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Production of C,—C, Olefins with Fischer-Tropsch-Synthesis:

The Effect of Cu Promoter Loading on an Fe—Cu—K/SiO,

Catalyst

Niko Heikkinen,*™ Dorela Dhamo,” Ida Uotila,” Matti Reinikainen,” and Roland Dittmeyer™

In this study we focus on the iron-based catalyst to produce
C,—C, olefin hydrocarbons via the high-temperature Fischer-
Tropsch synthesis. Promoters have a significant impact on
catalyst stability, activity, and product selectivity. Therefore, we
investigated the effect of the Cu promoter in an Fe—Cu—K/SiO,
catalyst. We compared the catalyst without Cu and 1, 2, 3, 4,
and 5wt% Cu loadings. The overall catalyst activity increased
from 0 to 3 wt% Cu loading and started to decrease at 4 and
5wt% Cu loadings. Although overall catalyst activity had an
optimum with 3 and 4 wt% Cu loading, the Cu loading had a
negligible effect on product selectivity. However, when com-

Introduction

Recently, interest in renewable and sustainable chemicals has
been increasing rapidly. An expanding number of studies
have been conducted to understand the surface chemistry of
the Fischer-Tropsch to Olefins (FTO) process, with the aim of
developing highly efficient iron-based catalysts for the
reaction.” There are several reasons for the growing
interest, including the increasing annual demand for lower
olefins (C,—C,), finding alternative synthesis routes from
syngas (H,+ CO), and utilizing alternative renewable feed-
stocks for lower olefin production.” In this regard, FTO
presents an interesting route to supplement and replace
energy-intensive lower olefin production from crude oil
through steam cracking. In addition, FTO is a compatible
technology for renewable resource utilization, when syngas
is produced with biomass gasification or from other sustain-
able CO sources.” The inherent iron-based catalyst water-gas
shift (WGS) reaction is also beneficial when working with
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pared to a non-Cu promoted catalyst, the Cu addition increased
the selectivity towards olefinic C,—C, hydrocarbons. The Fischer-
Tropsch experiments were performed in a tubular reactor
system at 300°C, 21 bar and H,:CO =2 at different feed volume
flows, with hydrogen activation. According to the performed
temperature-programmed dynamic chemisorption analysis, the
Cu promoter assisted the iron reduction, and the lower overall
activity to 0-2wt% Cu loading might relate to insufficient
dissociated H surface species, rather than the availability of C
from dissociated CO.

biomass-originating hydrogen-deficient syngas ratios (H,/
CO <), as the ratio can be balanced with the WGS reaction
to a suitable range of ~2 for H,/CO .B™

Olefins are highly reactive and can be converted to many
value-added products such as polymers, detergents, adhe-
sives, paper chemicals, and surface modifiers. One example
of recent development is the manufacture of renewable
polyols and polyurethanes from olefins produced with FTO
synthesis.” Furthermore, lower olefins can be isomerized and
oligomerized to high-octane gasoline for road vehicles and
aviation."™

The Fischer-Tropsch synthesis (FTS) is a step polymerization,
highly exothermic reaction, yielding mainly linear alkanes
(Equation 1) and alkenes (Equation 2). The FTO on iron-based
catalysts is a structure-sensitive reaction and the catalytic
performance strongly depends on the catalyst particle size of
the active phase."” However, limited direct information exists
on the effects of the iron particle size on the catalytic
performance, mainly because the iron phase composition
greatly depends on the iron particle sizes, promoters and
supports, and the reported catalysts generally undergo deacti-
vation. During the pre-treatment steps of the iron-based
catalysts as well as under real FTO conditions, the carburization
process inevitably leads to the formation of a series of iron
carbides responsible for the Fischer-Tropsch activity (e.g., €-
Fe,C, 6-Fe;C and yx-FesC,) and iron oxides facilitating WGS/
reverse water-gas shift (RWGS) reaction (e.g., a-Fe,0;, y-Fe,0;,
Fe,0, and Fe0),” significantly increasing the difficulty and
complexity in the analysis of iron active phases. Therefore,
maintaining a carburized surface and a suitable carbide particle
size are the main issues for designing effective iron-based
catalysts."""

