the consumption of fossi
fuels.
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In principle, carbon dioxide may be hydrogenated to liquid fuels 
ither by direct or indirect routes. In the indirect route, CO2 is
onverted to methanol, which can be then transformed into hydro-
arbons through the commercially available methanol-to-gasoline 
MTG) process based on zeolite catalysts [5]. On the contrary, in the
irect route, CO2 is converted to fuels through a modified Fischer-
ropsch (FT) process, eventually followed by a product upgrading 
hydrotreating) step [2,6–29]. In this work we have focused on this 
atter alternative.

Literature data show that both CO and CO2 can be hydrogenated 
ver both cobalt [5–9,25–29] and iron [2,6,9,12–25] FT catalysts; 
owever, most of the authors found that the product distribution
uring CO and CO2 hydrogenation are very different. Indeed, CO2
ydrogenation leads mainly to light saturated hydrocarbons with 

ower chain growth probability (�) values if compared to CO hydro-
enation.

On cobalt-based catalysts, which are known to be substantially 
nactive in the water-gas-shift (WGS) and in the reverse-water-
as-shift (RWGS) processes, the reason of the different reactivity of 
O and CO2 is still debated. Moreover, the catalyst stability in the 
resence of CO2 is still unclear and scarce experimental data are 
vailable to date. Zhang et al. [10] propose two different reaction 
athways, with CO hydrogenation going through HC* and *OH ad-
i).
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Table 1
Metal loading and textual properties of Fe and Co catalysts.

Metalloading[wt.%] Surface area[m2/g] Pore volume[cm3/g] Average porediameter[Å]

Fe2K 61.9 76 0.21 90
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Fe4K 61.0 114
Fe10K 58.4 102
Co/�-Al2O3 15.0 120

pecies and CO2 hydrogenation involving the HC*O intermediate,
ventually leading to methane. As opposite, Visconti et al. [8] pro-
ose the same mechanism for CO and CO2 hydrogenation processes,
ut ascribe the change in the product distribution to the different
ydrogen to carbon ratio on the catalyst surface during the two pro-
esses. In the case of CO2 hydrogenation, a higher H/C surface ratio
ould be obtained as a consequence of the weak CO2 adsorption

trength, which would favour the hydrogenation of the adsorbed C-
ontaining surface intermediates, thus bringing to a decrease of the
hain growth probability. Similarly to Visconti et al. [8], Riedel et al.
7] attribute the change in the product composition when switching
rom CO to CO2 to the loss of “selective inhibition” which domi-
ates the FT regime. Indeed, according to these authors, during CO
ydrogenation, high CO partial pressure and strong CO adsorption
esult in a low concentration of H-adspecies. This slows down CH3*
ydrogenation to methane and secondary olefins hydrogenation to
he corresponding paraffins, thus resulting in the high values of the
hain growth probability typical of FT regime. The same does not
appen during CO2 hydrogenation, when both the low adsorption
trength of CO2 and the low CO partial pressure are insufficient
o inhibit H2 adsorption, thus bringing to low molecular weight
aturated hydrocarbons.

On iron based catalysts, which are usually preferred to convert
O2 to heavy hydrocarbons because of their intrinsic activity in the
WGS reaction [2,30], researchers agree that CO2 hydrogenation
athway involves CO as intermediate [18] and the different H2/CO
atio in the reactor during CO and CO2 hydrogenation is considered
he major reason for the different selectivity of the two processes
13,14,19]. Indeed, the H2/CO ratio is reported to affect both the
rocess kinetics [13,14,19] and the nature of the active sites [21].
owever, as in the case of Co-based catalysts, only few information
re available on the catalyst stability when CO2 replaced CO in the
eed.

The reactivity of CO2 on Co- and Fe-based catalysts in the pres-
nce of CO is also a matter of discussion in the literature. Indeed,
ven if almost all the literature papers available so far report that
O2 can be effectively hydrogenated only at low partial pressure
f CO (e.g., [8,14]), different evidences have been reported on the
ffect of the presence of CO2 on the CO conversion rate as well as
n the product distribution. Chun et al. [31], for example, observe
n inhibiting effect of CO2 in terms of hydrocarbon yield, but also
eport that the product distribution is not affected by the presence
f CO2, as well as the olefin to paraffin (O/P) ratio in the hydrocarbon
roducts. They attribute such effects to a competitive adsorption of
O and CO2. As opposite to these results, other authors [20] have

ound that both CO conversion rate and product distribution are
ot affected by the presence of CO2.

Given these premises, it is clear that further efforts to clarify
he reactivity of Co and Fe Fischer-Tropsch catalysts in the pres-
nce of CO2 and CO/CO2 mixtures are needed. Accordingly, the
rst aim of this work is the cross-comparison between CO and CO2
ydrogenation processes carried out for more than 400 h on repre-
entative iron and cobalt based FT catalysts. To the scope, both the
O conversion and the product distribution have been measured
x

n two state-of-the-art catalysts under transient and steady-state
onditions. A particular attention has been devoted to the quantifi-
ation of paraffins and olefins in the products, because their relative
0.25 66
0.21 63
0.31 85

content can give informative indications on the nature of active
sites.

