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Abstract

A detailed mapping of the kinetic parameters involved in the reaction network of CO
hydrogenation on a Co-Re/CNT catalyst has been performed. Multicomponent Steady-State
Isotopic Transient Kinetic Analysis (SSITKA) has been used to deconvolute the rates of chain
growth and termination to olefins and paraffins with various carbon numbers into the
concentration of the surface intermediates and their reactivity, expressed as their rate constants
ke, ko and k,, respectively at a molecular level. The site coverage of the different products (0¢y)
measured by the multicomponent analysis of their isotopic distribution allows the study of their
effect on chain growth, as well as on olefin and paraffin formation. The insights into the reaction
mechanism were gained from the kinetic dependency of different reaction steps on the hydrogen
pressure. The results revealed a significant carbon number dependency of the mechanism for the
chain growth and termination to paraffin and olefin reactions: an enol-like intermediate is
dominating for the formation of C; hydrocarbons, while the alkenyl intermediate is dominating
for the formation of C4 hydrocarbons. Moreover, the SSITKA assisted kinetic study provided the
carbon number dependency of the rate constants of various reaction steps for the paraffin
formation and chain growth, both decrease concurrently with increasing carbon number.
However, the rate constant for the olefin formation is constant, regardless of the carbon number,
suggesting the formation rate of olefins with different carbon number depends mainly on the

concentration of the corresponding surface intermediates.

Keywords: CO hydrogenation, multicomponent SSITKA, isotopic labelling, kinetic study,

mechanism
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List of Symbols

Cy* precursors for chain termination and chain growth

Dc, Cobalt dispersion

Fco.in molar flow rate of CO at the inlet of the reactor

Fco.out molar flow rate of CO at the outlet of the reactor

Fca molar flow of the compound with carbon number n

Fen(t) normalized curve of the compound with carbon number n

g xef intensity of the fragmentation pattern of a given isotopic
& combination at its m/e value

fobs intensity of the fragmentation pattern observed in the GC-MS
' for each m/e value of a given isotopic combination

Fr total flow in the reactor

GHSV Gas Hourly Space Velocity

i.d. internal diameter

ke rate constant of the chain growth reaction

K rate constant of the chain growth reaction of the compound
& with carbon number n

ko rate constant of the olefin formation reaction

K rate constant of the olefin formation reaction of the compound
on with carbon number n

kp rate constant of the paraffin formation reaction

K rate constant of the paraffin formation reaction of the
P compound with carbon number n

K rate constant of the chain growth reaction for the simple
e kinetic model of the compound with carbon number n

K rate constant of the olefin formation reaction for the simple
Son kinetic model of the compound with carbon number n

K rate constant of the paraffin formation reaction for the simple
S,p.n

kinetic model of the compound with carbon number n
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rate constant lumped with the site coverage that cannot be
measured experimentally

k lumped including k, ; K™ and %™

k lumped including k, »; K™% and 9*™

hydrogen adsorption equilibrium constant
equilibrium constant for the reaction step Eq. 25a
equilibrium constant for the reaction step Eq. 25b
rate constant for the reaction step Eq. 25¢

number of different m/e values for each hydrocarbon

reaction order with respect to adsorbed atomic hydrogen for
the paraffin formation reaction

reaction order with respect to adsorbed atomic hydrogen for
the olefin formation reaction

molecular weight of Cobalt

number of isotopic combinations

concentration of adsorbed compounds with carbon number n
concentration of total active sites in the catalyst

total pressure

CO partial pressure

H, partial pressure

reaction rate of the compound with carbon number n

molar rate of CO consumption per gram of catalyst

reaction rate of the olefin formation for the compound with
carbon number n

reaction rate of the paraffin formation for the compound with
carbon number n

carbon based selectivity to compound with carbon number n
objective function to minimize

temperature
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catalyst mass

turnover frequency for chain growth reaction
turnover frequency for olefin formation reaction
turnover frequency for paraffin formation reaction
weight

CO conversion

Cobalt loading on the catalyst

contribution of a given isotopic combination to the mixture at
its m/e value

site coverage of species with carbon number n

site coverage of the monomer to be incorporated in the
growing chain

site coverage of intermediates with carbon number n
corresponding to the formation of olefins

site coverage of intermediates with carbon number n
corresponding to the formation of paraffins

site coverage of hydrogen

site coverage of the alkyl intermediate

site coverage of the alkenyl intermediate
site coverage of the enol-like intermediates
site vacancy

residence time of compounds with carbon number n

ACS Paragon Plus Environment

[umol umol'l]

[gCO gcat_l]



©CoO~NOUTA,WNPE

ACS Catalysis

Introduction

Fischer-Tropsch (FT) synthesis is one of the most important industrial processes to convert
synthesis gas into valuable chemicals and clean liquid fuels. Although the process is known since
the 1920s, the reaction mechanism for CO activation, chain growth and termination is still in
debate' . The FT product spectrum, which can be generally described by the Anderson-Schulz-
Flory (ASF) model for chain polymerization kinetics, contains a complex mixture of linear and
branched hydrocarbons and oxygenated products, as a result of several intermediate steps:
reactant adsorption, chain initiation, chain growth, chain termination, product desorption,
readsorption and further reaction*®. Several mechanisms have been developed over the years to
explain the different product distribution obtained in this process, and they can be summarized in
three different groups: the carbide mechanism’, originally proposed by Fischer-Tropsch; the CO
insertion mechanism® and the hydroxycarbene mechanism’. The key surface intermediates (Cn*)
responsible for the chain growth and the termination to hydrocarbons with different carbon
number could depend on the reaction mechanism. The nature of the intermediates corresponding
to the chain growth and termination, together with the reaction mechanism of FT synthesis

remains in debate.

The identity of metal, particle size, support and promoter, as well as reaction conditions have
been intensively studied, and observed to largely influence the catalyst activity and selectivity'*
' However, about the nature of such effects very little is known. As an important step towards a
rational design of FT catalysts, a kinetic diagnostic tool is highly desired, which could provide

fundamental understanding of the catalyst properties and reaction conditions on adsorption and
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surface reactions in the steps involved in CO activation, methane formation, chain growth and

termination by olefin and paraffin formation.