Equation 1

© 2024 The Authors. ChemCatChem published by Wiley-VCH GmbH
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nCO + (2n 4+ 1)H, — C,Hpp.2) + nH,0

Equation 2
nCO + (2n)H, — C,H,, + nH,0

To influence the catalyst stability and product selectivity,
alkali-promoted iron catalysts have been applied in the
industry.” Many iron-based catalysts have been investigated,
and in some cases, they have exhibited high selectivity toward
lower olefins when the iron was modified by the addition of
promoters.'”>"® Despite these promising results, the iron
catalysts are mechanically unstable when the reaction is
performed at high temperature. Bulk Fe catalysts tend to
fragment due to carbon deposition or to density differences
between the oxidic and carbide phases present in the working
catalyst. Under these conditions, the carbon deposition of the
catalysts can block the active sites and induce fragmentation of
the catalyst particles."” Furthermore, localized heating (so-
called reaction hot spots) caused by the highly exothermic
nature might exist within the catalyst bed, which could threaten
the lifetime of the catalyst and the safety of the reactor, if the
generated heat cannot be removed effectively. By moving to
supported catalysts, the carbon is to a certain degree contained
in the pores, iron particles are much smaller, and fragmentation
is delayed or does not occur.™

Several supports have been proposed for the dispersion of
the active phase of FTO catalysts, ranging from oxides and
molecular sieves to clays and carbonaceous materials. There is
consensus that supported Fe catalysts, especially for using SiO,,
TiO,, a-AlLO;, and nanostructured carbon materials as support,
are more suitable for practical applications than unsupported
(bulk) Fe catalysts, owing to the higher mechanical stability and
dispersion of the active phase.*'® A strategy to avoid or to
restrict the nucleation of carbon deposits on iron-containing
particles is to reduce their size from micrometers to nano-
meters. Small iron nanoparticles do not fragment further upon
contact with syngas at high temperatures. If the Fe particles are
close together, they tend to aggregate, forming large particles,
which ultimately nucleate carbon and fragment.'® The use of a
support material increases the stability of iron-based catalysts
by serving as a mechanical anchor that maintains the separa-
tion of nanoparticles, avoiding the formation of clusters and
particle growth. However, supports with too strong an
interaction may result in iron-support mixed compounds or the
forming of active iron carbides. Overly weak iron-support
interaction will result in deactivation through active phase
sintering or the formation of non-active carbon species."”

In addition to the support selection and Fe particle control,
promoters can be added to the catalyst composition. Cu and K
promoters have previously been studied extensively with
precipitated catalyst samples; however, less information is
available for supported Fe catalysts prepared for instance by
incipient wetness impregnation. Furthermore, more information
is available on the role of potassium."’” The first insight with a
Cu-promoted iron-based catalyst was that adding Cu led to an
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increased rate of reduction, enabling a lower reduction
temperature.” Many studies reported an increase in FTS and
WGS activity, when adding Cu as a promoter.?'~?® Bukur et al.!"”
also showed that increased activity is independent of K loading,
whereas selectivity is strongly dependent on K loading.
Compared to non-promoted and K-promoted catalyst samples,
the Cu-promoted catalyst had the highest reaction rate, while K
promotion (0.2-1 wt%) resulted in increased heavy hydro-
carbon selectivity. In addition to the suppressed olefin hydro-
genation and isomerization reactions, the Fe—K catalyst pre-
sented iron reduction inhibition. This inhibition was
counterbalanced with an addition of Cu, enhancing the iron
carbide formation. A similar finding was presented by Chernav-
skii etal™ with an SiO, supported Fe—Cu—K catalyst. They
reported enhanced iron dispersion, an increased reaction rate
related to Cu promoter, and K affecting mainly the selectivity
rather than the reaction rate. The Cu promoter increased
activity due to the enhanced reduction of hematite to magnet-
ite and assisted direct hematite carbidisation to Hagg iron
carbide. Potassium promoter also increased the catalyst activity
when compared to non-promoted catalyst, but the decreased
hematite reduction limited the iron carbide phase formation
and the resulting catalyst activity. The effect of potassium on
hydrocarbon selectivity was assumed to result from an altered
electronic interaction between the iron carbide and potassium.
A similar assumption was reached by Cano etal,” who
showed through density functional theory (DFT) calculations
that Cu- and K-promoted Fe on SBA-15 catalyst modifies the
electronic density distribution, promoting electronic transfer
towards the Fe atoms. As a result, secondary olefin hydro-
genation is suppressed and the chain growth probability is
increased.!'820%

