Conversion of CO, over a Co-based Fischer-Tropsch catalyst
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Abstract

The conversion of CO;, over a CoPt/Al,O; catalyst was investigated. Single gas adsorption
studies indicated that carbon was deposited on the catalyst by exposure to both CO, and CO in
the absence of H, co-feed. When CO, was pre-adsorbed followed by H, flow, methane was
produced, as well as traces of C3;-C4 hydrocarbons, but no evidence of the reverse water gas shift
reaction was found. Use was made of carbon-14 labelled carbon dioxide to track CO,
conversion and selectivity during reaction of syngas mixtures with different ratios of CO, CO,
and H,. Absence of '*C in unconverted CO and the unequal molar concentration of *C in the
products from reaction at 220 °C and 2 MPa provided strong evidence that '*CO, was not
converted by the reverse water gas shift reaction. The antecedence of the carbon from CO,
mattered and the carbon did not become part of a common carbon pool for hydrocarbon
synthesis. Conversion of CO, proceeded by a separate pathway from CO. Conclusions drawn
from this experimental study were employed to point out implications for the industrial

application of Co-catalysed Fischer—Tropsch synthesis.

Topical heading: Kinetics, Catalysis and Reaction Engineering.
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1. Introduction

Fischer—Tropsch (FT) synthesis involves the formation of a mixture of hydrocarbons, oxygenates
and water, along with formation of carbon dioxide through the water gas shift reaction. The
participation of carbon dioxide in the reaction network gives FT synthesis the potential to utilise
CO; for the formation of useful products. However, to capitalise on this potential, or even to
minimise CO, from the reaction system, it is essential to gain a proper understanding of the
behaviour of CO; in the FT reaction. Various studies have been performed over the years to look

into the mechanistic involvement of CO, on different FT catalysts.

Cobalt based catalysts generally have low water gas shift activity. On a cobalt catalyst, Riedel et
al.'"’ found CO; to behave as diluent for the CO and CO, did not affect the chain growth during
FT synthesis, but CO; rather increased the methane selectivity. Over a 100 Co/60 MnO/147
Si0,/0.15 Pt catalyst the methane selectivity increased from around 10 to 95 % as the CO;

percentage of the COy content in the feed gas was increased for 0 to 100 %."

Analogous
observations were reported for a 15 wt % Co on SiO; catalysts, with the methane selectivity
changing from 10-15 to 75-85 % as the COx content of the feed gas was switched from CO to
C0O,.Y) When co-feeding CO, an increase in methane selectivity was found for a Co supported
on carbon nanofiber catalyst.(3) Increased methane production was also observed over a Co on
thoria/magnesia-on-silica catalyst when the CO, content in the syngas was increased.” These
observations suggest that the increase in methane selectivity when CO; is in the synthesis gas, is
intrinsic to Co-FT catalysis and not the promoters or the support. It was further reported that the

carbon number distribution of the heavier than C, products no longer followed an Anderson-

Schulz-Flory (ASF) distribution."®®)

These observations suggested that CO, conversion took place independently from FT synthesis
and that it provided a separate methanation pathway. It was proposed that the water gas shift

reaction occurred on an oxide site, while chain growth occurred at a carbide site.®

However,
infrared spectroscopy studies by Visconti et al.” found that CO, and CO hydrogenation both
proceeded via a common intermediate and they explained the different product trends by the

difference in surface concentration ratio of carbon and hydrogen. It was further noted that



hydrogenation reactivity of CO, was higher than that of CO and that CO, hydrogenation had 90

% selectivity for methane."”

In this work, we explore the behaviour of CO; on a cobalt catalyst. The work was motivated by
the need to better understand the conversion of CO, and its implications for the industrial

application of Co-FT synthesis.

2. Experimental

2.1 Materials

The catalyst used for this study was 0.5 % Pt and 25 % Co on Al,O3. The catalyst was prepared

using a sequential aqueous slurry impregnation method.®

The catalyst was prepared with y-
AlLO; support material (Condea Vista Catalox B: 100-200 mesh, 200 mz-g'l, pore volume 0.4
cm’g"). The support was calcined at 400 °C. Cobalt nitrate (>99.9 %, purity, supplied by
Sigma Aldrich) was made into a slurry and impregnated onto the calcined support dropwise in
three stages with vacuum evaporation step at 80 to 100 °C after each impregnation stage.
Following the impregnation of the cobalt nitrate slurry, a similar impregnation step was carried
out using a solution of tetraamine platinum (II) nitrate (>99.9 %, purity, supplied by Sigma
Aldrich). Using a rotary evaporator, the catalyst was then dried under vacuum at 90 °C and then
calcined at 350 °C for 4 hours under an atmosphere of air. The catalyst was analysed using a

Micrometrics Tri-Star system and was found to have a BET surface area of 130 mz-g'l, pore

volume of 0.282 cm’g”" and pore diameter of 1.91 nm.