SSITKA is a powerful technique known since the 1970s that can give valuable kinetic
information about the adsorption and surface reactions at the molecular level by providing the
site coverage and rate constants simultaneously at steady-state conditions. This technique has

17,18

been applied to many reaction systems, including FT ~°. Most of the work deals with the

conventional SSITKA, limited to analysis of C; compounds only, such as CO conversion and

methane formation'’ '

. Developments in SSITKA have recently been reviewed'®, and one of the
progresses has been the implementation of the multicomponent SSITKA where the responses of
heavier hydrocarbons can be evaluated. Schouten and co-workers developed a mathematical
method based on different assumptions to identify and discriminate efficiently between different
mechanistic models for methane formation as well as for higher hydrocarbon (C,) formation in

2224 and iron-based catalysts” *’. This type of transient kinetic model of

FT synthesis over cobalt
the SSITKA response curves in combination with Density Functional Theory (DFT) calculations
was found to effectively elucidate the reaction mechanism of CO activation and methane

formation over cobalt-based catalysts under methanation conditions'® .

In the current work, a new method is developed to extend our previous kinetic studies on
methane formation by using multicomponent SSITKA. This method makes it possible to
determine the site coverage of C,: hydrocarbons and provide a mapping of the kinetic parameters
of the CO hydrogenation reaction network over a Co-Re catalyst supported on carbon nanotubes.
It deconvolutes the rates of chain growth and termination by olefin and paraffin formation with
various carbon numbers into the concentration of the surface intermediates and their reactivity.

Combining the kinetic analysis in terms of the concentration of the intermediates on Co surfaces,

ACS Paragon Plus Environment
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the reaction mechanism and the chemical identity of intermediates leading to chain growth and

termination are proposed.
Experimental section

The CO hydrogenation reaction has been performed using a fixed-bed quartz reactor (4 mm i.d.)
over a 20% wt. Co and 0.5% wt. Re supported on carbon nanotubes. Previous investigations
have pointed out that Re has little effect in the intrinsic site activity and apparent activation
energy for the catalysts®'. The Co-Re/CNT behaves almost identical as the Co/CNT catalyst.
CNT as a support has showed a high surface area and low interaction with cobalt, where the
cobalt particles can be completely reduced®® . The dispersion of cobalt is 5.1% and the cobalt
particle size is 18.9 nm based on H, chemisorption. The crystallite size of cobalt is 11.7 nm
found by X-ray diffraction. The detailed preparation method, full characterization of the catalyst
and the procedures for H, chemisorption and X-ray diffraction have been described previously”'.
The CNT supported Co catalyst with relatively large Co particle size was selected as a model
catalyst in the present work to eliminate possible effects of cobalt size and support on the
reaction mechanism’'. Therefore, the mechanistic insight obtained in this study reflects the CO

hydrogenation mechanism on industrial relevant Co catalysts with relatively large Co particles.

Prior to reaction 25 mg of catalyst were reduced in 10 NmL/min H; at 623 K for 16 h using a
ramping rate of 1 K/min. The catalyst was then cooled down to 483 K, H,/CO/Ar (15/1.5/33.5
NmL/min) mixture was introduced and the pressure was adjusted to 1.85 bar (absolute pressure),
which corresponds to a Gas Hourly Space Velocity (GHSV) of 3600 mLco/h/ge,. Once steady

state was achieved after 6 hours on stream, the catalytic performance was evaluated. Comparing

ACS Paragon Plus Environment
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the amount of the different components in the reactor outlet to the composition of the feed gas,

the conversion and selectivity were calculated as shown in Egs. 1 and 2, respectively.

Yo :—Fcagc‘o‘”;awt-1oo [%] (Eq. 1)
Sen = Z,f;" 100  [%] (Eq. 2)
i 'Cn

where the terms Fg,in and Feo oue correspond to pmol/s CO flow rate of the feed gas and at the
reactor outlet, respectively; Fc, corresponds to the carbon based mol/s of the hydrocarbon n
produced in the reaction and S, corresponds to the carbon based selectivity of the n product in

%.

SSITKA experiments were carried out at 483 K and a total pressure (Pr) of 1.85 bar by
switching between H2/12CO/Ar and H2/13CO/Kr. The reaction order of the reactants has been
determined by varying their partial pressure. The transient responses of Ar, Kr, 'CO, CO,
2CH, and *CH, were monitored with a Balzers QMG 422 quadrupole mass spectrometer (MS).
The concentrations of H,, CO, Ar and C;-C¢ hydrocarbons were analyzed with a GC-MS
(Agilent GC7890B — MSD5977A) equipped with TCD, FID and MSD detectors. The isotopic
distribution of C,-Cs hydrocarbons were calculated as a linear combination of the fragmentation
patterns of the corresponding isotopic products®®. At the conditions tested mass or heat transfer
limitations are not observed experimentally’>, which were also verified via adequate
correlations®. A repeated set of experiments indicates that the experimental relative error is

typically less than 5%.

Results and discussion

ACS Paragon Plus Environment
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1. Effect of CO and H, pressures on chain growth and termination to olefin and
paraffin

The kinetic study of CO hydrogenation reaction has been performed on Co-Re/CNT catalyst at
methanation conditions using a mixture of H,/CO/Ar at 483 K and 1.85 bar. The present work
focuses on gaining a better mechanistic understanding of CO hydrogenation, and the experiments
were performed at constant temperature, but at various CO and H, pressures. The results are

summarized in Table 1.
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Table 1. Performance of the Co-Re/CNT catalyst in CO hydrogenation at T = 483 K and Pr = 1.85 bar under different partial

pressures of the reactants, CO and Hj; Fr= 50 NmL/min

©CoO~NOUTA,WNPE

Peo Pio GHSV Rco Scris Scone  Sconsa  Scangs Scsue Scamio Scans  Scsmiz Scshio Scenis Scr+

2 (bar)  (bar) | (mlcolga) | WMD) 0000wy ) e ) ) e )

13 0.056 0.560 3600 4.8 723 82 05 5.7 3.8 2.2 3.9 L.5 1.2 0.8 0.0
15 0.111 0.560 1800 3.6 62.6 8.1 0.5 7.3 4.6 3.9 59 29 2.6 1.7 0.0
1 0.137 0.560 2220 3.1 58.0 7.5 0.6 6.5 7.3 4.1 7.3 33 3.5 2.0 0.0
19 0.166  0.560 2700 24 533 69 038 54 10.1 3.9 8.1 34 4.2 2.1 1.8
0.056 0.296 3600 24 699 7.1 1.3 4.0 7.1 1.6 5.5 1.3 1.8 0.4 0.0
0.056 0.370 3600 2.7 66.6 7.6 1.1 4.4 7.1 2.0 56 24 1.2 0.0 0.0
0.056 0.444 3600 33 70.8 79 0.8 52 49 21 4.4 1.4 1.6 0.9 0.0
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Based on the product distribution, a simplified reaction network including monomer formation,

C,-Cg paraffin and olefin formation is depicted in Scheme 1, where the intermediates of C,* are

generally defined as the precursors for the chain growth and termination™>*.

