CHAPTER 111 -
KINET!C MODEL DEVELOPMENT FOR
THE MODIFIED F1SCHER-TROPSCH REACTION

Incorporation of alkenes with t+he synthesls gas
(hydrogen and carben monoxide) was used in the study of
the reactlion mechanism for +the Fischer=-Tropsch synthesls
f234]. I+ was also involved In _+he production of
aldehydes by the Oxo process [2341. Nevertheless, |ittle
work has been done on s+tudylng the kinetics of
incorporation of ethylene In the heterogeneous ?TS. In
this chapter, a reaction mechanism for the mod] fled
Fischer-Tropsch syn*hasls wil]l be ratlonalized based on
common abservatlons of +the traditlional FTS and
theoretical kinetlc models (rate equations) will be

developed accordingly.
J1ii-1. Definltions.

As In the tradi+ional Fischer=Tropsch synthesls,
}heore+tcally, an ITnflnlte number of chemical spécles can
simultanecusly exist due +o an Infinite number of
raactlons occurring In +the modified FIscher-Tropséh

synthesls system. The definli+lon of the overall modl fled



Fischer-Tropsch reaction (MFTR), utilized In +his kinetic

study, 1s specifled as:

T,P
+
XHZ(g) + yCO(g) zC2H4(g) E;;E;;E;;E; Products (3.1}

Here, %, y and z are the net stolchiometric coefficlients
for hydrogen, carbon monoxide and ethylene respectlively.
The products Include all posslible chemlical specles,
however, dlesel fuel may be preferred. When bath
external (Ihferparflc!a) and Internal (intraparticle)
resistances +o mass and heat transfer 1In the reacting
system are eliminated, +the observed overall reaction

becomes the Intrinsic¢c reaction.

The catalyst used [n the experiments 1s an Impregnated
cobalt oxide supported by ALCOA F=-1 actlvated alumlina.
The details of the molecular and c¢rystatlite structures
were not lInvestligated. However, some physical and
chemical speclfIcafloﬁs can be determined by various
avallable methods of catalyst characterization. The
nature of catalyst active slites, which are responsible

for the functlan and activity of the catalyst 1s aiso
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unknown. [+ wil! be postulated +that They =are <the

activated surface cobalt atoms.

The actlvity of the catalyst 1s referred to as the
rate at which +The reaction approaches chemical
equillbrium [191]. There are many ways of deflning the
reaction rate, but +the most preclse description for a
heterogeneous cafal#*Ic reaction 1s In terms of The
turnover frequency. The turnover frequency is deffined as
+he number of molecules that react per catalytic site per
unt+ time [33]. The rate equation predicts t+he varlation
of +the +turnover frequency as a function of process
variables {temperature and total pressure) and

composition of components participating In the reaction.

The support In a supported-metal catalyst was thought
+o be an 1Inert substance which only provided a means of
Improving the mechanical strength of the metal catalyst.
But, It Is now generally accepted that +the carrler may
actually contribute to the activity of the catalyst, or
even react wlth other Ingredlents In the catzlyst to a
certzin extent [3a]. However, In +his study, +the
Interaction béfween +he metal (cobalt) and +the support

'
(activated atumlina) Is assumed to be Insignificant.

The turnover frequenéy' and +he rate equation are the
two types of Information necessary for understanding the

activity of catalyst at the molecular level. Determinling
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a rellable rate

chemical

kinetlcs.

equation

is

the

essential

goal

of
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111=2, Assumptlions.

For reactions betweern fluid reactants catalyzed by
porous sollds, a generally accepted mechanism can be
described by the following steps [116,117]:

1. Mass +ransfer of reactants and products by
counterdl ffusion between +the bulk flulid and the
outer surface of catalyst particile.

2. Mass transfer of reactants and products by
counterdlffuslon through the catalyst poras.

3. Adsorptlon of reactants onto the active sltes of
the catalyst surféce and desorption of products from
the catalyst surface.

4. Chemlcal reaction Tnvelving one or more

chemisorbed species on the catalyst surface.