Scott-Gross Company provided the CO, CO,, H, and N, gases used for this study. The carbon-
14 labelled barium carbonate (Ba'*COs) was supplied by American Radiolabeled Chemicals Inc.
and had a specific activity of 1.85-2.22 GBg'mmol”'. The Ba'*CO; was used to synthesize
14

CO,.

2.2 Equipment and Procedure



The investigation comprised of two parts. The first series of experiments investigated the
conversion of CO; and CO in the absence of a H, co-feed to study the persistency and reactions
of the adsorbed gases. The second series of experiments made use of carbon-14 labelled CO; in

syngas to study the effect of CO, incorporation in FT products.
Individually adsorbed CO and CO; conversion experiments

The experiments were conducted in a fixed bed reactor, length 50 cm and diameter 1.75 cm. The
CO and H; flow were controlled using Brooks mass flow controllers. The CO, flow was
controlled using an SFC2010 mass flow control valve by Semi Flow Engineering. The reactor
was operated in down-flow mode and heated using a Lindberg Blue M tube furnace. The reactor
was kept under isothermal conditions. The outlet of the reactor was connected to two 500 ml gas
sample cylinders and then to a Swagelok back-pressure regulator. A HP Quad Series MicroGC

Refinery Analyzer was then connected for performing gas analysis.

Blank runs were carried out using just glass beads (5 g) and no catalyst, to verify the inertness of
the reactor system to the gases employed. The blank runs were conducted at 210 °C and 2 MPa
absolute pressure. The first blank run checked for CO, conversion. After purging the system
with Nj, the CO, was introduced. The gaseous product was analyzed after 1, 2 and 3 hours to
check for any reactivity. The second blank run checked for H, and CO conversion. After
purging the system with N,, H, and CO were introduced into the system at H,:CO molar ratio of

2. The product gas was analyzed after 1, 2 and 3 hours to check for any reactivity.

Three test runs were carried out (Table 1). In all three runs, 5 g of the catalyst was first reduced
under an atmosphere containing H, and N, in the ratio 1:3, at 350 °C for 15 hours under
atmospheric pressure. All gas volumes are reported as volumes at standard conditions. The
reducing gas mixture was introduced into the system at a space velocity of 10 L-h™+(g catalyst)™.
After reduction the temperature was decreased to 180 °C and the reactor was flushed with N, for

17 hours at 10 L-h'+(g catalyst)™' at atmospheric pressure to remove all H, in the system.



In Run 1, CO, was introduced into the system at a space velocity of 10 L-h™ (g catalyst)” and the
temperature and pressure in the reactor was increased to 210 °C and 2.0 MPa absolute pressure
respectively. The system was left under this condition for 20 hours and it was then flushed with
N, gas at 10 L-h™+(g catalyst)” to remove CO, from the system and cooled to 22 °C. The system
was depressurized under N, at 10 L-h™+(g catalyst)” to release the adsorbed gases from the
catalyst surface and the effluent was analyzed using the HP Quad Series MicroGC Refinery
Analyzer. The spent catalyst was unloaded and analyzed. Carbon analysis was performed on the
spent catalyst using a LecoCHN628 analyzer. Care was taken to ensure that the spent catalyst
was not exposed to air. Before performing X-Ray Diffraction (XRD) analysis of the spent
catalyst, the spent catalyst was first passivated overnight at room temperature by flowing a 1%
O, in He mixture over the catalyst. The XRD analysis was performed using a Philips X Pert

diffractometer with monochromatic Cu Ko radiation.
In Run 2, the same procedure was followed but using CO instead of CO,.

In Run 3, after reducing the catalyst and flushing out the reducing gas with N, the system was
pressurized to 2.0 MPa absolute pressure by feeding CO, at a space velocity of 10 L-h™+(g
catalyst)'1 and the reactor temperature was increased to 210 °C. The system was left at this
condition for 20 hours and then the system was flushed with N, for 24 hours at 10 L-h™(g
catalyst)”’, and then depressurized quickly to remove some of the adsorbed CO,. This was
followed by flowing H, at atmospheric pressure for 24 hours at 10 L-h™ (g catalyst)’. The
system was then again flushed with N, at 10 L-h'l-(g catalyst)'1 to remove H, from the system
followed by flow of CO, at the same space velocity, 10 L-h™«(g catalyst)”'. This cycle was
repeated 2 more times, but with a lower inlet space velocity of H, of 1.4 L-h'-(g catalyst)'. In
the third cycle, the H, was introduced into the system directly after Stage IV, without
depressurizing the system under N, atmosphere to remove adsorbed CO,. After 40 minutes of
starting the H, flow under pressure, the system was depressurized quickly. Analysis of effluent

gases was performed using gas chromatography after the system attained atmospheric pressure.