O’Brien and Davis®? investigated the impact of Cu pro-
moter, testing three iron catalysts with Cu loadings from 0 to 2
atomic ratio per 100 Fe. Cu increased the rate of FTS and WGS
reactions, while having no effect on CO, selectivity. Further-
more, increasing the Cu loading led to decreased methane and
increased C,,, hydrocarbon selectivity, while having negligible
impact on the alkene selectivity.

The Fischer-Tropsch reaction and catalyst undergo four
phases: a) reduction of the catalyst, b) reagent gas adsorption
and surface reactions, c¢) intermediate formation, and d)
desorption and chain growth. Table 1 summarizes these four
reaction phases and key findings in the literature on the role of
Cu- and K-promoters. Generally, Cu seems to increase the
catalyst’s overall activity; however, there are controversial
outcomes with respect to its impact on the selectivity. Some
studies propose that Cu affects only the catalyst activity,
without a significant effect on selectivity.”>"*’% Other studies
report a slight increase in C, selectivity."®****" Some studies
focusing on light olefins report only minute changes to the
C,—C, selectivity when Cu loading varied.”****” Qther studies
report decreasing olefin yield as a function of increasing Cu
loading"*¥?® while others report an increase in the olefin share
upon increasing Cu loading.***"

In this work we focus on the effect of Cu loading on the
FTO reaction. With six catalysts, we address the effect of Cu on

22]
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Table 1. Cu and K promoter effects in different reaction phases.

Reaction a) Reduction b) Adsorption and surface reactions ¢) Intermediate formation d) Desorption and
phase/ chain growth
Promoter
Cu Assists hematite reduction Decreases adsorption strength for CO***? Decreases adsorption strength Decreases chain
by enhanced hydrogen Enhances H-assisted CO dissociation route®*? for CH-intermediates®? growth
dissociation*'® Assists carbide (active phase) formation by probability™*1832
Increases Fe dispersion®*'® suppressing iron-support interactions'”’
Increases water-gas shift (WGS) activity™'”!
K Inhibits Fe,0O; reduction to Enhances overall CO dissociation through Decreases methane Increases formation

Fe;0, '™
Assists Fe;0, carbidization
Increases Fe dispersion'®

8] 8]

weakening C—O bonds

alkali metal electron donation properties,

Increases water-gas shift (WGS) activity

formation® rate of heavy

Promotes olefin formation hydrocarbons®'&'
14,191 through decreased hydrogena- Promotes chain
tion activity'®'¥ growth
probability®® 8%

the catalyst activity and selectivity with varying nominal Cu
loading of 0, 1, 2, 3, 4, 5wt%. The main Fischer-Tropsch
synthesis experimental work was carried out using a tubular
reactor. Additional experiments were carried out with 1% and
3% Cu loading in an annular gap reactor. The description of the
annular gap experimental setup and the results are presented
in the supplementary material.

Results and Discussion
Catalyst Characterization

The results for sorption measurements are shown in Table 2.
The specific surface area and pore volume decreased slightly as
a function of Cu loading, whereas the pore diameter remained
the same with all catalyst samples.