In the second part of the work, the effect of alkali loading
(K/Fe atomic ratio between 0.02 and 0.1) on a state-of-the-art
Fe/Zn/Cu/K catalyst has been investigated. Indeed, it is expected
that potassium, by donating electrons to iron, could affect the
catalyst selectivity by changing the adsorption strength of reac-
tants and products on the active sites. Such effect, which has been
largely investigated during CO hydrogenation [32–35], has been
only scarcely studied during CO2 or CO/CO2 mixtures hydrogena-
tion [13,17,19,22,24].

2. Experimental

2.1. Catalysts preparation

2.1.1. Fe-based catalysts
Following the procedure reported in [32], a 100Fe/10Zn precur-

sor (atomic ratios) was prepared via semi-batch co-precipitation
of iron(III) and zinc nitrates at constant pH to form porous Fe-Zn
oxy/hydroxycarbonates powder. Briefly, an aqueous solution con-
taining Fe(NO3)3·9H2O (3.0 M) was mixed with an aqueous solution
of Zn(NO3)2·6H2O (1.4 M). The resulting solution was slowly intro-
duced in a jacketed quartz reaction cell kept at 80 ◦C, containing
a buffer aqueous solution ((NH4)2CO3 1.0 M) acidified at pH of 7.
A solution of (NH4)2CO3 1.0 M was also added to the cell by keep-
ing the pH of the slurry at a value of 7 ± 0.2. The obtained slurry
was filtered and the solid was washed with deionized water (fur-
ther details can be found in Ref. [20]). The sample was eventually
dried in static air at 120 ◦C overnight and the resulting powders
were calcined in stagnant ambient air at 350 ◦C for 1 h (heating rate
1 ◦C/min). Obtained powder was promoted by incipient wetness
impregnation with potassium carbonate and copper nitrate aque-
ous solutions, dried at 120 ◦C overnight and calcined at 400 ◦C for
4 h [20]. Samples with a Cu/Fe atomic ratio of 0.01 and K/Fe atomic
ratios of 0.02, 0.04 and 0.1 were prepared, indicated in the follow-
ing as “Fe2K” (100Fe/10Zn/1Cu/2 K), “Fe4K” (100Fe/10Zn/1Cu/4 K)
and “Fe10K” (100Fe/10Zn/1Cu/10 K), respectively.

2.1.2. Co-based catalysts
The 15 wt.% Co/�-Al2O3 catalyst used in this study (sample tag

“Co/�-Al2O3”) was a bench-scale prepared sample obtained by
incipient wetness impregnation of �-Al2O3 with a cobalt nitrate
hexahydrate aqueous solution. Details of the preparation proce-
dure can be found in Ref. [8].

2.2. Catalyst characterization and testing

The morphological properties (BET area, BJH pore volume and
average pore size) of the different catalysts, determined by nitro-
gen adsorption-desorption at 77 K using Micromeritics TriStar 3000
instrument, are reported in Table 1.
Activity tests of Fe-based and Co/�-Al2O3 catalysts were carried
out in two separate lab-scale rigs and at different process conditions
(Tables 2 and 3), similar to those adopted at the industrial scale
for the Fischer-Tropsch synthesis. Those rigs are described in the



Table 2
Process conditions adopted in CO2, CO and CO/CO2 hydrogenation tests for Fe-based
catalysts.

Condition number #1 #2 # 3

Condition tag CO2/H2/N2 CO/H2/N2 CO/H2/CO2

T [◦C] 220 220 220
GHSV [cm3(STP)h−1gcat

−1] 6000 6000 6000
P [barg] 30 30 30
P0

H2 [barg] 9.6 9.6 9.6
P0

CO [barg] – 9.6 9.6
P0

CO2 [barg] 9.6 – 9.6
P0

N2 [barg] 10.8 10.8 –
P0

Ar [barg] – – 1.2

Table 3
Process conditions adopted in CO and CO2 hydrogenation tests for Co/�-Al2O3

catalyst.

Condition number #1 #2

Condition tag H2/CO H2/CO2

T [◦C] 220 220
GHSV [cm3(STP)h−1gcat

−1] 4800 4800
P [barg] 20 20
P0

H2 [barg] 14.20 14.20
P0 [barg] 5.68 –
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Table 4
Conversion and selectivity data measured during CO2 and CO hydrogenation tests
with Fe-based catalysts.

Sample tag Fe2K Fe4K Fe10K

Condition no.a #1 #2 #3 #1 #2 # 3 #1 #2 # 3

CO conv. [%] – 14.1 10.3 – 11.5 11.2 – 11.8 12.7
CO2 conv. [%] 8.9 – 2.4 9.3 – 2.6 7.1 – 2.5
H2 conv. [%] 16.1 21.4 24.9 19.9 22.2 30.3 18.4 25.6 33.0
CO sel. [%] 19.5 – – 17.3 – – 23.7 – –
CO2 sel. [%] – 28.8 – – 22.0 – – 31.5 –
CO

P0
CO2 [barg] – 5.68

P0
Ar [barg] 0.12 0.12

ollowing. Carbon selectivity to the i species (Si) has been calculated
ccording to the following equation:

i = FOUT
i

· ni

FIN
CO · �CO + FIN

CO2
· �CO2

hereFOUT
i

is the molar productivity of i species, ni is the carbon
umber of this species, FIN

CO is the CO inlet molar flow, �CO is the
O conversion, FIN

CO2
is the CO2 inlet molar flow, and �CO2 is the CO2

onversion.