Carbon-14 labelled CO; co-feeding experiments



The experiments were conducted in a fixed bed reactor, length 17 cm and inside diameter 1.6
cm. The reactor was followed by a 500 ml hot trap kept at 170 °C and a 500 ml cold trap kept at
0 °C. A gas mixture (hereafter denoted as COpapei), 99.8% CO and 0.2 % 14C02 was prepared.
For this gas mixture, the '*CO, was synthesized by titrating carbon-14 labelled BaCOs with
H>SO4. The 14C02 so formed was transferred into a previously evacuated 5 L cylinder and was

subsequently diluted with unlabeled CO.

For the experiment, 1.5 g of the catalyst was diluted with 9 g glass beads in the size range 40-100
um. The catalyst was reduced in situ using a gas mixture of H, and N, mixed in the ratio of
Hy:N; of 1:3 at 350 °C for 15 hours at atmospheric pressure. The system temperature was then
decreased to 120 °C and syngas was introduced at H,:CO ratio of 3:1 at a flow rate of 9 standard
Lh', i.e. a space velocity of 6 L-h™'-(g catalyst)'. The system was pressurized to 2.0 MPa
absolute pressure and the temperature was slowly increased to 220 °C in steps of 10 °C-h™ to

prevent temperature excursions in the reactor system.

Unlabeled syngas was initially used. The CO was then replaced with the COjape;. Unlabeled CO,
was introduced to the system such that the total gas flow rate was unchanged and H:(COjape +
CO) = 3. Five different feed gas compositions (Table 2) were tested. In all of these experiments

gas samples were taken only after six gas volume turnovers were completed.

The radioactivity in product fractions was determined by connecting a proportional counter in
series with a gas chromatograph. This enabled the simultaneous measurement of concentration
by the thermal conductivity detector and radioactivity by the proportional counter. The
radioactivity of the product was determined by burning the effluent from the GC to CO,. The
radioactivity was proportional to the amount of '“C. The threshold for naturally occurring
background radioactivity was set at 100 counts per minute. Values below this threshold could
not reliably be assigned to '*C that originated from '*CO, in the feed gas. The limit of
quantification for radioactive carbon is 1,500 counts per minute. This limit was set based on the

signal-to-noise ratio.

3. Results and discussion



3.1 Blank runs

When CO, was fed to the reactor filled with glass beads, the product gas after 1, 2 and 3 hours on
stream contained only CO,. The N, used to initially purge the reactor was already completely

displaced and no N, or CO was detected.

The blank run with CO and H, similarly yielded only CO and H; in the product. The product gas
contained on average 33.6 = 0.3 mol % CO and 65.0 + 0.9 mol % H,. No CO; and no CH4 were
detected in the product gas. The sample standard deviation provides an indication of the
analytical variation inherent in the gas analysis and it gives and indication of the confidence in

quantitative measurements.

The blank run tests confirmed the inertness of the reactor and glass beads with respect to the

conversion of CO,, CO and H,.

3.2 CO; adsorption on catalyst

The procedure that was followed for adsorbing CO, on the catalyst is summarized as Run 1 in
Table 1. When CO, was introduced into the system in Stage III of Run 1, trace amounts of H;
were observed. In Stage V of Run 1, when the system was depressurized quickly under N, a
significant concentration of CO, was observed in the effluent gas along with trace amounts of H,
(Figure 1). There must have been sufficient unoccupied space available on the catalyst for CO,
adsorption, because the amount of H, that was displaced was far less than the amount of CO, that
was desorbed. No evidence of the reverse water gas shift reaction (Eq.1) was seen over the

CoPt/Al,Oj3 catalyst.

CO+H,0 = CO,+H, .. (1)

The carbon content of the spent catalyst was 3.8 wt %. The present work does not present

further experimental evidence to distinguish between atomic carbon or carbon the form of a



carbide, only that carbon is present. The only carbon source was CO, and if carbon was
deposited on the catalyst, the oxygen must have been rejected in some way. Some water may
have been formed, but there was only a limited amount of H, on the catalyst. This implied that
the catalyst was oxidized by the CO,, since no other oxygen containing species were observed in
the product gas. The catalyst consisted of the Fischer—Tropsch metal (Co), the reduction
promotor (Pt) and the support (Al,O3) and of these it was most likely that it was the cobalt that
was oxidized (Eq. 2).