Figure 1 presents the H,- and CO-TPD results for all samples.
In the CO-TPD measurement, the total CO uptake was 12, 40,
40, 40, 26, and 28 pmol/g., for Cu-0%, Cu-19%, Cu-2%, Cu-3%,
Cu-4%, and Cu-5% samples, respectively (see Table 2). The CO
profiles have two desorption regions: low (100-300°C) and high
(400-700°C). Low temperature CO desorption is assigned to
weak metal oxide adsorption, while the high temperature
region is related to dissociated surface species.® In the H,-TPD
analysis, the desorption peak at 500°C is related to dissociated
hydrogen species. The response for the dissociated hydrogen

increases with increasing Cu loading. In agreement with Wan
et al.®® Cu loading increases the dissociated H, surface species.
In the CO-TPD measurement, the fraction of dissociated CO
adsorption with respect to weak CO adsorption are presented
at Table 2. The ratio of dissociated CO and weak CO was
determined by integrating the CO-TPD peak area and dividing
the dissociated CO peak area by the weak CO peak area. The
ratio of CO desorption peaks remained similar with 2-5 wt% Cu
loading, while the Cu-1% sample had increased fraction of
dissociated CO. According to literature, CO adsorbs preferen-
tially on iron rather than on copper.?*=* The increase of copper
content generally lowers the dissociated CO adsorption volume
(see Table 2). However, it is not clear why in our experiments
the catalyst without Cu had rather low total CO adsorption
capacity compared to samples with Cu.®**

Catalyst reduction behavior was investigated with H,
temperature programmed reduction (H,-TPR). Figure 2 presents
the TPR results with two reduction temperature ranges. The first
region at 150-350°C is related to CuO and a-Fe,O; reduction to
Cu and FeO/Fe;0, respectively. The second region at 350-
650°C corresponds to the terminal reduction to Fel'®*
According to Figure 2, Cu promoter assisted the iron reduction.
Interestingly, the first reduction peak temperature decreases
from Cu-0% to Cu-3% sample and increases again with Cu-4%
and Cu-5%. Similar behavior can be seen in the high temper-
ature range, where terminal iron reduction is lowest for 3% Cu
and is increased with all other samples.

Table 2. Sorption measurement results for prepared Fe—Cu—K/SiO, catalyst samples.

Sample Cu-0% Cu-1% Cu-2% Cu-3% Cu-4% Cu-5%
BET surface area (m2g™')° 200 197 196 194 192 190
Pore volume (cm3g™') ® 0.74 0.74 0.73 0.72 0.71 0.70
Pore diameter (nm) ? 149 15.1 14.7 14.9 14.8 14.7
Total CO uptake (umol g, ") ® 12 40 40 40 26 28
Weak CO adsorption (umol g, ") 35 10.0 14.0 14.4 9.4 9.5
Dissociated CO adsorption (umol g, ") 8.5 30.0 26.0 25.6 16.6 18.5
Fraction of dissociated CO adsorption (%) 71% 75% 65% 64 % 64 % 66 %

2N, sorption measurement results, > CO temperature programmed desorption (CO-TPD) measurement results.
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Figure 1. a) H,- and b) CO-TPD profiles of the reduced catalysts with varying Cu loading.
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Figure 2. H,-TPR profiles of the reduced catalysts with varying Cu loading.

Effect of Cu Loading on the Catalyst Activity

Figure 3 presents CO conversion for all catalyst samples from
the first 120 h time-on-stream (first reaction flow setpoint). The
Cu-0% catalyst showed increased CO conversion until 50-60 h,
whereas with Cu promoted samples, the CO conversion
increased until 120 h. With the unpromoted Fe-catalyst, after
50-60 h time-on-stream (TOS), the CO conversion started to
decrease. The decrease in the CO conversion was assumed to

ChemCatChem 2024, 16, 202400560 (4 of 9)
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relate to deactivation, where the mechanism may relate to
increased coking as the hydrogen adsorption without Cu is
remarkably lower than with the promoted catalysts.***” The
stability and activity of the catalyst improved significantly with
the addition of Cu promoter. Gong et al.®? have presented that
a Cu promoter decreases the basicity of the catalyst surface and
changes the metal-support interaction, leading to an inhibited
rate of deactivation.