.2.1. Fe-based catalysts
Tests with Fe-based catalysts were carried out in a high-pressure

ab-scale plant, operated 24/7, equipped with a stainless steel fixed-
ed reactor (I.D. = 1.1 cm, length = 85 cm), placed into a vertical
lectric furnace. More details on the experimental rig and on the
dopted process analytics can be found elsewhere [20]. We recall
ere that the adopted set-up allowed us to quantify the composi-
ion of the C1–C10 hydrocarbon fraction, in addition to CO, CO2, H2,
2, Ar.

Prior to the activity test, the catalyst (0.5 g), diluted with �-
l2O3 (catalyst to diluent ratio 1:10 v/v), was loaded in the reactor
nd activated in situ at 270 ◦C and 0 barg for 1 h with syngas
H2/CO = 2 mol/mol, GHSV = 6000 cm3(STP)/h/gcat). Then the reac-
or was cooled down to 220 ◦C and slowly pressurized until 30
arg. Process conditions were thus kept unchanged for 130 h until
oth the CO conversion rate and the product distribution reached
steady state. The study of CO2 and CO reactivity was carried

ut by keeping constant both the H2 partial pressure and the H/C
atio in the feed. To the scope, activity tests were performed in the
resence of H2/CO2/N2 (32/32/36 v/v), and H2/CO/N2 (32/32/36 v/v)
ixtures (Table 2), keeping constant the other process condi-

ions (T = 220 ◦C, P=30 barg, GHSV=6000 cm3(STP)/h/gcat). Tests
ith H2/CO/CO2/Ar mixture were also carried out at the same pro-

ess conditions, keeping PH2 , PCO, PCO2 at the same levels used for
he pure CO and CO2 hydrogenation tests.
.2.2. Co-based catalyst
Co/�-Al2O3 catalyst was also tested in a lab-scale set-up operat-

ng 24/7 equipped with a stainless steel fixed bed reactor vertically
a Process conditions are given in Table 2.

inserted in an electric furnace. Additional information on the exper-
imental rig and on the adopted process analytics are reported in Ref.
[8].

Prior to the activity tests, the catalyst (3.0 g), diluted
with �-Al2O3 (1:2 v/v), was loaded in the reactor and
reduced in situ at 400 ◦C and 0 barg for 16 h, feeding H2
with a GHSV=4800 cm3(STP)/h/gcat. Then the reactor was
cooled down to 180 ◦C, syngas was fed (H2/CO =2 mol/mol,
GHSV = 4800 cm3(STP)/h/gcat), pressure was slowly increased until
20 barg and finally the reactor temperature was slowly increased
to 220 ◦C. Process conditions were thus kept unchanged for about
130 h until both the CO conversion rate and the product distribution
reached steady state values. Then the reactivity of the two fol-
lowing mixtures was investigated: H2/CO (71.0/28.4 v/v), H2/CO2
(71.0/28.4 v/v). Ar (0.6 vol%) was used in all the experiments as
internal standard for gas-chromatography (Table 3).

3. Results

3.1. Fe-based catalyst

In this section, CO and CO2 hydrogenation reactivity of our ref-
erence Fe-based catalyst, Fe4K sample, will be described. The role
of potassium and its effects on the catalytic activity and selectivity
will be discussed in Section 3.3.

Steady state CO2, CO and H2 conversion values measured in the
test conditions #1 and #2 (Table 2) are reported in Table 4. Dur-
ing CO2 hydrogenation (H2/CO2 = 1, condition #1) H2 conversion
was about 20%, while a CO2 conversion value of about 9% was mea-
sured. Those conversion values, stable during the whole duration
of the test (60–80 h), allowed to compute a H2/CO2 usage ratio of
2.1, which is lower than that given by the stoichiometry of the CO2
hydrogenation to hydrocarbons (comprised among 3 and 4 depend-
ing on the product distribution, and expressed in the lumped form
by Eq. (1)), because of the occurrence of the RWGS reaction (Eq.
(2)).

nCO2+3nH2 → (−CH2−)n + 2nH2O (1)

CO2+H2↔ CO + H2O (2)

As a matter of facts, significant amounts of CO were detected in
the products pool (CO selectivity >17%) (Table 4), along with water
and gaseous and liquid hydrocarbons.

After the test in the presence of CO2, the performances of the
catalyst with H2/CO mixtures (condition #2) were assessed for
comparison purposes. In this condition, CO and H2 conversions of
12% and 22% were measured, respectively, which are only slightly
higher than those measured in the presence of the H2/CO2 mixture

with the same H/C ratio. The corresponding H2/CO usage ratio is
1.9, a value lower than that (comprised among 2 and 3 depend-
ing on the product distribution) predicted by the FT stoichiometry



Table 5
Conversion and selectivity data measured during CO and CO2 hydrogenation tests
with Co/�-Al2O3 catalyst.

Condition numbera #1 #2

Condition tag H2/CO H2/CO2

CO conversion [%] 22 –
CO2 conversion [%] – 33
H2 conversion [%] 20 57
CO selectivity [%] – 0
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CO2 selectivity [%] <1 –

a Process conditions are given in Table 3.

Eq. (3)) because of the occurrence of the WGS reaction (Eq. (4))
esulting in a CO2 selectivity of 22%.

CO + 2nH2 → (−CH2−)n+nH2O (3)

O + H2O ↔ CO2+H2 (4)

These results show that on the adopted iron based catalyst the
ctivity of CO2 is only slightly lower than that of CO at the same
rocess conditions.

