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Use of Adsorption Entropy to Choose between Kinetic Mechanisms 
and Rate Equations for Fischer-Tropsch Synthesis 

INTRODUCTION 

Recently Huff and Satterfield (1) ob- 
tained data on the rate of disappearance of 
Hz and CO during Fischer-Tropsch synthe- 
sis using a reduced fused-magnetite catalyst 
over a wide range of temperatures, total 
and partial pressures, HI/CO feed ratios 
and conversions. They concluded that the 
fit of their data to a rate equation following 
an enolic-type model was qualitatively (but 
not statistically) worse than that following a 
carbidic-type model or a combined enolic/ 
carbidic-type model. Further, they recom- 
mended that the latter rate equation be used 
on the grounds that two, rather than three, 
adjustable parameters were involved, with 
the assertion that this did not imply that the 
enolic-type model was necessarily less real- 
istic. 

In the present work we compare the 
three models, and suggest that only the car- 
bidic-type model is possible here. The com- 
parison uses a concept originally suggested 
by Boudart, Mears, and Vannice (BMV) (2) 
and later improved by Knox and Dadybur- 
jor (KD) (3). According to this concept, the 
experimental data is fitted to the rate ex- 
pression obtained from the postulated 
model, to yield postulated adsorption equi- 
librium constants Kexp for reactants and/or 
products. Values of the adsorption entropy 
AS,,, can be obtained by a relation of the 
form 

ln Kexp = @&JR) - WLJRWT), (1) 

where AH,,, is the adsorption enthalpy, R 
is the gas constant and T the absolute tem- 
perature. The validity of the model is then 

determined by noting if the “experimen- 
tally determined” value of AS,,, for each 
component falls between calculated values 
of upper and lower bounds of adsorption 
entropy for that component. The BMV and 
KD criteria differ in the way the sets of 
bounds are defined. 

The BMV criteria are necessarily empiri- 
cal, and can be combined into the following 
pair of inequalities for AS,,,: 

Max[-SA, 12.2 - 0.0014 AH,,,] 

-=c AS,,, < -10. (2) 

Here SA is the entropy of the component in 
the fluid phase. 

According to the KD criteria (3), a ki- 
netic mechanism can be ruled out unless 
the corresponding AS,,, satisfies 

AS:!, -=c AS,,, < AS&. (3) 

Here A$!!, is the entropy change for ad- 
sorption as a localized species, and AS& 
corresponds to adsorption as a two-dimen- 
sional gas. In other words, the two limiting 
cases of Eq. (3) consist of an adsorbate 
completely immobilized on the surface and 
an adsorbate completely free to move on 
the two-dimensional surface. The upper 
and lower bounds have been evaluated (3) 
using the equations of statistical thermody- 
namics. Of course either set of criteria, 
Eqs. (2) or (3), is a necessary but not suffi- 
cient condition for verifying a kinetic 
scheme. 

We concentrate here on the KD criteria. 
Then the lower bound is given by (3) 

AS:,, = -R{4 + 6A + ln[&,]} (4a) 

with 
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A-l+ -exp( -s)] 

(hvo/kT) exp[ - hvO/kTJ - 
1 - exp[-hv,JkT] * (4b) 

If the molecule is nonlinear, the term Bloc is 
given by: 

2%~~ m~2(ZJ,Jz)1~2(kT)4 
&c = ~ h6PA (4c) 

whereas 

for a linear molecule. In Eqs. (4), h and k 
are the Planck and Boltzman constants, re- 
spectively; PA is the component partial 
pressure in the vapor phase; mA, (T, I,, IY, Z, 
are the mass, symmetry number, and three 
moments of inertia of the component mole- 
cule; and v. is the vibration frequency with 
respect to the adsorption surface. Equa- 
tions (4) have been derived assuming that 
the electronic contribution to the partition 
function is small, independent of tempera- 
ture, and identical in the adsorbed and va- 
por phase states; and assuming that the fre- 
quency of the characteristic vibrations are 
identical in the adsorbed and vapor phase 
states, except for the vibration of the ad- 
sorbed molecule with respect to the sur- 
face. 

Similarly the upper bound is given by: 

AS!,, = -R [; + A 

+ In (27r)‘” 
m12(kT)3’2 11 ahPA ’ (5) 

where a is the surface area of an adsorption 
site, and the other parameters are as in Eqs. 
(4). 

Application to Fischer-Tropsch mecha- 
nisms. We now apply Eqs. (4) and (5) to the 
various components of the Fischer- 
Tropsch reaction, and compare the calcu- 
lated limiting cases of adsorption entropy 
with values obtained by fitting the experi- 
mental data to rate expressions correspond- 
ing to each of the three kinetic models con- 

sidered in Ref. (I). We first consider the 
enol-type model, primarily because it was 
judged unsuitable in Ref. (I), and also be- 
cause the analysis of this model is relatively 
straightforward. According to this model 
(II in the nomenclature of Ref. (I)), the se- 
quence is 

co + * % co* (64 

Hz0 + * % H20* (6b) 

H2 + CO* r COH;. (6~) 

Using the conventional assumptions of ad- 
sorption/desorption equilibrium in Eqs. (6a) 
and (6b), and taking Eq. (6~) to be the rate- 
determining step, the rate expression is 

k’KiPc#n2 
r = 1 + K$PH,o + KiPco ’ (64 

Here asterisks denote surface sites, r is the 
rate of disappearance of H2 and CO, k’ is 
the rate constant in Eq. (6c), and K; and K; 
are the equilibrium adsorption constants for 
CO and HzO, respectively. Fitting their ex- 
perimental data to Eq. (6d), Huff and Sat- 
terfield (I) obtained best-fit values of k’ , Ki, 
and K$ at different temperatures. Then the 
temperature variation of Ki and Ki via a 
relation of the form of Eq. (1) yields a value 
of AS:,, for CO and H20, respectively. 
From Ref. (I), the experimentally fitted 
value of adsorption entropy for CO is ap- 
parently: 