Figure 4 presents the turnover frequency (TOF) and the Cu-
promoted catalyst activity from three different conversion levels
(varied by the total gas flow). From the point where the CO
conversion was stabilized, the turnover frequency was calcu-
lated as moles of CO converted per second per moles of iron in
the catalyst The molar amount of iron was calculated based on
the inductively coupled plasma optical emission spectroscopy
(ICP-OES) analysis results. As shown in Figure 4 the highest
activity was attained with 3 and 4 wt% Cu loadings, where low
(<3 wt%) Cu loading and high (>4 wt %) resulted in decreased
turnover frequency and CO conversion.

The catalytic activity results in Figure 4 seem to correlate
with the H,- and CO-TPD measurement results (see Figure 1).
According to the H,-TPD results, the dissociated H, species
increased with increasing Cu loading. Then, the Cu-1% sample
has less dissociated H on the surface for the Fischer-Tropsch
reaction. Furthermore, the ratio of dissociated CO and weakly
adsorbed CO for the Cu-1% was higher than other Cu loadings.
It was assumed that the overall lower Cu-1% catalyst activity
was mainly due to the insufficient pool of H surface species,
rather than the availability of C from dissociated CO. In addition
to the TPD measurements, the general trend in the TPR
measurements (see Figure 2) are similar to the catalytic activity
in Figure 4. According to our results, 1-2 wt% Cu enhances the
catalyst reducibility, resulting in an increased overall activity, 3—
4wt% Cu is the optimum loading, and 5wt% Cu loading
begins to resist reduction and decreases the overall activity.

© 2024 The Authors. ChemCatChem published by Wiley-VCH GmbH

85U8017 SUOLILLOD BATE81D 3(dedlidde ayy Aq peusenob ae ssjpiie YO ‘8sn JO'Sa|n 10} ARIqiT8UIIUO AB]IAR UO (SUONIPUOD-PUR-SLLIBY/LIOD" A 1M ARIq 1 BU1UO//:SdNY) SUORIPUOD pUe SWB | 8L 88S *[7Z0Z/0T/82] Uo AriqiauliuO A8|IM "4 IMisu| Bynsie Aq 095007202 9199/200T 0T/I0pW0d" A8 i Are.q i jeuljuo-adoune-Alis iweyo//sdny wo.j pepeojumod ‘6T ‘v40Z ‘668€298T


https://chemistry-europe.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fcctc.202400560&mode=

Research Article
ChemCatChem

doi.org/10.1002/cctc.202400560

Chemistry
Europe

European Chemical
Societies Publishing

30

[AS] ]
o &
1 1

CO conversion (%)
o

10 +
5 - ® CU-O% A CU-S%
& Cu-1% & Cu-4%
o— Cu-2% = Cu-5%
0 o T 4 T T . T T
0 20 40 60 80 100 120

Time on stream (h)

Figure 3. CO conversions for Fe—Cu—K/SiO, catalysts with 0-5 wt% Cu promoter over time-on-stream under reaction conditions of 300°C, 21 bar, H,/CO=2
and GHSV of 50 Lyg.,, 'h™' (Ly meaning Norm Liter). The CO conversion over time-on-stream for all the tested gas hourly space velocities can be found in the

Supplementary material (Figure A4).
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Figure 4. a) Turnover frequency (TOF) and b) CO conversion as a function of catalyst Cu loading in different gas hourly space velocities during 120-170 h

time-on-stream.