Interestingly, as opposite to COx conversion rates, the hydrocar-
on distributions obtained from CO and CO2 hydrogenations were
ound to be quite different (Fig. 1). In the case of CO (Fig. 1(b))

straight Anderson-Schulz-Flory (ASF) distribution of hydrocar-
on products was obtained, with a chain growth probability for the
3–C10 species of 0.71 and a slight negative deviation from the lin-
ar trend for C1 and C2 species. Such result confirms the literature
ndications suggesting that iron based catalysts, especially when
lkali-doped, are characterized by a low methane selectivity when
sed for CO hydrogenation [32]. In the case of CO2 (Fig. 1(a)), on
he contrary, the productivity of light hydrocarbons (C1–C3) is sig-
ificantly higher and the chain growth probability for the C3–C10
pecies decreases to a value of 0.65. This is in good agreement with
he data reported in literature [9,13,14,19].

In Fig. 1(c) and (d) the fraction of olefins in C2–C10 products
s also shown as a function of the carbon number. Looking at
ig. 1(c), it is evident that CO2 hydrogenation brings to saturated
nd unsaturated hydrocarbons with a fraction of olefins monotoni-
ally decreasing with the carbon number if one excludes C2 species,
hich show a strong negative deviation from trend. The fraction of

lefins in the products and their distribution as a function of the car-
on number are different in the case of CO hydrogenation (Fig. 1(d)).

n this case, indeed, the fraction of olefins is monotonically decreas-
ng with the C number and tends to an asymptote value near 70%
or C4–C10 species.

Fig. 1(d) also shows that both the product distribution and the
lefins content in the hydrocarbons are stable with time on stream
T.o.S.) during CO hydrogenations and a steady-state is quickly
eached after switching back to the mixture H2/CO after catalytic
ests with CO2 (Fig. 1(d), inset). On the contrary, during CO2 hydro-
enation, even if the ASF product distribution is rather stable with
he T.o.S. (Fig. 1(a)), the fraction of olefins in the products progres-
ively decreases (Fig. 1(c), inset). Such decreasing effect is more
ronounced for the long-chain species, so that the curves in Fig. 1(c)
ecame steeper with time-on-stream.

.2. Co-based catalyst

At the adopted process conditions, also the un-promoted Co/�-
l2O3 catalyst is active in the hydrogenation of both CO and CO2

Table 5). In this case, however, CO2 conversion (33%) is higher than

hat of CO (22%) and requires an amount of hydrogen per mole of
onverted carbon that is almost three times higher than that used
n the hydrogenation of CO. Accordingly, the H2/COx usage ratio
ncreases from a value very close to 2, measured in the case of CO
hydrogenation and typical of a dominating FT regime (Eq. (3)), to
a value slightly lower than 4, measured during CO2 hydrogenation
typical of CO2 methanation (Eq. (5)) regime.

CO2+4H2 → CH4+2H2O (5)

Looking at reaction products (Table 5), very small amounts of
CO2 were measured during CO hydrogenation. Also, no CO was
detected among the products in the case of CO2 hydrogenation.

The ASF product distributions obtained during CO and CO2
hydrogenations are reported in Fig. 2. During CO hydrogenation
(Fig. 2(b)) a typical FT product distribution is obtained, character-
ized by a chain-growth probability 0.75 for the C3–C10 species and
methane and C2 hydrocarbons out of trend. The product compo-
sition changes dramatically when the feed is switched to H2/CO2.
In this case (Fig. 2(a)), as suggested by the H2/CO2 usage ratio, the
main reaction product is methane (whose selectivity was more than
90%) and � is as low as 0.25.

The olefin contents in the hydrocarbons during CO and CO2
hydrogenation are also shown in Fig. 2 as a function of the
carbon number. The distribution obtained during CO hydrogena-
tion (Fig. 2(d)), qualitatively very similar to that obtained on
the Fe-based sample during the hydrogenation of CO2 (Fig. 1(c)),
is monotonically decreasing with increasing the carbon number
(from 77% for propylene to 41% for C10 olefin), with ethylene show-
ing a strong negative deviation from the trend (33%). In line with
the results reported by Yao et al. [26], the olefin content in the prod-
ucts changes dramatically when the feed is switched from H2/CO to
H2/CO2: in the latter case (Fig. 2(c)) the only unsaturated molecules
identified in the products are ethylene, propylene and butenes.
Their fraction in the hydrocarbon is about 30%, a fairly low value,
independent on the carbon number.

Notably, as opposite to Fe-based sample, the ASF distribution
and the olefins content of hydrocarbons are very stable both during
CO and CO2 hydrogenation and quickly reach the steady state either
when CO is replaced with CO2 or vice-versa.

3.3. Effect of potassium loading

The results shown in previous section point out that iron based
catalysts are more suitable than cobalt based catalysts to con-
vert CO2 in long-chain hydrocarbons. Considering this result, we
have decided to further investigate the CO2 hydrogenation on K-
promoted Fe based catalysts. In particular, the effect on activity and
selectivity of varying potassium loading was assessed by testing in
CO2 hydrogenation other two catalyst samples, whose K/Fe molar
ratios were 0.02 (Fe2K) and 0.1 (Fe10K), respectively. The reactivity
of CO/H2 and CO/CO2/H2 mixtures was also comparatively investi-
gated over these catalysts, so to verify if the co-presence of CO in
the feed may affect CO2 reactivity and vice versa.

