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The kinetics of the desulfurization of thiophene on a representative CoO-M003/A1203 
were studied in the temperature range of 250-313°C for partial pressures of thiophene from 
20 to 160 Torr and for partial pressures of hydrogen from 550-750 Torr. Rates of butene 
hydrogenation were determined in the same experiments for butene partial pressures from 
3 to 31 Torr. In addition, separate experiments were carried out on the direct hydrogenation of 
l-butene in the absence of thiophene on the same catalyst. Results are also presented for 
kinetics of the isomerizat.ion of 1-butene. The rate correlations developed for these data are 
generally consistent with the view that the primary hydrogenolysis of thiophene and the 
hydrogenation of butene occur on different sites, although there is some parallelism of the 
response of these reactions to pyridine poisoning. A combined model is presented to represent 
the contributions of strongly and reversibly chemisorbed hydrogen in the reaction of thiophene. 

INTRODUCTION 

Catalytic desulfurization is an increas- 

ingly important process, yet the simplets 
model reaction of this class, that of thio- 
phene, remains largely unresolved both as 
to mechanism and kinetics. The present 
study is addressed to the latter area for 
both the primary hydrogenolysis of thio- 
phene and the hydrogenation of butenes on 
a representative cobalt oxide-molybdenum 
oxide catalyst. 

A variety of mechanistic possibilities has 
been suggested on the basis of results with 
many catalysts. These may be summarized 
as follows (1, 2’) : (i) What is the nature of 
thiophene chemisorption : across the ring 
double bond, the C-S bond (“two-point” 
adsorption), or via the heteroatom ((lone 
point” adsorption)? (ii) What is the nature 
of the ring opening: via cleavage of C-S 

1 To whom correspondence should be addressed. 

bonds, ring hydrogenation, or intramolecu- 
lar dehydrogenation? (iii) What is the 
product distribution : are dienes, diacetyl- 
enes, or tetrahydrothiophene reaction inter- 
mediates? (iv) Are the active sites for ring 
opening the same as for hydrogenation of 
primary products? (v) What is the extent 
of isomerization of olefinic intermediates? 
These are all fundamental questions ; while 
we do not presume to resolve mechanistic 
debates on the basis of kinetic data alone, 
reaction rate correlations may nonetheless 
be examined for consistency with such 
proposals. 

The kinetics of thiophene desulfurization 
have been investigated by Pease and 
Keighton (.!I), Owens and Amberg (4), 
Ghosal, et al. (6), Satterfield and Roberts 
(6), and Morooka and Hamrin (7) ; Satter- 
field and Roberts also report data for the 
hydrogenation of butene. Pease and Keigh- 
ton report near zero order in hydrogen and 
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less t,hnn first, order in t,hiophene, while 
( )wens and ;2mbrrg report an activation 
energy of 25 kcal/mole (27&4OO”C), based 
on an assumption of zero order in thiophene. 
I’readsorbed H2S selectively retarded bu- 
tene hydrogenation in comparison to 
thiophene hydrogenolysis, indicating a 
difference in sites for the two reactions. 
Satterfield and Roberts (6) have reported 
the most extensive investigations to date ; 
their experimental results for the hydrogen- 
olysis rewt,ion were correlated by : 

APTPIp 
I-T = -__-- 

(1 + KTPT + KSPSY ’ 
(1) 

where n = 0 or 1. Morooka and Hamrin 
have recently used this form in correlation 
of rate data in the range of 250-350°C. The 
kinetics of butane formation were also 
correlated by Satt#erfield and Roberts using 
the expression : 

although they ascribed no particular signifi- 
cance to this form since the correlation 
produced a negative apparent activation 
energy. Comparison of the adsorption 
parameters of Eqs. (1) and (2) strongly 
suggested differing sites for the two re- 
actions. The major limitation in that work 
was the limited range of temperature and 
hydrogen partial pressure employed in 
experimentation. 

Specific studies of the isomerization 
occurring simultaneously with the desulfuri- 
zation have been reported by Owens and 
Amberg (4); such activity may be associ- 
ated with acidic support materials. These 
reactions are thought to be at or near 
equilibrium (6) under the condit’ions em- 
ployed in desulfurization studies; a tri- 
angular reaction network (8) is commonly 
employed for representation of the kinetics 
of acid-catalyzed butene isomerization. 

co-impregnation of y-alumina with aqueous 
cobalt nitrate and ammonium paramolyb- 
date to incipient wetness (9, 10). The 
support was a Knlco y-alumina, i-in. 
extrudates ; 273 m2i/g ; by weight : 96.6S~0 
Al&, 2.:37o SiOz, 0.26% Xa, 0.28% Ca 
(K-a and Ca as oxide), and trace Ni, Co, 
MO, and Fe. After impregnation, the 
catalyst was air dried for 16 hr at 110°C 
and then calcined in oxygen for 6 hr. Final 
composition was 12.5 & 0.127, 5200~ and 
3.5 f 0.047, CuO. Metals distribution 
across the extrudate cross section was 
constant within =tlO70 as det’erminrd by 
electron microprobe analysis. 