In comparison to other relevant research work, Pefa et al.”!

studied the effect of Cu content on the formation of the active
Hégg carbide with varying Cu loading of 0.6, 2.0 and 5.0 wt%
on a supported 15 wt% Fe/Al,O; catalyst. They reported that
iron carbide formation did not significantly increase upon
increasing Cu loading from 2 to 5 wt%. Their observation is
similar to our reported catalyst activity in Figure 4, where the

ChemCatChem 2024, 16, 202400560 (5 of 9)
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catalytic activity was highest with 3-4 wt% samples. Our results
are also in agreement with the work of O'Brien et al.”” where
they showed that the catalyst activity increased when increas-
ing the Cu loading on a precipitated 100Fe/4.6Si/Cu/1.4 K
catalyst from 0.1 to 2 Cu in atomic ratio (corresponding to ~0.1
to 2.2 wt% of Cu). With a low Cu loading on a precipitated Fe-
catalyst, Li et al.”® reported that the catalyst activity remained
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unchanged when increasing the atomic Cu/Fe ratio from 0.01
to 0.02 in a Fe,0,—ZnO—K—Cu catalyst (corresponding to 0.2 to
0.4 wt % of Cu).

Effect of Cu Loading on Catalyst Selectivity

Figure 5 presents hydrocarbon (HC) selectivity for all catalyst
samples. The selectivity and CO conversion values are reported
at a pseudo-steady state, for Cu-0% catalyst at ~55 h time-on-
stream, gas hourly space velocity (GHSV) of 50 L\/g.,:h, and Cu
promoted catalysts ~145 h time-on-stream, GHSV of 70 Ly/g.,h.
The Cu-0% catalyst had higher methane selectivity (35.5%)
when compared to the Cu-promoted catalysts with methane
selectivity at ~26%. The presence of Cu increased light olefin
and Cs selectivity. Similar findings have been reported by
others, where K- and Cu-promoted Fe catalysts showed an
increased olefin  to paraffin  ratio for the C—C,
hydrocarbons.”>*® In our experiments, the amount of Cu
loading had a negligible effect on hydrocarbon product
selectivity. Selectivity to CO, was around 27-29% for all the
samples under the used reaction conditions.

Hydrocarbon product selectivity as a function of CO
conversion is presented in Figure 6. CO, is omitted from the
hydrocarbon selectivity values. The results are obtained from a
similar CO conversion level, as the conversion influences the
selectivity. Interestingly, increasing the amount of Cu promoter
from 1 wt% to 5 wt% did not have a significant effect on the
product selectivity at a similar conversion level. Furthermore,
the increase in the CO conversion did not have a clear effect on
the selectivity of methane or heavier hydrocarbons. The Cs_
selectivity increased slightly for Cu-1%, Cu-2%, and Cu-3%

catalysts as the conversion increased. The G, selectivity was
35-38% and methane selectivity 25-26.5% over the experi-
mented CO conversions. The increased CO conversion de-
creased C,—C, olefin selectivity and C,—C, olefin to paraffin ratio.
The C,—C, olefin selectivity of the Cu-promoted iron catalysts
was around 27-30% and the C,—C, olefin to paraffin ratio was
2.8-3.4. The Cu-4% catalyst had a slightly improved C,—C, olefin
to paraffin ratio compared to other catalysts, with Cu loadings
of 1,2, 3, and 5 wt%.

Conclusions

The effect of Cu promoter on Fischer-Tropsch to C,—C, olefins
performance was investigated with six Fe—Cu—K/SiO, catalysts
having Cu loadings of 0, 1, 2, 3, 4 and 5 wt%. The Fischer-
Tropsch experiment results showed that adding Cu to a
supported iron-based catalyst improved the activity and
stability of the catalyst. The results from CO-TPD showed that
the presence of Cu had only a minor effect on the CO
adsorption and desorption characteristics. H,-TPD indicated that
increasing Cu loading resulted in an increased amount of
dissociated H species on the catalyst surface. The H,-TPR results
showed that the presence of Cu promoter decreased the
reduction temperature of iron oxide with the lowest reduction
temperature related to 3 wt% Cu catalyst. With respect to
selectivity, the presence of Cu decreased CH,, increased C,—C,
olefin, and increased Cs_ hydrocarbon selectivity compared to
the catalyst without the Cu promoter. However, hydrocarbon
selectivity was barely affected by the amount of Cu loading
between 1 to 5 wt%, while a slight improvement in the overall
activity was observed with 3 and 4 wt% Cu catalysts.