3.3.1. CO2 hydrogenation
As shown in Table 4, varying the potassium loading has only a

slight effect on CO2 conversion (condition #1). Minor effects have
been also detected in terms of CO selectivity, which shows only
a weak local minimum for the sample Fe4K, in correspondence
to which a local maximum in the catalyst activity is observed.
On the contrary, potassium has a strong effect on the composi-
tion of the hydrocarbon products, both in terms of average length
chain growth probability (Fig. 3(a)) and in terms of olefin con-
tent in hydrocarbons pool (Fig. 3(b)). In particular, upon increasing
the potassium loading, the chain growth probability grows from

0.56 to 0.64, as well as the olefins fraction in the C2–C10 hydrocar-
bons. The increased C5+ selectivity and chain growth probability at
high potassium loadings have been also reported in the literature
[6,17,22,24].
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ig. 1. Evolution with T.o.S. of: (a) ASF plots (shown in terms of productivity) and (
O2 hydrogenation; (b) ASF plots and (d) fraction of olefins in hydrocarbon product
ith Fe4K catalyst at process conditions given in Table 2 (conditions #1 and #2).

Interestingly, upon changing the potassium loading, the “shape”
f olefins distribution also changes, with the local maximum shift-
ng from C3 to C4 when decreasing the K-loading.

Potassium also affects catalyst evolution with time-on-stream.
ndeed, even though the olefins content of hydrocarbons decreases
rogressively with T.o.S. for all the tested samples, Fig. 4 shows that
teady state conditions are achieved much faster for the samples
ith a high potassium loading.

.3.2. CO/CO2 hydrogenation
The effect of potassium loading was also investigated during the

ydrogenation of CO and CO/CO2 equimolar mixture. As shown in
able 4, the reactivity of Fe2K sample in the presence of CO and
O2 (condition #3) is characterized by an average CO conversion
ate which is about 30% slower than during pure CO hydrogenation
condition #2) and by an average CO2 consumption rate which is

ore than 70% slower than in the absence of co-fed CO (condition
1). At the same time, both the product distribution and the olefin

raction in the products from CO/CO2 hydrogenation (shown in
ig. 5) are very similar to those obtained during CO hydrogenation
Fig. 1(b) and Fig. 1(d), respectively). These data are in good agree-

ent with a recent literature paper reporting that CO2 behaves as
nert at CO2/(CO + CO2) ratios lower than 0.5–0.7 [14].

Interestingly, during CO/CO2 hydrogenation, increasing the

otassium loading has minor effects on the CO2 conversion rate,
hile the CO conversion rate is slightly increased (Table 4).
esides, potassium loading has minor effect in terms of both chain
rowth probability and olefins content of the products (Fig. 5). The
tion of olefins in hydrocarbon products as a function of the carbon number during
function of the carbon number during CO hydrogenation. Data have been obtained

same trends are also observed during CO hydrogenation (data not
shown).

Notably, the fact that higher potassium loadings boost � dur-
ing CO2 hydrogenation, while have minor effects on the chain
growth probability during CO and CO/CO2 hydrogenations, results
in product distributions obtained during CO2 and CO (or CO/CO2)
hydrogenations which show smaller differences at high K-loadings.
This is in agreement with data by Herranz et al. [19], who have
found that � decreases from 0.62 to 0.29 by switching from CO
to CO2 over an un-promoted Fe-Mn catalyst, whereas it decreases
only from 0.62 to 0.56 for a 1.3 at.% K-promoted catalyst. Results
bringing to the same conclusions have been also reported for highly
promoted potassium Fe-catalyst [6,12].

4. Discussion

In this section, the different activity and selectivity of iron and
cobalt FT catalysts in the presence of CO and CO2 are discussed
considering both the nature of the active sites, their coverage during
CO and CO2 hydrogenation and the differences in the dominant
reaction pathways.

4.1. Comparison of the performances of Fe- and Co-based
catalysts
4.1.1. Fe-based catalysts
Our results show that both CO and CO2 are readily hydrogenated

over iron based catalysts under low temperature Fischer-Tropsch
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atalysts with different potassium loadings. Process conditions given in Table 2 (co

onditions, with CO2 being only slightly less reactive than CO.
otably, Yao et al. [14] found that CO2 hydrogenation rate on un-
romoted Fe/TiO2 catalyst is about 2.5 times slower than that of
O. A similar effect is also observed by other authors testing potas-
ium promoted iron catalysts [9,12,19,22]. For example, working
ith a Fe-Al-Cu–25 K catalyst Riedel et al. [12] obtained conversions

f 100% and 25% during CO and CO2 hydrogenation, respectively.
e speculate that the smaller difference between the hydrocarbon

ynthesis rates in the presence of CO and CO2 observed with our
atalyst is due to the low COx conversion values obtained under our
onditions.