AS&&CO) 2 -66 cal/mol/“K. Vd 

From Eqs. (4) and (5) the lower and upper 
bounds of adsorption entropy for CO can be 
calculated to be 

ASp,,(CO) = -43 cal/mol/“K (7b) 

A,!&(CO) = -22 cal/mol/“K. (7c) 

Details of these calculations and those fol- 
lowing can be found in Ref. (3). Similarly 
for H20 the experimental fit yields 

AS&,(H20) = - 128 cal!molPK (8a) 

and the limiting cases are 
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ASP,,(HzO) = -44 callmolPK (8b) 

AS%(H20) = -23 cal/molPK. (8~) 

Neither Eqs. (7) nor (8) falls within the cri- 
teria of Eq. (3). Hence the corresponding 
model given by Eqs. (6) can be rejected. 
Huff and Satterfield (1) reached the same 
conclusion, but used a different argument. 

Now consider the carbide-type model 
(model I in Ref. (I)) whereby 

co+2*~c*+o* (94 

0* + H2 2 Hz0 + * (9b) 

C* + H::kHT (9c) 

leads to the rate expression: 

r= 
kK1 WCOV’H,)* 

fh20 + K1K2f’cd’n~ * 
(94 

Here Ki represents the (dissociative) ad- 
sorption equilibrium constant for CO, while 
K2 is the &sorption equilibrium constant 
for H20. For this model, best fit values of 
the product KIK2 were obtained in Ref. (I). 
From the temperature dependence of this 
product, one can set 

432 callmolPK. (10a) 

Since dissociative chemisorption leads to a 
less-ordered system than nondissociative 
chemisorption, the value of the upper 
bound for the adsorption entropy change 
will certainly increase. In other words, AS& 
as calculated in Eq. (5) is no longer an up- 
per bound for AS,,, in the case of dissocia- 
tive chemisorption. However, a conserva- 
tive upper bound can certainly be given by: 

ASd,dissociative 5 0. (lob) 

Using this and Eq. (7b) for CO, and Eqs. 
(8b) and (8~) for H20, a lower bound for 
{AS,,,(CO) - AS,,,(H2)} is given by: 

A%cKO) - Af%i(H20) 
= -20 cal/moV”K (10~) 

while an upper bound is given by 

A%i,dissociative - Wx(H20) 
= 44 cal/mol/“K. (1Od) 

Since the experimentally determined value 
of Eq. (lOa) falls between the extreme cases 
of Eqs. (10~) and (lOd), the model of Eqs. 
(9) cannot be rejected at this point. 

Finally we consider the combined enolicl 
carbidic mechanism (model III in Ref. (I)) 

Ky 
co + * * co* (lla) 

CO* + H2 % COH? Ulb) 

H20 + * 2 H20* (llc) 
V’ 

COHf + H2 --f CH? + H20. (1 Id) 

The corresponding rate expression is 

r= 
(K’K;‘Kyrj) P& PH,)2 

PH*O + (K;‘KiIK;‘) PcoPfj, ’ (1 le) 

Here JL’i’ and K;’ represent (undissociated) 
adsorption equilibrium coefficients for CO 
and H20, respectively. Kii may be assumed 
to be approximately equivalent to an ad- 
sorption equilibrium coefficient for HZ, ex- 
cept that the “adsorption” occurs on an ad- 
sorbed CO molecule, rather than on the 
surface. With this assumption, the tempera- 
ture dependence of the best-fit values of 
(K;IJL”IK;) yields 

AS:,,(CO) + AS;,,(HJ - ASk’,,(H20) 

L 32 cal/mol/“K. (12a) 

Note that since the functional forms of Eqs. 
(9d) and (1 le) are identical, the best-fit val- 
ues of the expressions (K,KJ and (K;‘K;‘/ 
K{) must be the same. Now a lower bound 
for the lefthand side of Eq. (12a) is given 
by: 

A%c(CO) + ASk(H2) - A%(H20) 
= -49 cal/mol/“K (12b) 

while the upper bound is 

A%d(co) + AS;d(H2) - AS:,(H20) 
= 0 callmolPK. (12~) 

The upper and lower bounds for the adsorp- 
tion entropy of H2 are calculated in Ref. 
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(3). Further, the undissociated value of 
ASL is used for CO in this case. 

From Eqs. (12), this model can be ruled 
out as a reaction mechanism since the ex- 
perimental values fall outside the expected 
bounds. Note that, since the calculated up- 
per bound is exceeded by over 30 cal/mol/ 
“K, our earlier assumption for Kg is not a 
critical one. Our assumption is not likely to 
be off by that large an amount. 

CONCLUSIONS 

The present results are consistent with 
those of Huff and Satterfield (I) in that the 
enol-type model for Fischer-Tropsch syn- 
thesis is rejected under these experimental 
conditions. However, rather than subjec- 
tive criteria such as “goodness of fit” or 
number of adjustable parameters, the crite- 
rion of adsorption entropy bounds (3) is 
used. 

It should be noted that, besides being 
more objective, the adsorption entropy 
bounds criterion has the added advantage 
of being able to discriminate between two 
different reaction mechanisms that give rise 
to rate expressions with identical depen- 
dences on reactant partial pressures. Ac- 

cordingly, under the present experimental 
conditions, the combined enolic/carbidic 
model for Fischer-Tropsch synthesis does 
not meet the adsorption entropy criterion 
and must be rejected. On the other hand, 
the carbide-type model does meet the ad- 
sorption entropy criterion, and is a possible 
mechanism for Fischer-Tropsch synthesis. 
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