CH, CHs  CiHyg CHyo GH;,  GCeHy,

rp,lT rpﬂT rp,ST rp,4T rp,ST rp,sT

CO* — CH * >C*¥* —C*—C*—C*—C.*
X Tga T 2T T3 b Tga T O Tgs 7O

2]

g g3
r o,zi ro,si ro,4$ I'o,si

CH, GHe CHg  GCsHyo

Scheme 1. Reaction network of CO hydrogenation, where the rates for chain growth and

termination to paraffin and olefin are marked for each intermediate.

The turnover frequency for olefin formation (TOF,,), paraffin formation (TOF,,) and chain
growth (TOF,,) are obtained from the formation rates of all the products and the mass balance.
The formation rates of olefin and paraffin, expressed as turnover frequency (TOF) based on the

Co active sites measured by hydrogen chemisorption, are calculated by Eq. 3.

TOFpy(gyn = 2C27C0ZC  [571] (Eq. 3)

Dcoxco

where Sc,, is the carbon based selectivity of the product n, Rco corresponds to the molar rate of
CO consumption per gram of catalyst (mol/g./s), which was estimated from the conversion by
the differential reactor design equation, M¢, corresponds to the molecular weight of cobalt
(g/mol), D¢, is the Co dispersion obtained from H, chemisorption and x¢, corresponds to the

cobalt loading on the catalyst (gco/gcat). Scn®*Rco is the formation rate of the hydrocarbon with

ACS Paragon Plus Environment
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carbon number n (mol/gca,s). DeoXco/Mco represents mole of surface Co per gram of catalyst
(molc, ¢/geat)- The turnover frequencies for paraffin and olefin formation are plotted as a function

of CO and H; partial pressures in Figure 1.

a) b)
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Figure 1. Turnover frequencies of paraffin formation (TOF,,) (a, b) and olefin formation
(TOF,,) (c, d). (a,c) were measured at different CO pressures and constant H, pressure of 0.56
bar and (b,d) at different H, pressures and constant CO pressure of 0.06 bar. T =483 K and Pt =
1.85 bar.

The effect of CO pressure on the paraffin formation is presented in Figure 1 a). The effect

depends obviously on the carbon number. Results indicate that the rate of paraffin formation

ACS Paragon Plus Environment
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generally decreases with the carbon number. The methane formation rate shows a monotonic
decrease with increasing CO pressure. For C,-Cs paraffin, the formation rates increases with
increasing CO pressure following a decrease at high CO pressures. A maximum rate exists for
each paraffin at a CO pressure of about 0.11 bar. The decrease in the TOF,, with increasing CO
pressure is less pronounced when the carbon number increases. The effect of H, pressure on the
paraffin formation is presented in Figure 1 b). The forming rates of all the paraffins increase

almost monotonically with increasing H, pressure.

The effects of CO and H; pressure on the olefin formation are presented in Figure 1 c) and d),
respectively. The amount of ethylene formed at the different conditions tested is very small
(Table 1, Figure 1), possibly due to strong adsorption of ethylene. The ethylene formation rate
did not vary significantly with CO pressure, while the formation rate decreased slightly with
increasing H, pressure. There are also maxima in the curves for C4-Cs olefin formation with CO
pressure, but the optimum rates appear at a slightly higher CO pressure of about 0.14 bar

compared to the paraffin formation (Figure 1a).

The effective chain growth turnover frequency (TOF,,) for C, is calculated based on Egs. 4
and 5, where the chain growth is generally assumed to be irreversible. Since no significant Ce:
hydrocarbon were detected, TOF, s, the chain growth from Cs is equal to the formation TOF of
Cs paraffin (TOF¢), with no C¢ olefins observed above the GC detection limit. The TOF,, for
Cn (n=1-5) is calculated based on the mass balance as described by Eq. 5, comprising the
formation rate to C,; paraffin and olefins and chain growth rate of C,;; towards C,:,, where the
insertion of C; unit as the chain growth monomer in the chain growth of C,; is subtracted from

the chain growth rate by applying a factor of n+1/n+2.

ACS Paragon Plus Environment
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TOF, 5 = TOF,, (Eq. 4)

TOFyy = TOFyp1 + TOFgpe1 +=TOFgnuy; n=1-4 (Eq. 5)

+2

©CoO~NOUTA,WNPE

11 The dependence of the chain growth with CO and H; partial pressures is depicted in Figure 2.
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33 Figure 2. Turnover frequency of chain growth (TOF,,; n=1-5) at a) different CO pressures and
constant H, pressure of 0.56 bar and b) different H, pressures and constant CO pressure of 0.06
36 bar. T =483 K and Pt = 1.85 bar.

40 Figure 2 indicates that the chain growth rate depends significantly on the carbon number and
the rate decreases with increasing carbon number. Furthermore, a maximum in the curve was
45 also observed for the chain growth rate with the CO pressure, and the maximum chain growth
47 rate was located at a CO pressure between 0.11-0.14 bar (Figure 2a). The position of this is
identical to the peak position of the CO activation rate. The chain growth rate increases
52 concurrently with increasing hydrogen pressure (Figure 2b), and the effect of hydrogen is more

54 significant for hydrocarbons with lower carbon number.
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Figure 1 and 2 illustrate the complex dependencies of the formation rates of olefins and
paraffins as well as the chain growth rates on the CO and H; pressures. In order to get a better
understanding of such effects and thus provide new insights to the reaction mechanism,
multicomponent SSITKA was performed in order to deconvolute these effects to the site

coverage and the reactivity of the intermediates.