The rataes of these four +types of processes are
dependent on widely dlifferent factors In additlon to +he
concentration or concen?ra}lon gradients Invelved, and so
Is +the relative Importance of tindividual steps 1In

determIning the overall rate. !n general, step 1, 2 and

4 are strictly consecutive processes and c¢an be studled

separately and then comblned Into a net rate. However,
step 3 cannot be separated because active sites are
spread all over the pore walls. One or more of these

steps may be rate-determinlng In the sense that It, or
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+they, :jgonsume(s) the major portion of the chemical

pofen%!al available for the overall process to proceed.

For fﬁé purpose of deveioping the Infriansic reaction
model for the overall MFTR, steps 1 and 2, 1l.e., mass
transfer processes, are ignored. ‘The justificatlon of
+hese assumptlions can be done elther by experiments or by
t+heoretical calculations, The detalls of the kinetlics of
indlvidual elementary steps wlll not .be emphasized In
favar of the development of a plausible and rellable

overall reaction rate expresslon.

The following assumptlions regarding the chemisorption
step of the modified Flscher-Tropsch reaction will be
utlilized:

1. All surface actlive sites are tItdentical, both
thermodynamically and.klneftcally. which beflt a
unl form surface,

2. There are no significant Interactions other than
possible reactlons between adsorbed species so that
concentrations c¢an be used I[nstead of thermodynamlic
activitles. -

3. Hydrogen moliecules will be dissoclatively
adsorbed by a palr of dual actlive sites to form two
adsorbed hydrogen atoms.

4. Carbon monoxl!da perpendicularly adsorbs fo one



active site through +the carbon end, then either
dissoclatively releases an oxygen atom and forms a
carbide atom or assoclatlively reacts with a neighbor
adsorbed hydrogen to form a hydroxyl |lgand.
5. Ethylene wl|l elther adserb +o a palr of dual
actlve sltes horizontally and then spilt up Into two
methylene Intermedlates, or moleculariy react with a
nelghborling adsorbed hydrogen +o generate an
intermediate ethyl group. The later is assumed to
be the rate~-determining step (RDS).
6. Molecules of methane and carbon dloxlde do not
compete wlth hydrogen, carbon monoxlde and ethylene

for the active sites as far as chemisorption 1Is

concerned.

Although the detalls of the hydrogenation process are
not fully understcod, 1t seems reasonable to propose that
carbon atoms from the dissoclation of CO can react with
adsorbed hydrogen to form methylldyne, methylene and
methy! Intermediates consecutively. The methylene
ITgands are assumed +to be the domlnating Intermediate
specles; The water-gas shlft reaction Is also assumed to
take ‘place as soon as there are encugh adsorbed-H 20
specles generated and they are In a close nelghborhood of
adsorbed-co spacles. Yo further simplify the derivation

of the rate equatlion, I+ Is also supposed that the chaln
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propagation rate Is independent of <chalin length and that
all branching and double bond formation will happen at
+he carbon atom next to the end carbon. Flnally, it Is
assumed that wherever a product s formed, a desorption
can be written and +this desorption reaction Is also a

Yermination step.
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111-3. Mechanism.

The lack of knowledge of the nature of the catalytic
surface In the past has frequently led to much
gifficultfes 1In determination of a reliable rate
equation. Thlsrsl;ua+lon is being changed as a result-;f
rapid progress made recently in surface sclence, which s
founded on the physlical examinatlon »>f the surface by an
Increasing number of new spectroscopic methods. Recent
catalytic research performed on +the single crystals in
ult+rahigh vacuum chambers has resulted Iin understanding
+he klnetics of the elementary steps, I.e., adserpticon,
surface reaction and desarption
£12,37,38,41,42,129,148,149,153,154,209,245], and
applying +his knowledge to catalytic reacttions on
mlcroscopic ¢clusters at normal pressure [s68].
Furthermore, for the first time, +he overall kinetlcs of
a few catalytic reactions on well-deflned surfaces has
become quantitatlively reproducible [34]. Even with the
flourishing of current progress 1In catalysis research,
not even +the simplest catalytlc reaction 1Is yet known

wIth regard to the detalis of Its true mechanism [191].
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There are two types of adsorption: physical adsorption