CO,+2Co — 2Co0+C - (2)

3.3 CO adsorption on catalyst

The procedure that was followed for adsorbing CO on the catalyst is summarized as Run 2 in
Table 1. When CO was introduced into the system in Stage III of Run 2, CO, was observed in
the effluent gas over an extended period of time (Figure 2). The formation of CO, was also
accompanied by the presence of displaced H, from the catalyst surface, albeit at an order of

magnitude lower concentration (Figure 2). No hydrocarbons were observed in the effluent gas.

It was unlikely that the bulk of the CO, observed could be produced by the water gas shift
reaction (Eq. 1). The water gas shift reaction required water and there was no water in the feed
gas. No Fischer—Tropsch hydrocarbon products were observed and there was no indication of
CO hydrogenation to produce water. Furthermore, there was only a limited amount of H,
adsorbed on the surface, some of which was displaced by CO by competitive adsorption. Since
CO; continued to be produced as CO was introduced as feed gas (Figure 2), the CO, must have
been produced by a different reaction. It is likely that the formation of CO, was due to a
combination of the Boudouard reaction (Eq. 3) and the carburization reaction (Eq. 4) over the

CoPt/Al, O3 catalyst.

2CO = C+CO, .. (3)

2CO+2Co = Co,C +CO, (@



The Boudouard reaction was reported before for Co-FT catalysts under H, starved operating

conditions.?'? an

Carburization of Co-FT catalysts has likewise been reported before.
Moodleym) and Bartholomew'"? reviewed the different types of carbon deposits that are possible
to from under typical FT conditions. On Ni-FT catalysts, carbon deposition under FT conditions
was found to be a function of the partial pressure of CO."?"  Surface carbide formed by
dissociation of CO on the catalyst surface and carbon formation by the Boudouard reaction (Eq.
3) appear to be the most likely types of carbon deposits formed under the conditions of the
present investigation. With prolonged exposure to CO it is also possible that polymeric carbon

deposits were formed.

XRD analysis (Figure 3) of the spent catalyst revealed prominent peaks at around 43, 45-46 and
66-68 °, of which the peak at 42.6 ° was not only the most prominent, but also absent from the
XRD pattern of the spent catalyst after Run 1 with just CO,. Unfortunately the XRD analyses of
the spent catalysts were inconclusive and the types of carbon deposits that were formed were not
identified. The carbon content of the spent catalyst after treatment with CO was found to be 5.9
wt %, which was higher than the amount of carbon observed after CO; treatment. Cobalt is
readily carburized by CO to form Co,C, with free carbon being formed mainly at temperatures
>225 °C."" Since the carbon content of the catalyst was higher than the stoichiometric amount
required for conversion of Co to Co,C (i.e. 2.3 wt % on a fresh catalyst basis containing 25 wt %

Co), it was likely that at least some of this carbon was formed by the Boudouard reaction.
3.4 CO; adsorption followed by H;

The effect of H, on a catalyst that was pre-adsorbed with CO, was investigated, as summarized
in the procedure for Run 3 in Table 1. Three cycles of N» flushing, CO, adsorption, N, flushing

and H, adsorption were performed.

In the first cycle when H, was introduced into the system in Stage VI of Run 3, the H, was
introduced at a high space velocity, 10 L'h™+(g catalyst)”'. Traces of methane and desorbed CO,

were observed in the effluent gas for up to one hour. In the second cycle when H, was



introduced in Stage VI of Run 3, a lower space velocity was employed, 1.4 L-h(g catalyst) ™.
Methane and desorbed CO, was accompanied by trace amounts of Cs and C4 hydrocarbons in the
product gas, but only for a short duration. In the third cycle, when H, was introduced into the
system in Stage VI of Run 3, similar observations were made (Figure 4). Trace amounts of Cs
and C4 hydrocarbons were observed when H, flow was introduced at high pressure, but only for
a limited duration. When the system was depressurized under H, flow, trace amounts of C; and

C4 hydrocarbons were again observed.

The formation of methane (Figure 4) indicates that at least a part of the carbon present on the
spent catalyst was not in the form of free carbon, because free carbon would require a higher
temperature (>330 °C) to undergo methanation.">"® The results suggest that at least some of

the carbon was present as a more easily reducible species, such as a surface carbide.

It has been observed that bulk carbides mainly have a tendency to participate in

OX1In 1.1 reported significant incorporation of multiple

methanation. Studies by Biloen et a
carbon atoms from precarbided catalyst into the hydrocarbon chains of the products. They thus
concluded that methanation and higher hydrocarbon product formation could occur from the

same surface carbide intermediate.