2. Mapping of the Kinetic parameters involved in the reaction network

Based on the transient curves of different isotopic labeled products, the site coverages of the
intermediates leading to the main products on the catalyst surface were directly obtained. The
site coverage of each intermediate produced in FT synthesis is defined by Eq. 6, namely the ratio
of the concentration of adsorbed species (N¢,) in mol/g.,; and the concentration of total active

sites (N;) in mol/gc,, measured by H, chemisorption.
Ocy =~ (Eq. 6)

The number of adsorbed species (N¢,) is defined by the product of the reaction rate (rcy),
which can be calculated by Eq. 7 (mol/g..s), and the mean residence time of each intermediate

(s) over the catalytic surface (Eq. 8).
FcoX
Ton = TR0 5, [mol/g o] (Eq. 7)

NCTl - rCTl . TCTl [mOI/gCat] (Eq 8)

where Fco is the CO flow rate in the feed stream (mol/s) and Xco is the CO conversion level in

%. Scn 1s the selectivity of the product n and w,, corresponds to the weight of catalyst in grams.

ACS Paragon Plus Environment
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The residence time of CO, Ar, Kr, and CH4 are determined from the area under the normalized

curve obtained by SSITKA experiments using the MS (Eq. 9).

Ten = Jf, Fen (8)dt (Eq. 9)

The residence time of higher hydrocarbons is determined by the analysis of the fragmentation
pattern of the non-, partially and fully labelled products after the isotopic switch using a GC-MS,
following the procedure developed by Van Dijk and co-workers™2’. Firstly, the fragmentation
pattern of each hydrocarbon produced in the reaction is calculated as a linear combination of the
fragmentation patterns of the non-, partially and fully labeled compounds and its contribution to
the product. The contribution can be calculated by minimizing the objective function shown in

Eq. 10.

2
S(x) = ﬁ1(2?(xij fi;ef ) = £°0%) 5 minimum (Eq. 10)

where S(x) is the objective function, m is the number of different m/e values for each
hydrocarbon produced, n is the number of isotopic combinations depending on the number of
atoms that can be labelled, x;; is the contribution of a given isotopic combination to the mixture
at its m/e value, fijref is the intensity of the fragmentation pattern of a given isotopic combination
at its m/e value, and £ is the intensity of the fragmentation pattern observed in the GC-MS for
each m/e value of a given isotopic combination. Once the contribution of each isotopic
combination is calculated, the normalized responses can by depicted over time on stream as
shown in Figure 3, which was used to calculate the residence time of the non-, partially and
fully-labeled intermediates. The isotopic distribution in ethylene was not shown in Figure 3, due

to very low concentration of ethylene at the conditions studied. The overall residence time of a

ACS Paragon Plus Environment
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given hydrocarbon can be calculated by the overall '*C content of a hydrocarbon with n C-atoms

where i atoms are labelled, as shown in Eq. 11.

1

Ten =

n i=1 i ) T12Ci13CTL—i (Eq 11)

ACS Paragon Plus Environment
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Figure 3. Isotopic distribution of the main intermediates C,H¢ (a), CsHg (b), C3Hs (c), C4Hjo (d),
C4Hsg (e), CsHy, (), CsHyp (g) over time on stream at 483 K, Pt = 1.85 bar, Pco = 0.17 bar and
Py = 0.56 bar.
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Figure 4. Site coverage of CO, and the intermediates leading to the formation of CH4 and C,+
(C,Hs, CsHg, C4Hg) paraffins (a, b) and to the formation of C,; olefins (C,Hs, CsHg, C4Hg, CsHp)
(c, d). (a,c) were measured at different CO pressures and constant H, pressure of 0.56 bar and (b,
d) were measured at different H, pressures and constant CO pressure of 0.06 bar. T =483 K and
Pr=1.85 bar.

Figure 4 presents the changes of the site coverage of CO and the main surface intermediates
leading to the formation of paraffin (Figure 4 a and b) and olefin (Figure 4, ¢ and d) of various
carbon numbers with CO and H; pressure. Figure 4a shows an increase in CO site coverage with
increasing CO pressure, while Figure 4b shows no significant changes in CO site coverage with
increasing H, partial pressure. The results clearly revealed the adsorbed CO species as the most
abundant surface species on Co surfaces at the studied conditions, suggesting a stronger
adsorption of CO compared to other species. However, the monotonic increase in CO site
coverage is inconsistent with the volcano type of relationship between the CO conversion rate
and CO pressure (Table 1). Based on the previously reported CO hydrogenation mechanism, the
HCO*+H* step is the rate determining step for CO activation®®, and the CO conversion rate is
then proportional to Oco0y”. Unfortunately, it is not possible to accurately measure the H surface
coverage by Hy/D, switch in SSITKA experiments due to exchange reactions with surface and
gas phase OH groups. However, the adsorption of CO and H is competitive on the Co surfaces,
and CO adsorption is much stronger than H adsorption. It is then expected that increasing CO
pressure increases the CO site coverage and consequently decreases the H site coverage. The
opposite changes in CO and H site coverages resulted in a volcano type change of the CO
conversion rate with CO pressure. The increase of reaction rate with the increase in CO pressure
is a result of more significant increase in CO site coverage compared to the decrease in H site
coverage. At high CO pressures, increasing CO pressure might result in a more significant

decrease in the H site coverage, thus the reaction rate decreases.
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In general, the dependency of site coverage of intermediates leading to olefin and paraffin
formation with CO and H, pressures (Figure 4) corresponds well with the dependencies of olefin
and paraffin formation rates (Figure 1). This is expected from a kinetic point of view, the CO and
hydrogen pressures should mainly influence their site coverage. Similar to the CO pressure
dependency of the paraffin formation rate (Figure 1a), a volcano-shaped curve was also observed
for the CO pressure dependency of the site coverage of the intermediates leading to paraffin
formation. Although the detailed kinetic expression for the formation of these intermediates
could be complicated, the results suggest that the intermediate formation rate is a function of the
site coverage of CO and H. The maximum in the site coverage of intermediates at a moderate CO
pressure is possibly a result of the positive effect on the CO site coverage and a negative effect
on the hydrogen site coverage with increasing CO pressure. Moreover, a more significant
decrease in the site coverage of intermediates leading to paraffin formation with increasing CO
pressure at relatively high CO pressures was observed, compared to changes in intermediates
leading to olefin formation. It is a result of more hydrogen involved in the elementary reactions
leading to paraffin formation compared to olefin formation, which will be discussed later in more
detail.