CH, B C,-C paraffins [l C., ] C,-C,olefins O CO conv. (%)

100

35.5

B (o2} (0]
o o o
1 1 ]

HC selectivity and CO conversion (%)
N
o

0-

Cu-0% Cu-1%

26.2 26.4

Cu-2%

26.2 254 26.1

Cu-3% Cu-4% Cu-5%

Figure 5. Catalytic performance of 0-5 wt % Cu catalysts with tubular reactor at around the same CO conversion level. Reaction conditions: 21 bar,, 300 °C, H,/

CO=2.The CO, is excluded from the hydrocarbon selectivity values.
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Figure 6. Hydrocarbon selectivity over CO conversion for catalysts with 1-5 wt% Cu. a) CH, selectivity b) C,—C, olefin selectivity, c) Cs, selectivity and d) C,—C,

olefin to paraffin ratio over the tested CO conversion range.

Experimental

Catalyst Preparation

Five SiO,-supported iron-copper-potassium catalysts with different
copper loadings were prepared by two-step incipient wetness
impregnation. In addition, one catalyst was prepared with the same
Fe and K loadings and without Cu. Two-step impregnation was
used to ensure complete precursor dissolution into water solvent.
For the prepared catalysts, Fe and K loadings were constant and
only Cu loading was varying with 0, 1, 2, 3, 4, and 5 wt%. The
following notation was given for the catalysts: Cu-0%, Cu-1%, Cu-
2%, Cu-3%, Cu-4%, and Cu-5%. Fe, Cu, and K loadings are reported

as a weight fraction with respect to the mass of SiO, support.
Table 3 presents target loadings for each active component and
corresponding loadings measured using ICP-OES.

Prior to the catalyst preparation, the catalyst support (Saint-Gobain
NordPro SS6*138) was crushed and sieved to 100-200 ym and
dried under vacuum for 1 h. Catalyst precursors Fe(NO,);-9H,0
(Merck, 99.0%), Cu(NO,),-3H,0 (Sigma-Aldrich, 99.0%), and KNO,
(Merck, 99.0%) were dissolved in deionized water and carefully
added to the catalyst support. After 1 h of absorption, the catalyst
was dried at 80°C under a vacuum for 4 h. After the first
impregnation step, the second impregnation was performed in the

Table 3. Catalyst preparation target loadings for each component and ICP-OES analysis results for Fe, Cu, and K loadings for the prepared catalyst samples.
Element Cu-0% Cu-1% Cu-2% Cu-3% Cu-4% Cu-5%

Target loading

Fe loading (wt %) 16.5 16.5 16.5 16.6 16.7

Cu loading (wt %) 0.0 0.9 27 3.6 45

K'loading (wt %) 04 0.4 04 0.4 0.4 04

ICP-OES measurement results

Fe loading (wt %) 154 15.5 15.0 15.0 14.6 15.2

Cu loading (wt %) <0.003 1.2 2.2 3.0 3.7 4.7

K loading (wt %) 0.6 0.5 0.5 0.5 0.5 0.4
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same way, without the last drying step. Instead, catalyst calcination
was done in a quartz tube rotavapor in air flow at 400°C for 4 h.