(or physisorption) and chemical adsorptlon {or
chemisorptionl C1173]. Physisorption results from
physicatly attractive forces such as dlpote-dipole

lnteraction and induced dlipoles and are similar to those
causing +ﬁe condensation of a vapor. Chemisorption,
however, involves electron transfer and chemical! bond
formation between the adsorbate and the adsorbent. As a
gas molecule strikes +he surface of a single crystal
solld, I+ can be efther elastically scattered or
physical |ly adsorbed. The latter s always a precdrsor of
chemisorption. I+ 1s belleved that chemisorption of one
or more of +the reactants Is lnvolved as an intermediate

step In the overall reactlon [117].

Cobalt catalysts have been promlsing candidates for
productlion of fueis and chemicals via Fischer=Tropsch
synthesls. Early tnvestigatlons of hydrogen and carbon
monoxlde adsorptions on cobalt were aimed at estimating
the metal surface area [4,5,119,200,244]. Gupta,
Viswanathan and Sastr! [104,188] Initiated a systematlc
study of the Interactlion between hydrogen and carbon
monoxlde adsorpiions on cobalt catalysts and concluded

t+hat nelther hydrogen nor carbon monexide adsorptlien is



rate determining Iin the hydrocarbon syntheslis.

It is now generally accepted that +the hydrogen
molecule Is flrst physisorbed and then dlssoclated
on most +transition metals {[15,20,52-54,57-59,172,181,
215,216,228-230,246,247,250].

Thers 1Is no sufflcient evidence +to distinguish +the
di fference between the brldge mode and atop mode of
hydrogen adscerption. Hydrogen atoms are hydridic and
electron transfer occurs from metal tTo hydrogen to form

bonding. Under certain circumstances, hydrogen atoms

chemisorbed on a supported metal can mlgrate +to the:

support which then serves as a reservolr for the hydrogen
atom [32,147,199]. The mechanism of this spillover is

yet unciear.

The flrst step of carbon monoxide adsorpfién Is also
physlsorption, fol lowed by a rapld converslion to
chemisorptlon. Sufficient evidence from studies of
ul+raviolet photoelectron spectroscopy (UP5)} and Infrared
spectroscopy (i{RS) have sthn that carbon monoxide Is
most |ikely bonded to the surface of transition metals
perpendicularly through the carbon end of the molecule
[3,17,30,43,63,143,1447. The cobalt-carbon bond may be
formed wlth either a slingle metal atom giving rlse to

[ Inear bonding or may be shared between +wc or more metal
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atoms to produce a bridge bonding [10,135,207].

Two components contribute to the metal-carbon bond.
The first arlises from an overlap of the occupied 50
orbltal of CO and unoccuplied metal 4,2 and s orbitals.
This resuits in +the donai'on of electrons +rom the
molecule of carbon monoxide to the metal atom. The
second component comes from the backdonation of electrons
from occupled metal dxz and dgz orbitals to +the
unoccupied 27* orbitals of CO. Since 27* orbitals are
antlbonding with respect to the C-0 bond and backdonation
tnto those orbitals leads to weakening of +the C-0 bond,
this makes the C-0 bond more susceptible to hydroéena+lon

and/or other reactions.

Dissoclative . chemlsorption of CO 1Is also known to
occur on the surface of many transition metals and most

Ilkely proceeds via a molecularly adsorbed state. Cobalt

actual ly locates on the borderilne between assoclative
adsorptlion and dIssoclative adsorptlon  of transitlon
metals at room +emperature In The periodic table. 1% was
noted that the trend of dlssoclative adsorption parallels
the fincrease In the separation between the 17 and 4¢
states of molecularly adsorbed CO and 1t was concluded
t+hat stretching of the C-0 bond Is a prerequisite for
dissociation [18],
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For a metal on an oxlde support, +the carbon of the CO
could be <coordinated wi+th one or more of the metal atoms,
and the oxygen wlth a metal! or metalloid atom in the
oxide support. This type of CO adsorption may be related
to the sftrong metal-support Interactlons. The effect of
supports on CO _dissocla+lon has not yet been studled
systematically, but it Is belleved that the effect can be
slgnTficant [183].