Figures 1-4 show that the CO and H; pressure dependency of the formation rates of olefin and
paraffin and chain growth, as well as the concentration of intermediates, and such dependency is
clearly a function of the carbon number. A clearer carbon number dependency of the formation
rates of olefin and paraffin and chain growth is presented in Figure 5a. Both paraffin formation
and chain growth rates decrease with increasing carbon number, while the olefin formation rate

increases with carbon number up to 4, followed by a decrease for higher carbon numbers. The
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reaction rates follow exactly same trend as the selectivity as a function of carbon number.
SSITKA data could provide a better understanding of the carbon number dependency of TOFs in

terms of site coverage and the rate constant.

17’18, the TOF of the formation of olefin,

Similar to previous modeling of the SSITKA data
paraffin and chain growth can be expressed by the site coverage of corresponding intermediates

and their reactivity, namely the inverse of the corresponding residence time (Egs. 12-14):

TOE,n = kspnOpn (Eq. 12)
TOF, n = ksonbon (Eq. 13)
TOEg,n = ks,g,ngo,n (Eq. 14)

where n represents the intermediate with carbon number of n; TOF,,, TOF,,, are the turnover
frequencies for the formation of paraffin, olefin, respectively, TOF,, is the propagation, and
Kspn> Ksoms Ksgn are the rate constants for the formation of paraffin and olefin and propagation,
respectively for the simple kinetic model; 0,,, 0, are the site coverage of the intermediate
corresponding to the formation of paraffin and olefin, respectively. Table 2 and Figure 5 provide
a detailed mapping of the surface coverage and kinetic rate constants of the steps involved in the

reaction network of the CO hydrogenation on Co-Re/CNT.
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Table 2. Compilation of the site coverage, turnover frequency and rate constants for the different
compound formation on the catalytic surface of Co-Re/CNT at 483 K, Pt = 1.85 bar, Pco = 0.11

bar and Py = 0.56 bar.

kon (s

Compound | TOF (107 s gtPllel
CcO 0.6423
CH,4 13.2195 0.0811
C -G, 5.0849

C,He 1.7029 0.0365
C,H, 0.0939 0.0021
Cy-C3 4.9321

C;Hjg 1.5444 0.0340
CsHe 0.9712 0.0216
C3-C4 3.2220

C4Hio 0.8196 0.0183
C,4Hs 1.2403 0.0276
C4-Cs 1.4527

CsH), 0.6206 0.0142
CsHyo 0.5390 0.0127
Cs-Cs 0.3517

CeHis 0.3517 0.0078

0.1630
0.0627
0.0467
0.0449
2.3587
0.0454
0.0449
0.1490
0.0448
0.0449
0.0526
0.0437
0.0425
0.0278

[a] TOF of chain growth, paraffin and olefin formation reactions. [b] Site coverage of the main intermediates
adsorbed on the catalytic surface, which were determined by transient response curves of labeled species as shown
in Figure 3. [c] C,-C,; represents the chain growth reaction of C,, [d] ks, is the rate constant lumped with the site
coverage which cannot be measured directly, for chain growth k,=k, ,0c+, paraffin formation (k, :kp,n(OH)ml) and
olefin formation (k, :ko,n(OH)mZ) reactions, respectively. ks,n were estimated from measures TOFs and site
coverages based on Eq. 12-14; [e] The summary of the site coverages in Table 2 is not 1, and the rest corresponds
the site coverage of H, OH, site vacancy and others.
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Figure 5 provides a detailed mapping of the surface coverage of intermediates and kinetic rate
constants of the steps involved in the reaction network of the CO hydrogenation on Co catalysts,

at the conditions of 483 K, Pt = 1.85 bar, Pco = 0.11 bar and Py, = 0.56 bar, as an example.

a) b) <)
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- . 0.08 |
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Figure 5. Kinetic data from multicomponent SSITKA and its dependence on carbon number. a)
Changes in chain growth rate (@), the formation rate of olefin (m) and paraffin (A ). b) Evolution
of site coverage of intermediates leading directly to the formation of olefin (m) and paraffin (A).
c¢) Rate constants obtained by Eq. 12-14 for the chain growth (e), olefin (m) and paraffin (A)
formation in FT synthesis at 483 K, Pt = 1.85 bar, Pco = 0.11 bar and Py, = 0.56 bar. Dashed
line corresponds to estimated value.

The changes in site coverage of the intermediates leading to paraffin and olefin formation are
presented in Figure 5b as a function of the carbon number. As reported previously, the site
coverage of intermediates leading to methane is much higher than for intermediates leading to
heavier paraffins'®. The site coverage of the intermediates is reported only up to carbon number
5, since there is too large uncertainty in the measurement of the site coverage of the heavier
olefins due to the low concentrations obtained at the conditions tested. The site coverage of the
intermediate for ethylene formation is very low, possibly due to the strong adsorption of ethylene

and therefore leading to a fast chain growth reaction. It explains a very low observed formation
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rate of ethylene. A volcano curve of the intermediates leading to olefin formation is observed
with the carbon number and the largest site coverage is found for carbon number 4.

Figure 5c shows the evolution of the rate constants for chain growth, paraffin and olefin
formation with the carbon number. The rate constant for the olefin formation is constant
regardless of the carbon number, indicating that the carbon number dependency of the olefin
formation rate (Figure 5a) is mainly governed by the carbon number dependency of the site
coverage of the intermediates, more precisely the adsorption strength of the olefin. It is
interesting to note that the rate constants for paraffin formation are very similar to the ones for
olefin formation and constant for C,-Cs, except for methane, which is higher than the others.
Regarding the chain growth, there is a significant decrease in the rate constant with increasing
carbon numbers.

It should be noted that the above simple kinetic model deconvolutes the TOF into the site
coverage and the reactivity (or rate constant) of the intermediates, which provides a useful tool to
study the effect of catalyst properties and operation conditions on the catalytic performance.
However, this type of simple kinetic model alone cannot provide any information on the nature
of the intermediates, which is a key factor for a better understanding of the mechanism of the
formation of paraffin and olefin of each carbon number as well as the chain growth.
Furthermore, the rate constants in the simple model are lumped parameters, and the exact
physical meaning depends on the detailed reaction mechanism, which will be discussed in the

next section.