In spite of the similarity between CO and CO2 conversion val-
es, our results show that the product distributions obtained during

O and CO2 hydrogenations are significantly different, with lighter
nd more saturated hydrocarbons produced when CO2 replaces
O. This can be ascribed to two different phenomena. First of all,
he different adsorption strength of CO2 and CO on the catalyst
the carbon number during the hydrogenation of CO/H2/CO2 mixture for Fe-based
n #3).

surface (with CO2 being less strongly adsorbed than CO) causes
in the case of CO hydrogenation the increase of the chain growth
probability (from 0.65 to 0.71) and the highest olefin fraction in
the products. Indeed, the higher adsorption strength of CO results
in a lower local H/C ratio [36] and this slows down the rates of
hydrogenation reactions (including the secondary hydrogenation
of �-olefins) favouring the chain growth process. Another reason
for the lower content of olefins during CO2 hydrogenation is that
the lower CO partial pressure may boost the secondary reactions of
olefins, whose kinetics are reported to be first order with respect
to both 1-alkene and H2, and negative order (between −1 and −2)
with respect to CO, indicating a competitive adsorption process
involving CO and the 1-alkene [37].
It is worth noticing that neither the difference in CO and
CO2 adsorption strengths nor the inhibition effect of CO on the
secondary hydrogenation of olefins can explain the progressive
decrease of the olefin fraction during CO2 hydrogenation with
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Fig. 6. Chain growth path for Fe-based and Co-b

ime-on-stream. In order to explain this behaviour, it can be spec-
lated that two different catalytic sites exist on Fe-based catalyst:

ron carbide centers (type I), which are responsible for the chain-
rowth process [12,21], and metallic iron or oxidized Fe-centers
type II) which are active sites for the secondary hydrogenation
f olefins [38–40] (Fig. 6). The relative amount of chain growth
nd hydrogenation sites depends on the process conditions, since
he hydrogenation sites can be transformed in chain growth sites
hrough a carburization process at the expenses of CO, or site I
an be transformed into site II through a decarburisation process
nvolving CO2 as oxidant.

As a matter of facts, in line with established literature indications
12], when the catalyst is treated in syngas (H2/CO = 2) at high tem-
erature (270 ◦C), iron oxides are transformed into iron carbides
possibly going through metallic iron centers), and hence a frac-
ion of hydrogenation sites is transformed into growth sites. This
xplains why catalytic tests carried out with H2/CO = 2 (Fig. 1(d))
re characterized by a high value of the chain growth probability
nd by a high olefin content in the products. The small residual
mount of hydrogenation sites on the catalyst surface makes the
econdary hydrogenation of olefins negligible and, as a result, the
lefinic fraction of the products is substantially independent on the
arbon number.

When CO2 replaces CO in the feed, iron carbides are slowly
eoxidized to Fe3O4 and amorphous FeOx. This process is favoured
y the high CO2 and H2O concentrations in the reactor [21]. As a
esult the number of hydrogenating sites increases and the olefin
ontent in the products progressively decreases (as reported in
ef. [21]). Notably, the secondary hydrogenation of olefins is chain

ength dependent because, as already mentioned, the olefin diffu-
ion rate in the catalyst pores depends on the chain length [38].
s a result, the slow diffusing olefins with high molecular weight
ndergo hydrogenation to the corresponding paraffins more easily
han small olefins, and the distribution in Fig. 1(c) becomes steeper.
lso, the higher is the number of hydrogenation sites, the steeper

s the ASF product distribution (Fig. 1(a)) because the number of
hain growth sites progressively decreases as a result of the catalyst
ecarburization. A new “equilibrium condition” is reached after a
hile, where the rate of carbides oxidation equilibrates the (slow)
ate of carbides formation (possibly by CO in the products). This
ew equilibrium condition is characterized by a low olefinicity in
he final product distribution.
[8] catalysts during CO2 and CO hydrogenation.

This decarburization process, as well the carburization process,
is (at least partially) reversible. Indeed, when we switched back to
syngas (H2/CO = 1) after CO2 hydrogenation tests, the olefin sec-
ondary hydrogenations decreased, and the olefin content in the
products grew back up to a higher steady value (Fig. 1(d)). We spec-
ulate that this is due to the fact that the equilibrium between iron
carbides oxidation and iron carburization is shifted back to a higher
carbides content, promoted by the high CO concentration in the gas
phase. Interestingly, the dynamics of carbides reoxidation is slow
as the products evolved for more than 70 h when switching from
CO to CO2. On the other hand, when we switched back to syngas
(H2/CO = 1) after CO2 hydrogenation tests, the new steady state was
rapidly reached, as shown in Fig. 1(d).

Notably, our results are different from those reported by Riedel
et al. [12], who observed that the catalyst can be carburized both
in the presence of CO and of CO2, even though in this latter case
the carburization process is much slower. Also, at variance with
our data, Riedel et al. [12] observed that secondary hydrogenations
of olefins occur only in an initial stage of the catalyst life, during
which the catalyst undergoes a reconstruction which results in the
disappearance of the olefins hydrogenation sites and in the forma-
tion of the chain growth ones. These differences can be explained
by considering that the catalyst used by Riedel et al. [12] is strongly
promoted with K (100Fe-13Al2O3-10Cu-25K atomic ratios), and
has been tested in the presence of H2/CO and H2/CO2 mixtures with
molar ratios of 2 and 3, respectively, as dictated by the stoichiome-
tries of reactions described by Eqs. (1) and (3). On the contrary, we
worked with a much less K-promoted catalyst, and with H2/CO and
H2/CO2 mixtures having a molar H2/C ratio of 1. Accordingly, in our
conditions the oxidizing chemical potential is higher than in the
experiments by Riedel et al. [12], and hence iron carbides on the
surface are expected to be more easily converted to Fe oxides. In
line with this explanation, using a Fe-catalyst with lower K/Fe ratios
(<0.1 mol/mol), Gnanamani et al. [21] and Cubeiro et al. [23] found
that during CO2 hydrogenation the fraction of Fe3O4 and other oxi-
dized Fe species (FeOx) on the catalyst increases with the T.o.S. due
to the oxidation of �-Fe5C2 species.