The rate of carbide formation by a disproportionation reaction and the subsequent reduction of
the carbides to hydrocarbons were reported.(ls)“é)“g) These kinetic studies found that the rate of
carbide formation by the disproportionation reaction was much slower than the rate of
hydrogenation to hydrocarbons, and both these reactions were found to be slower than the rate of
hydrocarbon formation by the FT synthesis. It was concluded that carbide formation via the
carburization reaction could not be involved in creating the intermediate for FT reactions, but
rather that FT synthesis could take place via hydrogen assisted carbide formation. However, on

(191019 with the results of Biloen et al.,(lg) it

comparing the results from these kinetic studies,
could be inferred that the carbide formed via a disproportionation reaction can participate in

hydrocarbon formation as well.
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Since our studies found that CO, is capable of forming a reactive carbon species on the cobalt

catalyst (Figure 4), two possibilities were considered:

(a) The CO; could be converted by the reverse water gas shift reaction with the adsorbed H;
present on the catalyst surface to produce adsorbed CO. Visconti et al.? detected CO absorption
by infrared spectroscopy when the feed gas contained CO;, and H,. Adsorbed CO could be
readily converted to methane in the presence of the excess H, at Stage VI. However, there was
no CO detected in the gas product even when the system was depressurized under N, in Stage V,
while CO, was observed in the effluent gas (Figure 1). Also, in Stage III of Runs 1 and 3, when
CO; was introduced into the system, the surface seemed to have an abundance of surface
hydrogen. There was no methane or carbon monoxide detected in the effluent. No support was

found in the present investigation that the reverse water gas shift reaction was active.

(b) The CO; could be dissociatively adsorbed to create a reactive carbon species, either by
cleavage of one of the carbon-oxygen bonds (possibly assisted by surface hydrogen) to form a
CH,O intermediate,”® or by dissociation of both carbon-oxygen bonds to form a surface
carbide intermediate. Either of these surface species could be hydrogenated to methane. Biloen
et al."¥ found that the carbide from the disproportionation reaction participated in hydrocarbon
formation, which explained the trace amounts of C; and C4 hydrocarbons that were observed
(Figure 4). Results of *C"*0 co-feeding experiments(zo) have indicated that the formation of
CO;, may involve a cleavage of the carbon-oxygen bond first and then recombination of the
carbon and oxygen species. By analogy the reverse reaction from CO, would also involve

formation of an oxygen-free carbon species.

In conclusion, the experimental evidence pointed to the formation of a reactive surface carbon
species by CO, over the CoPt/Al,O3 catalyst, which likely was cobalt carbide or analogous
single carbon on cobalt species. However, considering the formation of C,: hydrocarbons in a
non-ASF proﬁle,(5 DY ynder CO,L/H, feeding conditions, and the impact of co-feeding CO, with

syngas on the methane formation," the high methane selectivity still had to be explained.

11



It is speculated that due to the high local H, concentration on the surface, the carbide is mainly
hydrogenated to methane. Chain growth could take place, but that chain growth was not based
on average probability, but on local concentrations of active carbon species and hydrogen on the
catalyst surface in the proximity of the surface carbide. This would explain the low selectivity to
hydrocarbons, the prevalence of light hydrocarbons and the non-ASF carbon number distribution

reported in literature. &Y

3.5 CO; and CO co-feeding at H,:COy = 3:1

The experiments described previously considered the behavior of COx with no H, co-feed. In the
next set of experiments, the behavior of COx was studied in a hydrogen-rich environment, with a
constant H,:COy molar feed ratio of 3:1. The objective of employing a high H,:COx ratio was to

encourage the reverse water gas shift reaction.

As a result of the high H,:COy ratio, the amount of methane produced was high for all COy
compositions tested (Table 3). As the fraction of CO; in the COx mixture was increased, the
methane content of the gas phase product increased monotonically. The amount of liquid
products that was collected was low and some liquid products were inevitably retained in the
catalyst pores. The low amount of liquid product obtained made it difficult to reliably close
material balances and the gas composition is therefore not expressed in terms of product
selectivities. Conversion of CO cannot be inferred from Table 3. Nevertheless, useful
observations about the conversion of the '*CO, that was present in the COjape could still be

made:

(a) The oil product that was obtained exhibited no radioactivity, which implied that little or no

C from '*CO, was incorporated into the heavier products from FT synthesis.

(b) The aqueous product contained only trace levels of alcohols. Like the oil product, the

aqueous product exhibited no radioactivity.

(c¢) No radioactivity was found in the CO of the product gas.