A recent reference [i16] has confirmed +that the
hydrogen adsorption on cebalt Is strongly activated,
reversible and dilssoclative while +the adsorption of

carbon monoxide is nonactlIvated and reversible, and the

intferaction between cobalt metal and supporting alumina

Is rather strong.

The kinetics of adsorption and desorption processes of
HZ and CO over supported Co have been studled by -the
technique of the temperature programmed desaorptlion (TPD)
since 1975 [60,101,250]. The actlvatlon energles for
hydrogen adsorption and desorption on 108 Co/Al 203 were
reported to be 39 and 144 kl/mol respectlively énd +he
order of desorption was 2 [250]. The activatlion energy
for desorption of CO from single cobalt crystal surface
was 103 kJ/mol [2411. Infrared specfroscoplé studies have

posltively ldentiffed +he existence of both associative
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| Trear adsorpticon and dissoclative brldge adsorptlon of
CO on cobal?t surface, and +the latter Is responsible for

producing CO, Ciot].

The adsarptlion of ethylene on franslflon metal
surface has been suggested to produce butyl! groups and
one molecule of ethylene adsorbed on +two metal active
sltes [172]. Both assoctiative and dissociative

chemisorption on nlckel were observed [49].

52



111=-3.2. Iinitiatlion.

The Initlation of reactions are generally occurring
among adsorbed species and take place throughout the
whole synthsls process. In order for adscrbed species 1o
react, tThey must be mobile on +the surtface. CC =a2nd H
[lgands are reported +o be extremely moblle on metal
cluster compounds [14,218]. For CO or H adsorbed alone
on other metal surfaces, the lnferacfiéns among the

adsorbates appear to be repulsive, as Indicated by the

common observatlon of decreasling adserption energy with

Increasing coverage. The Interaction between adsorbed CO
and H appeérs t+o0 be sllghffy attractive on +he Flscher-
Tropsch catalyst metals [65,99,100,104,155,158,
188,228-230]. :

The carblde atom from the dissoclatlion of adsorbed CO
can react with neighbor adsorbed H atom(s) tTeo ;form
methyl dene, methy lene and methyl Intermediates
consecutively [161]. Structural characterization of the
methy! idyne-contalning specles shows that +the CH unlt Is
bonded through beth the carbon and hydrogen atoms and
-+there Is a fast exchange of hydrogen between the hydridlic

state and the protonic ‘state.

Four types of surface carbon have been observed on
alumina-supported . nickel catalyst In decreasing

reactivity <toward hydrogen: chemisorbed carbon, bulk
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nTckel carbide, amorpﬁdus carbon and crystalilne
graphitic carbon [153,1547. Both adsorbed carbon and
bulk carbide can be easlly hydrogenated +o methane.
Another carbon specles has been identified as a surface
carblde which can alsoc contribute to +the hydrogenation
reactlion, vyet distingulshing between adsorbed carbon and
surface carbide Is not clear. The amorphous and
crystalline carbon specles appear to act malnly eas
pefsons to hydrocarbons. The reaction of alkenes wlth
surface Intermediates on ruthenlum gives evidence of the
presence of alkyl] and =alkylidene groups as intermediates

[78,195].

-Adsorbped oxygen atoms released from co
'dlsproportlona+lon should reacf elther with two adserbed
hydrogens to form water or with assoclatively other
adsorbed CO to produce carbon dloxlde.: The former should

be +the domInant component 1& +the aqueous product of

cobalt catalyst.
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11t-3.5. Propagation.

I+ was noted that the reaction of methyl Iron
complexes with CD, Cl, ylelded CH,CD, C124]. A simtiar
result was also cbserved for methy! nlckel complex. The
formatlion of CHZCDZ was explalned by proposing that a CD2
group Inserts Into the M-CH bond and that the metal then
abstracts a hydrogen atom from the resultling alkyl!

specles.

Methylene groups were observed to be Inserted Into the
nickel-carbon bonds of methyl and ethy!l nickel complexes

by reactling these complexes with CH,Ci, [240].