4.1.2. Co-based catalysts

Our data show that the CO and CO2 can be also effectively

hydrogenated on a cobalt based catalyst. Contrary to iron catalyst,
however, in this case CO2 is more reactive than CO at the same pro-
cess conditions and no CO is found in the product pool during CO2
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ydrogenation. These results are well aligned to those reported by
kin et al. [27] and Yao et al. [26]. It is well known that FT rate is
egative order with respect to CO as consequence of the strong CO
dsorption over cobalt sites [41,42], and that high CO partial pres-
ure is required to establish FT regime. Co-based catalysts are not
ctive in WGS/RWGS reactions [7], so during CO2 hydrogenation
he partial pressure of CO remains very low for establishing a FT
egime and methane is the main product.

Looking at the product formation mechanism (Fig. 6), it is known
hat on cobalt-based catalysts chain growth occurs on the same
ites where secondary hydrogenation of olefins also occurs [43].
hese sites are usually identified as the reduced metal centers
41]. Since these metallic sites are responsible for both the chain
rowth and the olefin hydrogenation, as opposite to iron catalysts,
he relative rate of the chain growth and secondary hydrogenation
eactions cannot be independently tuned by modifying the nature
f the active species under a dominating FT regime. Accordingly,
e think that the different selectivities of CO and CO2 hydrogena-

ion processes are exclusively related to the different adsorption
trengths of CO2 and CO, which lead to very different H/C ratio on
he surface. In particular, as reported in a number of papers [6,41],
O2 adsorption on reduced cobalt centers is much weaker than
O adsorption. As a result, the local hydrogen fractional coverage
uring CO2 hydrogenation is higher than during CO hydrogenation.
his favours the chain termination reactions and thus shifts the pro-
ess selectivity towards low molecular weight hydrocarbons, with
dominant paraffin content (Fig. 2). This is in line with the results
f Schulz et al. [44], who have shown that the chain growth proba-
ility decreases upon increasing H2 partial pressure and decreasing
O partial pressure.

The shift of the process selectivity is very strong, so that dur-
ng CO2 hydrogenation all the reaction products are in the gas
hase at the adopted process conditions [45,46]. The absence of
liquid phase filling the catalyst pores makes the olefin pore dif-

usion faster, which results in a negligible probability for olefins
o undergo secondary reactions. This is the reason why the olefin
ontent in the hydrocarbons is low and independent on the carbon
umber.

.2. Effect of potassium loading on Fe-based catalysts

.2.1. CO2 hydrogenation
Upon testing the Fe-based catalysts having different K loadings,

e found that CO2 conversion, as well as CO selectivity, varies only
lightly. On the contrary, both the average molecular weight of the
ydrocarbon products and their olefinicity increase upon increas-

ng the potassium loading (Fig. 3).
These results can be explained by attributing to potassium a role

n stabilizing/promoting the formation the carbides (type I sites)
n the catalyst surface during CO2 hydrogenation. In particular our
esults suggest that upon increasing the potassium content of the
atalyst, more type I sites and less type II sites are available. As a
onsequence, the chain growth process is more effective (result-
ng in higher � values), and the secondary olefin hydrogenations
ecrease (resulting in higher olefin content).

In addition to this, the chain-growth probability increases
ith K-loading because the presence of potassium weakens H2

hemisorption, thus making the catalyst less hydrogenating, that
s more prone to make hydrocarbon chains growing, less active in
-additions to form paraffins, and more active in �-H-eliminations
ringing to primary olefins.

Higher potassium loadings also increase the rate of formation

f iron carbides starting from iron oxides. As a consequence, the
igher is the K-content in the catalyst, the faster steady conditions
re reached when CO2 in the feed is replaced by CO and type II
ites, more abundant during CO2 hydrogenation, are replaced by
type I sites, dominating the catalyst surface during CO hydrogena-
tion. This explanation is in line with results by Fischer et al. [22],
who have recently confirmed using an in-situ magnetometer that
potassium has a promoting effect on the formation of �-Fe5C2 (type
I site) under reaction conditions.

Interestingly, upon changing the potassium loading, the olefin
distribution also changes, with the local maximum that shifts from
C3 to C4 when decreasing the K-loading, and the slope of the C4+
distribution which becomes steeper (Fig. 4). This behaviour can be
explained by considering that among the C4+ olefins terminal and
internal species are formed: Fe-based catalysts, indeed, activate the
double-bond-shift reactions on type II sites [47]. Internal olefins,
which are secondary products, are less reactive than terminal ones
(primary products), and consequently are less prone to be hydro-
genated and to be involved in secondary reactions. This preserves
the content of C4+ olefins in the product pool.

Our data, in line with [47], point out that the lower is the potas-
sium loading, i.e. the higher is the concentration of type II sites,
the higher is the double bond shift activity (Fig. 6). As a matter of
facts, the content of the internal isomer within C4 olefins is 46.4%
for Fe2K, 12.2% for Fe4K and 11.4% for Fe10K.

Notably, the double bond shift mechanism is not effective in
preserving ethylene and propylene, which do not have internal iso-
mers. In line with this, our data show that catalysts with a high
concentration of type II sites bring to products with very low C2
and C3 olefins (Fig. 4). Also, in the case of the Fe2K catalyst, the
amount of propylene which is found in the products is smaller than
the amount of butenes. This is due to the fact that while butenes
are partially stabilized by the double bound shift, propylene is not.