3. Carbon number dependence of reaction mechanism and Kkinetics

3.1 Olefin and paraffin formation
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In order to better understand the carbon number dependency of the kinetics, knowledge of the
reaction mechanism and identification of the nature of the intermediates involved in the
elementary reactions for each carbon number are essential. Here we will employ a kinetic study
at the elementary step level by varying the CO and H; pressure and combining a more detailed
kinetic modeling, as a tool to elucidate the possible nature of the intermediates in Scheme 1.
Based on the reaction network proposed in Scheme 1 and analysis of all the data, intermediates
leading to olefin formation was selected as C,* in the kinetic analysis. The elementary reaction
steps from the intermediate C,* to the corresponding olefin and paraffin involve several
hydrogenation or dehydrogenation reaction steps. The exact number of elementary steps or how
many H atoms are involved in the reaction steps depend on the detailed mechanism. Based on

the rate determining step of CnHayi*+H* suggested by DFT studies'**

and the assumption of
reaction orders of m1 and m2 H involved in the elementary reaction steps towards the formation

of paraffin and olefin with the carbon number of n, the rate expressions can be described as in

Egs. 15-16, respectively:
TOE, = kp,nHCn(eH)ml (Eq. 15)
TOF,, = ko,nHCn(eH)m2 (Eq. 16)

where kj , ko o are the rate constant for the formation of paraffin and olefin, respectively; 6c, and
On, are the site coverage of the intermediate and hydrogen, respectively, measured by SSITKA;
and m1 and m2 are the reaction order with respect to adsorbed atomic hydrogen for the paraffin
and olefin formation from the intermediates, respectively. Unfortunately, the site coverage of
hydrogen is not directly measureable by D,/H, switches in SSITKA, due to exchange reactions

with OH groups on the support as well as in gas phase. By assuming an equilibrium of hydrogen

ACS Paragon Plus Environment

27



©CoO~NOUTA,WNPE

ACS Catalysis Page 28 of 44

adsorption and desorption, the site coverage of hydrogen and vacant sites can be expressed as

shown in Egs. 17 and 18, respectively.

HH = KHZPHZH* (Eq 17)
* 1_(Z?=1 91’)
S (Eq. 18)

where Ky, is the H adsorption equilibrium constant, estimated to be 1.68 at 483 K in our
previous studies combining transient and steady-state modeling'®, Py, is the hydrogen partial
pressure and 0; is the site coverage of all the compounds adsorbed on the catalytic surface except
hydrogen, this includes CO, CH4 and higher hydrocarbons. It was found that site vacancy is
almost constant at the conditions studied in this work. It is partially due to opposite changes in
site coverage of H and CO when CO or hydrogen pressure changes which compensates each
other to a certain degree. Therefore, we could lump the site vacancy (6*) together with the rate
constant. By rearranging Eqs. 15-16 and combining with Egs. 17-18, Egs. 19 and 20 are
obtained in order to evaluate the reaction order with respect hydrogen:

In(TOE, ,,/0¢cn) = Ink", , + my/2In (Pyy) (Eq. 19)
In(TOF, ,,/6cyn) = Ink" , , + my/2In (Py,) (Eq. 20)

where k’*, =kp,nKHzml/26”‘m1 and ko =k0,nKH2mmO*m2, where Ky is the equilibrium constant of
hydrogen adsorption and 0* is the site vacancy. In(TOF,./0c,) and In(TOF,,/0c,) were plotted

as a function of In(Py;), as depicted in Figure 6.
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Figure 6. Plot of In(TOF;,/0cn) vs. In(Pyp) for (a) paraffin formation (i=p) and (b) olefin
formation (i=0) reactions at different carbon numbers: m: C;, A: Cq4, at: 483 K, Pco = 0.06 bar
and Pt = 1.85 bar.

A linear relationship was found both for C; and C4 and the slope of the line gives the reaction
order with respect to hydrogen of 2.2 for the paraffin formation and 0.7 for the olefin formation
from the C; intermediate. Similarly, the reaction order with respect to hydrogen is found to be
1.4 for the paraffin formation and 0.3 for the olefin formation for the C4 intermediate. The
carbon number dependency of the hydrogen reaction order suggests therefore a possible carbon
number dependency of the reaction mechanism for the termination reactions of C,* to paraffin
and olefin. As discussed above, the reaction order with respect to hydrogen provides the number
of H* involved in the kinetic relevant elementary steps'>*® from the intermediates to the
products. The last hydrogenation step of C,Hy,+*+H* has been suggested as the rate
determining step for paraffin formation. Using that as the starting point, the chemical identity of
possible intermediate can be suggested based on the reaction order of hydrogen for the paraffin

and olefin formation.

The most probable chemical identity of the intermediates could be related to alkyl>>”*,

alkenyl™**® or hydroxycarbene® ' like species depending on the reaction mechanism. In the
carbide mechanism, alkyl and alkenyl intermediates could be formed by the dissociation of
adsorbed CO followed by hydrogenation of the carbide species to generate alkylene species

(CHz-), which finally polymerize to generate alkyl like intermediates. Alternatively they can be
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formed by the hydrogen assisted CO activation following decomposition of oxygen containing

19203646 Brady and Pettit'' proposed a mechanism for the

intermediates and hydrogenation
formation of 1-alkenes through alkyl like intermediates which involves the polymerization of
methylene species to produce alkyl intermediates. Paraffin formation occurs by hydrogenation of
the intermediate and olefin formation occurs via B-elimination of hydrogen atoms contained in
the growing hydrocarbon chain.

The paraffin can be formed from alkyl intermediates (RCH,-CH,*) through hydrogenation
followed by desorption, while the olefin can be formed via -elimination of hydrogen atoms in
RCH,-CH,* to be followed by desorption of the olefin, as shown in Egs. 21 and 22, respectively.

(R— CHy — CHy)gqs + Hags > (R— CHy — CH3)qqs + * (Eq. 21)

(R - CHZ - CHZ _)ads +*— (R —CH = CHZ)ads + Hads (Eq- 22)

The rate expressions for paraffin and olefin formation reactions are shown in Eqs. 23 and 24

respectively, assuming that Eq. 21 and 22 describe the rate determining steps.

om = kp,neRCHZCHZ (PH2)1/2 (Eq. 23)

Ton = Kon0:Orcrzcn2 (Eq. 24)

where r,, , and 1, , are the paraffin and olefin formation rates, respectively; k,, , and k, , are the rate
constants for the paraffin and olefin formation, respectively; Orcracrz 1S the site coverage of the

alkyl intermediate and Py is the partial pressure of hydrogen.