12



(d) The gas phase products had different levels of '*C incorporation from '“CO,. Apart from
CO,, the only other products that exhibited radioactivity were the C,-C; hydrocarbons. Multiple
4C atoms were incorporated in C,-C; molecules, i.e. 4C was not just a chain initiator. The
distribution of '*C among the gas phase products is shown in Table 4. The conversion rate of
C0O, at 210 °C was in the range 1.3 to 3.4 pmol-s™+(g catalyst)” for CO, partial pressures in the
range 0.1 to 0.4 MPa. Note that the present investigation did not investigate or rule out carbon-
isotope effects. The conversion of '*CO, is therefore not necessarily equivalent to the
conversion of all CO, in the gas feed. Although direct comparison is not possible, Riedel et al.”

reported a conversion rate of CO, at 190 °C in the range 0.3 to 1.3 umol-s™+(g catalyst)” for CO,
partial pressures in the range 0.2 to 0.3 MPa.

(e) The CO, in a syngas feed that is passed over a CoPt/Al,O3 catalyst under FT synthesis
condition is definitely not an inert and some of the CO, will be converted. This also holds true

when the partial pressure of CO is much higher than that of CO,.

(f) In the last run condition, H,:CO:CO, = 1:0:3, the C4 product exhibited a noticeable increase in

branching compared to the C, products when CO was present in the feed gas.

The absence of '*C in the CO remaining after reaction is noteworthy. The appearance of
radioactive hydrocarbons without any radioactive CO could mean either of two possibilities.
The first possibility is that hydrocarbon formation reactions are more rapid than desorption of
CO formed by the reverse water gas shift reaction. As a result, any '*CO formed from '*CO,
reacts before desorption. If this is the case, then '*C incorporation into the hydrocarbon products
should be governed by reaction probability. The fraction of carbon that is '*C should be similar
for all carbon numbers, because FT chain growth does not depend on the antecedence of the CO.
The second possibility is that the CO; is hydrogenated to form hydrocarbons by a pathway that is
independent of FT synthesis based on CO hydrogenation and chain growth. If this is the case,
then '*C incorporation is likely to be restricted to light hydrocarbons, with the probability of

chain growth being dependent on local H, concentration.

13



The abundance of '*C in methane was in all instances higher than the calculated abundance that
would have resulted if the probability of '*C incorporation was based purely on the relative
abundance of '*C and independent of the antecedence of the '*C (Figure 5). The calculated
probabilities were restricted to the C,-C; hydrocarbons. The difference between the calculated
and observed values would have been larger if the full ASF distribution was considered. When
antecedence does not matter and '*C incorporation is based only on abundance, then the molar

fraction of "*C of the total C of each species should be the same.?

The restricted incorporation of '*C in C;-Cs hydrocarbons (Table 4) and not in any heavier
hydrocarbons, as well as the higher e selectivity to methane (Figure 5), both supported an
explanation based on CO, hydrogenation that is independent of normal FT synthesis. The
antecedence of the '*C mattered. The notion of carbon present in different adsorbed states on
Co-FT catalysts is not a new concept. Different adsorbed states leading to different carbon pools
being formed from CO over Co-FT was employed to explain different reaction pathways for

methane formation.®”

Moodley“z) discussed the possibility of multiple types of crystallographic sites on Co-FT
catalysts. Some crystallographic sites were capable of causing CO dissociation, while other sites
were capable of molecularly adsorbing CO. It was reported that there were cobalt surfaces
where the CO dissociated to form Cos;C and no long chain hydrocarbons were adsorbed at these
surfaces, but there were also other surfaces where CO dissociation appeared to favor long chain

hydrocarbon growth.!?@%

Irrespective of whether the FT reaction follows a CO insertion
mechanism, or a carbide mechanism, it is possible to envision a separate single carbon

intermediate that may be responsible for a parallel reaction pathway.

The present experimental investigation showed that it is unlikely that CO, was converted by
reverse water gas shift to produce a CO species that reacted in the same way as CO in the feed.
The carbon from CO, did not enter a common carbon pool, but in some way retained a separate
identity, which restricted its conversion to lighter products.

3.6 Role of alumina in the reaction chemistry

14



The catalyst support material for the Co-FT catalyst was alumina. The possibility that alumina
contributed to the observed reaction chemistry, was considered. Alumina is active for both H
and O exchange reactions at the temperature employed in this study (210 °C), including O
exchange of COz.(25 )26 Alumina has a rich surface chemistry, with at least seven different CO,

adsorption modes being reported,”

which explains the ease of oxygen exchange. However,
CO, did not result in other products than oxygen exchanged CO,. The site requirement for any
type of hydrogenation on alumina is very demanding.(zg) Hence, the contribution of the alumina

support to the reactions observed in this study, if any, could be discounted.