"Blloen et al. first proposed +that +the stepwlise
insertion of methylene segments iInto the metal-carbon
bond of adsorbed alky! specles férqs t+he backbone of

chaln growth of the syntheslis [21].

Further evidence of the role of methylene groups In
the chaln growth process was recently presented by Brady
and Petit [39,40]. I+ was noticed that passage of a
dilute stream of CH2N2 over nickel, patliadlium, Traon,
cobal t, ruthenium and copper catalysts produced
predominant!y ethylene and nltrogen. When hydrogen was
mixed with the C”z“z mixture, +the nature of the products
changed markedly. Detalled analyses of the products show

that they consisted malnly of normal alkanes and
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monoolefins with a distribution closely resembling that
of conventiconal Flscher=Tropsch synthesis over +the same

metals.

Brady and Petlt explained thelr results that In the

absence of hydrogen, the CHZ groups released by the

decomposition ¢f CHyNy dimerize +to form e?hyléne. When
hydrogen [s present on the catalyst surface, then the CHp
groups can undergo hydrogenatlion to produce methane. The
CH3 groups formed as a precurspr ¢ methane are assumed
to act as chain growth centers. |Insertion of a CH, group
into the metal-carbon bond of a CHy group produces an
ethyl group, and continuation of this type of reaction

can eventually glve a spectrum of adsorbed alkyl groups.

Alkanes are produced by reactlon of the alkyl groups
with adsorbed hydrogen, and oleflns are produced by
elimiration of @ B-hydroger atom from the alkyl groups.
In +the sbsence of sufficlent atomic hydrogen on the
catalyst surface, the CHZ_Qroups recombine +o form
ethylene rather than addlng hydrogen to form CHé groups
needed to initiate chaln grow+h. " On the other hand, [f
+co much atomlc hydrogen 1Is avallable, the extent of

chain growth Is suppressed.

Tanaka et al. also concluded that methylene specles
are the pivotal precursors for hydrocarbon formation on

carbon deposlted cobalt catalyst from +their experiments
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using TIsotopic D, +o generate CH, D, [210,211]. The
propagation of the MfTR is thought to be viea the stepwise
addition of a methylene IIgand to the growling chaln cone

at a time.
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111=-3.4. Terminatlon.

The distinctien between the primary product and the
secondary one has been somewhat arbitrary In that the
primary products are those produced dlrec+iy by the
reactlons of a proposed mechanism, while the secondary
products are those produced by readsorption and further
reaction of the primary products. However, by the
principle of mlcrescoplic reversibillty, 1f all +the
reactlons Including the desorptlion steps are reverslblae,
then +he Intermedlates produced from the readsorption of
stable produtfs' would not be distingulishable from those
not having undergone desorption and readsorption,
Termination steps are consldered to be the same as the
desorptions of product specles from +the surface of the

adsorbent cobalt by releasing an actlve site behind.

Foliowing The:assumpflons made In prevliocus section
(111=-2), t+he proposed reaction mechanism with the
reaction between ethylene molecules and adsorbed hydrogen
atoms being the rate-determining step, for the net MFTR

is now summarized In Flgure J.1.
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i. Chemisorption
H
Hyqy + Co-Co = | (3.2)
2(g) o
i
CO(g) + Lo = (!: (3.3)
Co
CH2
C2H4(g) + Co-Co = Zéo (3.4)

Figure 3.1. Surmary of the Reaction Mechanism Proposed for.
the Modified Fischer-Tropsch Reaction (MFTR)
Corresponding to Kinetic Model #6.



ii. Initiation

0
| ¢t o
C +Co= | + | (3.5)
1 Co Co
Co
H C2H5

RDS: C2H4(g) + CL éo (3.6}
c H CH2
| +2] = | % + 200 (3.7)
C Co fo
CH H CH |
{2+ ] =]3+co (3.8)
Lo Lo G
CH H CH
|2+ ] =]"%+co. (3.9)
o Lo Lo
CH CH C.H
(34 (225 4¢ (3.16)
€ L Lo

Figure 3.1. (Cont'd.)
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ii.

Initiation (Cont'd.)