It has also been observed that the polymerization of methylene species (CH»-) can lead to the

formation of alkenyl or vinyl intermediates (RCH=CH*)*, which can be hydrogenated to
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produce paraffins and olefins. The elementary steps for paraffin formation from RCH=CH* to

the rate determining step can be described by Eq. 25a-c:

(R—CH=CH=)ggs + Hygs © (R—CHy —CH ) gqs +* Kosa (Eq.252)
(R—CHy — CH —)ggs + Haygs © (R—CHy — CHy) gas +* Kosp (Eq.25b)
(R —CHy; — CHy —)qqs + Haas = (R — CH; — CH3) qq5 +* kosc (Eq.25¢)

For a clarity purpose, the above elementary steps are lumped in Eq. 25:

(R—CH = CH —)ggqs + 3Hygs & (R — CH, — CHs) 4qs +3* (Eq. 25)

The olefin formation is described by Eq. 26:

(R—CH =CH —)44s + Hgqs » (R—CH = CH;)gqs +* (Eq. 26)

The rate expressions for paraffin and olefin formation reactions are shown in Eqgs. 27 and 28,

respectively.
om = kp,neRCHCH (P H2)3/ 2 (Eq. 27)
Ton = KonOrcHen (PHz)l/z (Eq. 28)

32 32 12 I
where kp,n=k25cK25aK25bKH2 =k’p,n KH2 ! , ko,n =k’0,nKH2 ! , Kgsa and K25b are the equlhbrlum

constants for the reaction steps of 25 a and b, k25c is the rate constant for the step 25c.

Surface science and theoretic calculation have recently suggested alkyne (RCH=CH*) and
alkylidyne (RCH,C*)*>> as the most stable intermediates for chain growth. It should be noted

that RCH=CH* and RCH,C* are species that cannot be distinguished by kinetic analysis alone.
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The enol like intermediates (RCH2-CHO,qs) are formed via the hydrogenation of associatively
adsorbed CO, which generates CHOH,qs (hydroxycarbene) species. Subsequently, the
hydroxycarbene species polymerize generating aldehydes, which subsequently can form
paraffins and olefins by reaction with hydrogen. The formation of paraffins and olefins from

RCH,-CHO,¢; is presented in Egs. 29 and 30, respectively.

(R—CH, — CHO —)gqs + 4Hyys » (R—CH, — CH3) q45 + Hy0445 + 3 * (Eq. 29)

(R - CHZ —CHO _)ads + 2Hads - (R —CH = CHZ)ads + Hzoads +* (Eq- 30)

The rate expressions for paraffin and olefin formation reactions are shown in Egs. 31 and 32,

respectively.
Ton = KpnOrcnzcrno (Puz)? (Eq. 31)
Tom = KonOrcuzcro Pz (Eq. 32)

Table 3. Hydrogen reaction order of the paraffin and olefin formation reaction for the possible
intermediates and experimental values obtained for the C; and C, intermediates.

Reaction order of H, Kp.n Kon

Intermediates (C,*) Paraffin Olefin

formation  formation
R — CH, — CH, (alkyl) 0.5 0
R — CH = CH (alkenyl ) 15 0.5
R — CH, — C (alkylidyne) ' '
R — CH, — CHO(enol) 2.0 1.0
Experimental Paraffin Olefin

formation  formation
Cs 2.2 0.6 335.7 88.1
Cy 1.4 0.3 69.3 61.6
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The possible hydrogen reaction orders for the formation of paraffin and olefin are summarized
in Table 3 based on the kinetic analysis of the reactions from alkyl, alkenyl or alkylidyne and
aldehyde like intermediates. The experimental observed reaction orders of hydrogen are also

summarized in Table 3 for comparison.

The experimental reaction orders with respect to hydrogen of 2.2 and 0.6 were observed for the
paraffin and olefin formation from C; intermediates, respectively. The results suggest that alkyl
and alkenyl or alkylidyne like intermediate can be excluded, and the enol like intermediates
(CHxCHO-) seems to be the intermediates responsible for propane and propene formation. It
requires 4 H for the hydrogenation from an enol like intermediate to propane formation. The
experimental reaction orders towards hydrogen of 1.4 and 0.3 were observed for the paraffin and
olefin formation from C, intermediate, respectively. The results indicate that the intermediate
responsible for the reactions forming C4 (Scheme 1) is most likely to be an alkenyl or alkydiyne
like intermediate. However, the experimental hydrogen order of 1.4 and 0.3 is slightly lower than
the theoretical ones of 1.5 and 0.5 from alkenyl like intermediates. This is within the

experimental uncertainty (less than 5%).

The rate constants for the termination reactions to C; and C4 hydrocarbon are also summarized
in Table 3. The carbon number dependence of the rate constants for olefin formation is similar to
the one in Figure 1c obtained by Eqs. 12-13. However, the carbon number dependence of the rate
constants for the paraffin formation is different. It should be noted that the intermediate used in
Eq. 12 and 15 is different. The site coverage of the intermediates leading to paraffin formation
measured by SSITKA (0,,) was used in Eq. (12), while the site coverage of the intermediates
leading to the olefin formation is used in Eq. 15. Comparing the carbon number dependence of

the two rate constants, it can be concluded that the rate constant for the paraffin formation from
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the paraffin like intermediates is independent on the carbon number, but the rate constant for the
formation of the paraffin like intermediates from the intermediates leading to olefin formation
depends on the carbon number. k3 is larger than k4, possibly due to the different chemical

nature of the C; and C,4 intermediates.
3.2 Chain growth reaction

It is generally assumed that chain growth is an irreversible reaction. The propagation rate is

described as Eq. 33:

TOFyn = kgnOcnbc. = K'Ocn (Eq. 33)

where TOF,, is the turnover frequency of chain growth, k., is the rate constant for the
propagation rate and 0¢, and O¢+ are the site coverage of intermediate with carbon number of n
and the monomer to be incorporated into the growing chain, respectively. It is reasonable to
assume that the site coverage of the monomer (6¢+) is constant in all the steps of the chain
growth, regardless of the carbon number. Therefore, O¢+, can be lumped together with k, ,, which
is a function of the concentration of the chain growth monomer. Eq. 33 was rearranged using
chain growth rate of Cs as the reference to eliminate the effects of 0¢+. The relative rate constant

is described by Eq. 34 and plotted in Figure 7.

kgm _ TOFyn 0cs

kgs TOFy30c,

(Eq. 34)
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Figure 7. a) Ratio of chain growth rate constant as a function of carbon number; b) Chain growth
rate divided by the site coverage as a function of the carbon number at different Pco and Py, (in
bar). T =483 K and Pr = 1.85 bar.