Catalyst Characterization

Catalyst sorption measurements were all conducted in a Micro-
meritics 3Flex instrument. The catalyst reducibility was studied by
temperature-programmed reduction H,-TPR. In H,-TPR, the sample
was preheated in a 65 mL/h He flow to 250°C with 5°C/min ramp
and then cooled down to 40°C with the same temperature ramp,
to remove water from the sample. After cooling down, the gas was
changed to H, and the reduction temperature program was started.
The sample was heated to 750 °C with a 2°C/min temperature ramp
and kept at this temperature for 4 h. The TPR analysis had ~1 g and
TPD ~400 mg of sample loaded into a u-shaped quartz analysis
tube. The CO uptake in the CO-TPD measurement was determined
from the known pulsed volume during the CO adsorption. Typically,
3-4 adsorption pulses were required to saturate the catalyst sample
with CO. The CO response was measured with a thermal
conductivity detector after the u-shaped quartz analysis tube. In
the TPD measurement, the temperature was increased from 50°C
to 900°C with a ramp rate of 10°C/min. In H,-TPD, the sample was
first pre-treated under H, flow at 350°C for 3 hours and then cooled
down to 50 °C. Subsequently, the sample was treated under H, flow
for 90 min and then purged with He flow for 1 h. After that,
temperature was increased to 900°C with 10°C/min heating rate
for the H,-TPD measurement. N, physisorption was used to
determine the Brunauer-Emmett-Teller (BET) surface area (m?%g),
pore volume (ml/g), and pore diameter (nm) for the SiO, support
and catalyst samples. A catalyst sample (~100 mg) was degassed
for 12 h at 200°C prior to the analysis.

Fe, Cu, and K loadings were measured with ICP-OES (5110 SVDV,
Agilent Technologies). Prior to the analysis, samples (~20-25 mg)
were digested with microwave-assisted acid digestion in the
presence of HNO;, HF, H,SO,, and H;PO,. After complete digestion,
samples were diluted in ratios of 1:5 and 1:10 for the OES
measurement. Multi-elemental solutions (Inorganic Ventures) were
used as standards and control samples in the ICP-OES analysis.
Measurement uncertainty of the ICP-OES analysis was 10 %.

Experimental Setup and Experimental Procedure

The Fischer-Tropsch synthesis for catalysts with 0-5wt% Cu
loading was conducted in a fixed-bed Hastelloy tubular reactor (i.d.
of 9.1 mm). For each test, a catalyst with a weight of 0.2 g was
diluted with 3 g of SiC (particle size 105 um) before loading to the
reactor. The reactor tube was heated in a furnace and the
temperature of the catalyst bed was monitored with K-type
thermoelement. A wax trap was placed after the reactor outlet to
collect the heavy hydrocarbon products. The reactor system was
placed inside a hotbox at 160°C to control the temperature and to
preheat the reactor inlet lines. The outlet gas was then directed to
a liquid-liquid-gas separator (LLG) placed outside the hotbox and
cooled down to 5°C. The liquid products were condensed in LLG
and collected for offline analysis (Shimadzu GC-2030). The catalyst
was reduced prior to the reaction at 350 °C, at atmospheric pressure
and in a flow of 60 ml/min H,+40 ml/min N, overnight (17 h). After
the reduction temperature was cooled down to 300°C and the
reactor was pressurized to 21 bar,. The flow rate of feed gas H,, CO,
and internal standard 10 vol.% of N, was adjusted with mass flow
controllers (Bronkhorst). The reaction outlet gas was analyzed by an
online gas chromatograph (Shimadzu GC-2030) with an Rt—Q-Bond
column connected to flame ionization detector (FID) to analyze
hydrocarbon products and Porapak Q-+ Carboxen-1000 column
with thermal conductivity detector (TCD) for analysis of H,, N,, CO,
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CH,, and CO,. The reaction conditions of the Fischer-Tropsch
synthesis were T=300°C, P=21 bar, and H,/CO with a ratio of 2
while testing three different gas hourly space velocities (GHSV) of
50, 70, and 90 Lyg.,. 'h™'. After starting the reaction, the 1-5 wt%
Cu loaded catalysts activated during the first 110 hours until the
reaction stabilized. The first setpoint was carried on for around
120 h and each setpoint was run for at least 12 hours.
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