The smooth slope of the curves shown in Fig. 4(a) for Fe2K sam-
ple is an additional proof that the double-bond shift extensively
occurs on this catalytic system.

4.2.2. CO2/CO hydrogenation
Upon testing the Fe-based catalysts having different K loadings

in the presence of CO/H2/CO2 mixtures we observed that, regardless
the K-content of the catalyst, CO2 co-fed with CO is converted with
a rate smaller than in the absence of CO. This can be explained by
considering that a competitive adsorption exists between CO and
CO2, in which CO largely prevails.

Nevertheless even though the CO2 conversion rate is strongly
decreased in the presence of CO, our data show that the cofeeding
of CO2 to CO/H2 mixtures (at constant H/C ratio) can be used to
prevent that a part of carbon contained in converted CO is trans-
formed into undesired CO2. Indeed, the presence of CO2 in the feed
does not affect significantly CO conversion, but makes nil the net
production of CO2. Accordingly this is a way to increase the atom
efficiency of the CO conversion process.

Interestingly, the catalyst activity is stable in the presence of
CO/CO2 mixtures. This suggests that the stability of iron carbides,
which is partially compromised during pure CO2 hydrogenation
tests, is now preserved by the high CO partial pressures.

As opposite to CO2 hydrogenation, during CO or CO/CO2 hydro-
genations �-olefins dominate the products, as demonstrated for
example by the fact that 1-butene represents over 90% of C4 olefins.
This suggests that the secondary reactions of the olefins are neg-
ligible in the presence of CO. Again, such results can be explained
considering that the presence of stable iron carbides during CO and
CO/CO2 hydrogenation tests does not allow the formation of sites
active in secondary reactions. This is in line with literature indi-
cations according to which the primary selectivity to olefins and
the presence of hydrogenating sites depend only slightly from the

reaction temperature and pressure [48], but are strongly affected
by the catalyst activation procedure and feed composition.

During the hydrogenation of CO2/CO mixtures, the potassium
loading has only minor effects. Indeed, CO conversion is only
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lightly promoted by the addition of more potassium, while CO2
onversion is substantially unaffected and remains very low. In this
ase, potassium has weak effects also on the product distribution,
s shown for example in Fig. 5 for what concerns the ASF prod-
ct distribution and the olefin content in the hydrocarbon product
ool.

Following these evidences our results point out that, as oppo-
ite to the case of CO2 hydrogenation, during the hydrogenation
f CO/CO2 mixtures the potassium loading on the catalyst does
ot need to be high in order to promote the chain growth prob-
bility. Indeed, in the presence of co-fed CO, the concentration of
tomic oxygen adsorbed on the surface is kept intrinsically low by
he strong CO adsorption. This limits the formation of type II sites
nd eventually prevents the olefins secondary reactions to happen.

. Conclusions

By comparing the reactivity of cobalt and iron Fischer-Tropsch
atalysts during CO, CO2 and CO/CO2 hydrogenation processes, key-
ifferences and peculiarities are observed.

On cobalt based catalysts, CO2 is more reactive than CO, but
rings to completely different products: the methanation regime
ominates in the presence of CO2/H2 mixtures, while the FT regime
ominates in the presence of syngas. On K-promoted iron based cat-
lysts, on the contrary, CO2 is slightly less reactive than CO, but the
ydrogenation of both CO and CO2 occurs under a Fischer-Tropsch
ontrolled regime accompanied by a WGS or a RWGS regime. The
roducts from CO hydrogenation are dominated by waxes, while
hose from CO2 contain mainly middle distillates. Also, more sat-
rated species are found in the hydrocarbons pool when carrying
ut the CO2 hydrogenation.

Our data suggest that, on both cobalt and iron based catalysts,
O and CO2 hydrogenation processes follow a common reaction
athway, with CO acting as intermediate (quickly converted on
o-based catalysts) in the case of CO2 conversion. The different
electivity of the two processes, however, is due to several reasons.
n cobalt-based catalyst it has to be ascribed to different H/C ratio

hat is attained on the catalyst surface due to the different adsorp-
ion strengths of CO and CO2. On iron-based catalysts this is still
ccurring, but the dominant phenomenon controlling the process
electivity is the equilibrium between the chain growth sites (iron
arbides), which are stable only in the presence of high CO partial
ressures, and the hydrogenation sites (iron oxides and reduced

ron centers), which are formed when CO is removed from the feed
nd which are active in the secondary reactions of olefins. The rel-
tive abundance of these two types of sites is affecting conversion
nd selectivity.

Finally, we have studied the effect of K-loading on the activ-
ty and on the selectivity of the adopted iron-based catalyst. We
ave found that this promoter has a minor effect on the CO and
O2 hydrogenation activity, but it dramatically changes the selec-
ivity in the presence of CO2. High K-loadings were found able to
romote the chain growth process and the formation of primary
lefins. These results can be explained on the basis of the effects of
-promotion on (i) the stability of the iron carbide species; (ii) the

nhibition of the double-bond shift, and (iii) the electronic proper-
ies of Fe, which result in modified adsorption strengths of H2, CO
nd CO2.

The reactivity of cobalt and iron-based FT catalysts in CO2
ydrogenation and the possibility of obtaining methane or middle

istillates open new perspective in view of CO2 reutilization and
alorisation, in addition to well know processes like CO2 methana-
ion over Ru and Ni catalysts and CO2 conversion to methanol and
ts derivatives.
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