Figure 7a shows that the kg n/k, 3 values for each hydrocarbon with different carbon numbers
do not depend on CO and H, pressures, except for C,. The variation of kg »/k, 3 for C, is possibly
a result of experimental uncertainty due to very low concentrations of ethylene, which makes it
difficult to accurately measure the residence time of the ethylene intermediate. In the estimation
of the surface coverage of this compound, it has been assumed that the residence time of
ethylene is relatively close to the residence time of propylene. Anyhow, the results in Figure 7a
confirm the hypothesis of identical chain growth monomer for all the carbon numbers.
Moreover, the results clearly demonstrate that the of reactivity of C,* (rate constant kg5, /kg3) is a
function of the carbon number. The significantly higher rate constant for the C, chain growth
compared to the ones for the chain growth of C,; explains the very low ethylene selectivity
observed. The decrease in the kg /ky 3 with carbon number is also observed for carbon numbers

larger than 2 (Figure 7a), and the decrease becomes less significant for higher carbon numbers.

The lumped rate constant (k’) was obtained by TOF,,/0c, from Eq. 33 and plotted as a
function of the carbon number in Figure 7b. The k’ values depend on the coverage of chain
growth monomer as well as the carbon number (Eq. 33). k’ decreases with increasing carbon

number, consistent with the observation in Figure 7a. The lumped rate constant k’ varied also
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with the CO and H, pressures (Figure 7b). This suggests that the concentration of chain growth
monomer (0.,) is a function of CO and H; pressures. However, the carbon number dependency
of the k’ appears almost as parallel lines with the carbon number in Figure 7b at different CO and
H, pressures. The k’ value is higher at higher hydrogen pressures. Based on the factor of the
dependence of the chain growth monomer on the CO and H, pressures, the direct CO insertion
mechanism can be excluded. However, in order to distinguish the carbide and the
hydroxycarbene or enol mechanism for chain growth, more detailed investigations need to be

done.

As discussed above, there are three types of mechanisms such as carbide, CO insertion and
enol mechanism dominating in the literature of CO hydrogenation. Although a kinetic study
cannot exclusively identify the reaction mechanism, it is reasonably acceptable to use kinetics to
eliminate some of the mechanisms and make it possible to suggest the reaction mechanism for
the paraffin and olefin formation as well as the propagation in CO hydrogenation. Based on the
kinetic analysis of the reactions for C; and C4, it can be concluded that a single reaction
mechanism cannot describe all the reactions of CO hydrogenation, and the mechanism seems to
depend on the carbon number. Indeed the results rather suggest a reunified mechanism where
alkyl, alkenyl and enol intermediates co-exist on the surface, and dominating intermediates
corresponding to the chain growth and termination depends on the carbon number, maybe also
on reaction conditions.

It has been demonstrated that the multicomponent SSITKA is a powerful kinetic diagnostic
tool to elucidate the kinetics and reaction mechanism of CO hydrogenation at a molecular level
at relatively low pressures. It should be noticed that the conditions used here are far from the

realistic conditions of industrial FT synthesis. The low total pressure and high H,/CO ratios were
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employed in the SSITKA experiments to avoid the formation of heavy products such as wax, to
allow the full analysis of all the products, which is essential for the analysis of kinetics of the
chain growth. In addition, it eliminates possible effects of the diffusion limitation due to filling
of wax in the pore on the product residence time, making it possible to study the intrinsic
reaction mechanism and kinetics. However, the relative value of rate constants for chain growth
and termination and their dependency on the carbon number could be the same for CO
hydrogenation at low pressures and F-T at high pressures. In addition, the mechanic insights for
the CO hydrogenation have been obtained at very high CO site coverages. Therefore, it is
anticipated that the kinetic and mechanistic insights obtained here, in particular the observed
tendencies in the kinetic dependence of carbon number and CO and H, pressures, are also
applicable at industrial F-T conditions. It has already been demonstrated that the dependence of
TOF and methane selectivity on the cobalt particle size agree well with each other both at CO
hydrogenation conditions like the ones used for SSITKA here and industrial FT synthesis

conditions™.

Conclusions

In this work we have developed a powerful tool to provide the kinetic mapping of the CO
hydrogenation network over a Co-based catalyst by analyzing the residence time and site
coverage of the main intermediates obtained by multicomponent SSITKA experiments. It
demonstrates that the multicomponent SSITKA is a valuable kinetic diagnostic tool, which can
not only provide mechanistic and kinetic insights of the reaction network, but also deconvolute
the effects of operation conditions on the reaction rates into their effects on the surface

concentration of the key intermediates and the reactivity in CO hydrogenation at a molecular
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level. Kinetic study by using such a tool suggests a carbon number dependency of the chemical
nature of the intermediates (Cn*) in the reaction network responsible for paraffin and olefin
formation as well as chain growth, where enol and alkenyl like species are dominating for C; and
C4 reactions, respectively. Our results rather suggest a reunified mechanism, where the alkyl,
alkenyl and enol intermediates co-exist on the surface, and dominating intermediates
corresponding to the termination and propagation depend on the carbon number, maybe also on

reaction conditions.

Moreover, by using such a diagnostic tool, we have a direct experimental measurement of the
carbon number dependency of rate constants for olefin and paraffin formation as well as chain
growth. The rate constants are identical for the termination reactions of Cn* to olefin and
paraffin, suggesting that the surface coverage, and thus the adsorption strength of the olefin and
paraffin is the key parameter to determine the olefin and paraffin ratio. It is anticipated that this
tool will be highly valuable in FT catalyst developments, especially for lower olefin production
through effective study of effects of catalytic properties, such as the active material and support
identity, promoter or particle size on the catalytic performance by quantitative mapping of the

surface intermediates and their reactivity.
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31 This work describes a powerful tool for kinetic mapping of the reaction network of CO
33 hydrogenation over a Co-Re-based catalyst by analyzing the site coverage of the main
intermediates obtained by multicomponent SSITKA. The results suggest a carbon number
38 dependence of the intermediates in the reaction network responsible for paraffin and olefin
40 formation, showing that aldehyde and alkenyl-like species are dominating for reactions forming

C3 and C4, respectively.

ACS Paragon Plus Environment

43



©CoO~NOUTA,WNPE

ACS Catalysis

ACS Paragon Plus Environment

44

Page 44 of 44