2
+ ] = [28
Lo Lo (o
0 OH
[ H ]
C+ ] =¢C+¢Co
| Lo |
o o
OH OH
oo, ]
C +|° = C-CH, + Co
| Lo i
Co Co
?H []JH
C-CH, + | = H=C-CH, + Co
2 T T
Lo Lo
OH OH
l Hoo ]
H-C-CHy + | = #-C-CH, + Co
I (=] s
Lo Lo
Figure 3.1.

{Cont'd.)
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ii. Initiation {Cont'd.)

OH OH
l H |
H-C-CH; + | = H,C-CHy + Co (3.16)
1 Lo 7
Co Lo

| +21 = 1% +C (3.17)
Lo Co Co

0

[ 0 co,

C+[=1]°% +C (3.18)
| C Co

Lo

-(3.19)

Figure 3.1. (Cont’d.)



iii. Propagation (for n > 1}

CH ?nH2n+1
M2, o,
G, +]° =] +Co
i G 4
Co l
Co
?nH2n+l ?n“2n+1
CH H CH
12 +] =[2 +C
?Hz Co ?93
Lo Lo
TnH2n+1 ?nH2n+1
CH CH H-C-CH
12 + 2= "3 +c
?Hz Co ?Hz
Co [+
?nH2n+1 ?nH2n+1
H-C-CH H H-C-CH
[P h] =T v
f“z Lo ?“3
Co Lo

Figure 3.1. (Cont'd.)

(3.20)

(3.21)

(3.22)

(3.23)
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iii. Propagation (Cont'd.)

CH

?nH2n+1 ln 2n+1
e
e o o
© co
OH OH
‘ , T2
HrtCnlane L e
o £ 4
Co
OH OH
H |
H'?'CHZCnHZnﬂ + éo HZ? HchH2n+1
[} = o
Lo

Fioure 3.1. (Cont'd.)

(3.28)

{3.25)

(3.26)
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Termination {Desoprtion)

= C HpnaiCHolHg(qy * O n 21

3 i
|

H

H-C-CH3
] 3
Co

Figure 3.1. (Cont'ﬂ.)

(3.27)

(3.28)

(3.29)

(3.30)
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jv. Termination {Cont‘d.)

?nH2n+1
CH

| = C H,,,qHC=CH

2(q) G2 N2l (3.31)

OH

HztI:-CHz-anZ o1 = CnMars1CHaCH,OH ) +

Co .
Lo (3.32)
T2 -y (3.33)
= H,0, y + Co 3.33
o,

Figure 3.1. (Cont'd.}



311-4. Rate Equations (Klnetic Models).

Theoretical rate equatlions for +the overall modified
Fischer-Tropsch reaction, based on tThe mechanlsm as
proposed In +he prevlious section (11i-3), for varlous
assumed rate controlllng steps are presented in Table 3.1
along with a semi-emplricai power law. Datatls of the
dertivation for an example case, l.2., the rate-
determining steps are the reactions between ethylene
molecules and adsorbed hydrogen atoms, 1Is presented in
Appendix A. Other rate equations based on tThe assumed
mechanism for different controlling steps can be

simitarly derived.
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Notations for Table 3.1.

preexponential factor,
activation enerqgy, kJ/kmol,
equilibrium constant for rate-determining step,

equilibrium constant for step j, J =2, 3 and 4

represent the adsorption steps for hydrogen, carbon
monoxide and ethylene,

equilibrium desorption constant for product species 1,

i = 27, 28 and 34 represent methane, ethane and carbon

dioxide,
partial pressure of component 7, kPa, i = 2, 3, 4, 27,

28 and 34 represent hydrogen, carbon monoxide, ethylene,
methane, ethane and carbon dioxide,
gas constant, 8.314 kd/mol-°K,

net reaction rate, g-mol of (H2+C0+C2H4} disappeared

per hour per gram of catalyst,

reaction temperature, °K,

order of the net reaction with respect to hydrogen,
order of the net reaction with respect to carbon
monoxide,

order of the net reaction with respect to ethylene,

net stoichiometry coefficient for component i1 in the

overall reaction, +1 for products and -1 for rea;tants-
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