3.7 Implications for industrial operation

There are three observations from the present investigation that have important implications for
the industrial application of Co-FT synthesis. First, CO; is not inert during Co-FT synthesis and
it is converted to mainly methane and other light hydrocarbon gases even at high H, and CO

partial pressures_(l)(2)(3)(4)(5)(7)(z1)

Second, CO is susceptible to disproportionation over Co-FT
catalysts and it can be a source of both carbon and CO,. Third, CO; is also a potential source of

carbon and a potential source of catalyst oxidation.

Although the experimental investigation did not attempt to mimic industrial operation, the

observations indicated that CO, is not innocuous during Co-FT synthesis.

The presence of CO; in the feed to Co-FT synthesis is detrimental to the performance of the FT
process. The CO; leads to methanation and a slight increase in light hydrocarbon gases. Neither
is desirable during FT synthesis. In large-scale facilities a CO, removal step can be included in
the gas loop design as part of the synthesis gas conditioning process before FT synthesis. For
small-scale facilities, as is envisioned for the beneficiation of smaller unconnected natural gas
deposits, there are additional design constraints to consider.®” The inclusion of a CO, removal
step will increase the complexity of the design. The added complexity of design, or alternatively
the higher methane selectivity from Co-FT synthesis, detracts from the selection of Co-FT based

synthesis gas conversion technology for small-scale gas-to-liquids facilities.
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Disproportionation of CO is particularly detrimental to Co-FT synthesis. Although this is not a
major reaction pathway, it is a source of CO; during Co-FT synthesis. Thus, even with a CO,-
free synthesis gas, the detrimental effects of CO, conversion by Co-FT cannot be completely
avoided. Carbon formation has been implicated as a possible Co-FT catalyst deactivation

mechanism.!?

Carbon formation by either the Boudouard reaction (Eq. 3) or the carburization reaction (Eq. 4)
produces CO; as a product. Subsequent hydrogenation of the carbon and the CO, can become an
additional source of methane production during FT synthesis. It is speculated that the increase in

methane selectivity over time as Co-FT catalyst deactivation progresses(31)

might be related to
the increased formation and subsequent hydrogenation of carbon and CO,. An explanation based
on increasing carbon formation and subsequent hydrogenation makes seems more plausible than
attributing the increased methane selectivity of ageing Co-FT catalysts to an increase in CO
hydrogenation activity. Carbon formation from CO, specifically, is insidious, because it can be
accompanied by catalyst oxidation (Eq. 2). The oxidation of cobalt is also reported to be a cause
of Co-FT catalyst deactivation, although water (not CO;) is normally blamed for the oxidation

leading to Co-FT catalyst deactivation.®?

The effects of CO disproportionation and CO; derived carbon formation and catalyst oxidation

will be exacerbated during process upset conditions that involve decreased H, partial pressure.

4. Conclusions

The behaviour of carbon dioxide and carbon monoxide was studied on a cobalt catalyst system
under Fischer—Tropsch reaction conditions, but without hydrogen co-feed. The experimental

results led to the following observations and conclusions:

(a) Carbon in some form was deposited on the CoPt/Al,O; catalyst by exposure to both CO,
and CO in the absence of hydrogen co-feed. More carbon was deposited due to exposure to

CO than to CO,. Carbon formation by CO, also implied some catalyst oxidation.
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(b) When CO, was pre-adsorbed followed by the introduction of H,, methane was produced, as
well as traces of C3-C4 hydrocarbons. The experimental evidence pointed to the formation
of a reactive surface carbon species on the CoPt/Al,O; catalyst by CO,. No evidence was
found for the reverse water gas shift reaction to suggest that CO formed from the pre-

adsorbed CO, when H, was introduced.

Following on the single gas experiments, the behaviour of different ratios of carbon dioxide and
carbon monoxide was studied at a constant H,:COy ratio of 3:1 under Fischer—Tropsch reaction
conditions over a cobalt-based catalyst. Use was made of carbon-14 labelled CO, to identify the
products derived from CO; during Fischer—Tropsch conversion. The experimental results

supported the conclusions drawn based on the single gas experiments:

(c) The only products formed from '*CO, over the CoPt/ALO; catalyst were C;-Cs
hydrocarbons, with methane being the dominant product. No "*C was detected in the oil,
aqueous product or unconverted CO. Furthermore, CO, was converted even when the CO

and H; partial pressures were high.

(d) The absence of "*C in unconverted CO and the unequal molar concentration of C in the
reaction products, provided strong evidence that CO, was not converted by the reverse
water gas shift reaction to produce CO. The antecedence of the '*C derived from '*CO,
mattered. The carbon from CO, did not become part of a common carbon pool for
reaction, but retained a different adsorbed identity and reacted by a different pathway from

the main Fischer—Tropsch synthesis.
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Table 1. Operating conditions for individually adsorbed CO and CO; conversion experiments.

Run Stage [ Stage 11 Stage I11 Stage IV Stage V Stage VI
Run1 Feed=H,N,(1:3) Feed=N, Feed = CO, Feed =N, Feed =N,
T=350°C T=180°C T=210°C T=22°C T=22°C
P=0.1 MPa P=0.1 MPa P=2.0 MPa P=2.0 MPa P=0.1 MPa
Time=15h Time=17h Time =20 h Time =24 h Time =24 h
Run2 Feed=H,:N,(1:3) Feed=N, Feed = CO Feed =N, Feed =N,
T=350°C T=180°C T=210°C T=22°C T=22°C
P=0.1 MPa P=0.1 MPa P=2.0 MPa P=2.0 MPa P=0.1 MPa
Time=15h Time=17h Time =20 h Time =24 h Time =24 h
Run 3° (start of cycle) (end of cycle)
Feed = Hy:N, (1:3) Feed =N, Feed = CO, Feed =N, Feed =N, Feed = H,
T =350°C T=180°C T=210°C T=210°C T=210°C T=210°C
P=0.1 MPa P=0.1 MPa P=2.0 MPa P=2.0 MPa P=0.1 MPa P=0.1 MPa
Time=15h Time =17 h Time =20 h Time =24 h Time =24 h Time =24 h

* Cycle was repeated three times, with modifications as indicated in the text.
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Table 2. Feed compositions for CO, co-feeding experiments

Condition H, COlper * CO,
I 3 1 0
II 3 0.75 0.25
11T 3 0.50 0.50
v 3 0.25 0.75
A% 3 0 1

T COber = 99.8% CO and 0.2 % *CO,
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Table 3. Gas phase composition from the conversion of H,, CO and CO, mixtures over

CoPt/Al,O3 at 220 °C, 2.0 MPa and constant volumetric flow rate.

Feed gas space Gas phase product, mol % *
H»:CO:CO,  velocityy, CO CO, CHy C» C; Cs Cs-Co HO° H,®
Lh'(g
catalyst)”'
3:1:0 6 179 0.6 4.9 0.2 0.3 0.3 0 0.6 75.1
3:0.75:0.25 6 104 11.0 6.9 0.2 0.3 0.2 0 0.6 702
3:05:0.5 6 3.8 185 11.1 03 0.3 0.2 0 0.6 65.1
3:0.25:0.75 6 0 231 169 04 0.4 0.1 0 0.6 58.6
3:0:1 6 0 282 196 04 0.5 0.1 0.1 0.6 50.5

* Liquid products excluded; these results do not reflect the material balance.

® Based on water partial pressure at cold product knockout conditions, not directly measured.

¢ Calculated based on difference.

23



Table 4. Conversion of '*CO, and selectivity of '*C in products during the conversion of H,, CO

and CO, mixtures over CoPt/Al,O3 at 220 °C and 2.0 MPa.

Feed gas®  '“CO, conversion HC selectivity
H,:CO:CO, (%) CH,4 C, C3
3:1:0 33 94 4 2
3:0.75:0.25 28 90 4 6
3:0.5:0.5 37 97 3 0°
3:0.25:0.75 20 96 4 0°

? The MCOz was introduced as COyae; and the Hy:CO:CO, = 3:0:1 feed did not contain ]4C02.

o If any '*C was incorporated the selectivity was 0.1 % or less.
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Figure 1. Gas composition over time as CO; treated CoPt/Al,O3 catalyst was depressurized
under N, flow (Run 1, Stage V). Gases shown are N, (A ), CO, (m) and H; (0). Time =0 min

represents the time at which the system was depressurized.
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Figure 2. Gas composition over time as CO was introduced as only feed over CoPt/Al,03 at 210
°C and 2.0 MPa (Run 2, Stage III). Gases shown are N, (A), CO; (m), CO (#) and H, (o). Time

= 0 min represents the time at which CO was introduced into the system.
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Figure 3. XRD analyses of spent CoPt/Al,O5 catalysts after treatment with only CO; (Run 1)
and only CO (Run 2).
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Figure 4. Gas composition over time as H, was introduced after CO, adsorption on CoPt/Al,O3
during the third cycle of Run 3 at Stage VI. Time = 0 min represents the time at which H, was

introduced to the system. Quick depressurization was achieved at time = 57 min.
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Figure 5. Observed selectivity of '*C incorporation in methane (e), compared to abundance
based '*C incorporation in methane (m), when incorporation is restricted to C;-C3 hydrocarbons

and independent of '*C antecedence.

29