Reagents and analysis. I’repurified hydro- 
gen (99.997,, 5 ppm of HZO) was passed 
through a Deoxo D-10-15 unit and was 
dried by passage through a 13 molecular 
sieve trap. Hydrogen sulfide (C.1’. grade, 
99.5cj?) was dried over anhydrous CaS04 
and was used without further purification. 
Thiophene (9S%, major impurity : benzene) 
tetrahydrothiophene, and pyridine (Fisher 
Highest Purity grade) were used as sup- 
plied. A dual column in series gc analysis 
was developed for product composition 
measurement. Components resolved were 
hydrogen, hydrogen sulfide, n-butane, cis- 
and trans-Mutene, butadiene, I-butene, 
thiophene, and tetrahydrothiophene. Full 
details are given by Lee (2). 

Reactor system and operation. A standard 
flow system with separate feed trains for 
the gases and thiophene, mixed before 
passage into the reactor, was employed. 
The reactor was an internally recycled 
type after the design of Brown and Bennet,t 
(11), containing from 25 to 35 g of catalyst 
in the various experiments. Temperature 
control within 42°C was provided via a 
fluidized sand bath. 

Reversibly adsorbed water was removed 
from the catalyst by treatment in flowing 
argon at 4OO”C, t,hcn reduction was carried 
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out in flowing hydrogen for 10 hr at 400°C tion, one set of runs (7’ = 313”C, 20 I PT 
(10). This pretreatment was carried out 5 160 mm) was repeated after a period of 
prior to all rate measurements at different 3 months on one catalytic sample; rates 
conditions. Reduction rather than pre- were reproduced within ~tts%. 
sulfidation was employed for pretreatment 
for reasons of experimental convenience ; 

RESULTS 

the two procedures were shown to yield Primary products from thiophene were 
identical activity levels (2). Since sulfida- 1-butene, cis- and trans-Zbutene, and 
tion of the catalyst occurs under reaction hydrogen sulfide. Very small amounts of 
conditions in the former case, several hours lighter hydrocarbons were formed at high 
were required for the catalyst to attain temperature and low PH. Tetrahydrothio- 
constant activity. At this point, two or phene was detected in small amounts in all 
three separate measurements of feed and experiments ; no butadiene was found under 
product compositions were made, and the any condition. 
rate was determined from the average 
values. Care was taken to ensure the 

The Renction of Thiophene 

absence of intra- and interphase gradients ; Data on thiophene rates are given in 
the conditions required to maintain perfect Fig. 1. Solid lines join rates measured 
mixing behavior were determined in sepa- with no H2S in the feed, but, since the 
rate experimentation and were employed reactor operates at finite conversion levels, 
in all rate measurements. HzS is present in all runs. There is a 

A standard run was repeated periodically significant inhibition of rate by HZS, 
during the experimental program. These observed elsewhere (6, Y), as well as in- 
reproducibility checks indicated no de- hibition by thiophene at higher concentra- 
activation and yielded rates within f4.5% tions. However, no maximum in rate with 
after the standard pretreatment. In addi- PT was observed, (6). 

275°C 

60 00 IVCJ I20 140 160 
7, torr 

FIG. 1. Rate of reaction of thiophene vs thiophene partial pressure at temperatures in the range of 24% 
313°C. 
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Possible kinetic corrclat(ions wcrc con- tion of hydrogen and thiophcnr ; (iv) 
sidered with regard t#o t,heir pertinence to blltene hydrogcnat,ion on similar or diffcrcnt8 
the following questions : (i) the type of sites; (v) rate-determining st’eps other 
thiophene chemisorption ; (ii) dissociative than surface reaction. All these contingen- 
or associative adsorption of hydrogen ; ties are cont,ained within t,he general 
(iii) competitive or noncompetit,ive adsorp- form (2) : 

cl + KBPB + KTPT + KsPs + (KnP&lm[l + (KH’PH)+ 
(3) 

where m = 1, 2; n = 0.5, 1, and 1 = 0, 1. 
These forms were examined via a non- 

linear least-squares routine (1.2) ; four 
expressions were clearly superior in fit to 
the data and are given in Table 1 as Model 
1 (m = 1 and 2), Model 2 (WI = l), and 
Model 3 (nz = 1). The second of these 
corresponds to the correlation of Satterfield 
and Roberts (6). Of these four, Models 1 
(m = 2) and 2 (m = 1) were essentially 
equivalent, in goodness of fit and about 
30Cz lower in mean square error than 
Models 1 (m = 1) and 3 (,m = 1). For the 
two best correlations, the mean square 
error is m10-14, averaged over the tem- 
perature range studied, but each has its 
difficulties. Endothermic chemisorption of 
hydrogen was indicated by the temperature 
variation of KH’ in Model 2, while Model 1 
is not very specific as to the role of hydrogen 
in the reaction. The range of PII invest,i- 

gated (550 < PII < 750) was not suffi- 
ciently large to resolve the latter point,; 
Model 2 must, however, be discarded. 

Now, the second term in the denominator 
of Eq. (8) arises from a noncompetitive 
adsorption of hydrogen, on either different 
sites or sites inaccessible to thiophene. The 
former has been suggested by Lipsch and 
Schuit (IO), and A’Iassoth (23) has reported 
both reversibly and irreversibly adsorbed 
hydrogen on Mo~~,J’AI~~~. Hydrogenation 
by weakly adsorbed hydrogen would cor- 
rectly be described by Model 1, while any 
contribution of more strongly adsorbed 
hydrogen would be described by Model 2. 
The latter would become more import,ant, 
at higher temperature when hydrogen be- 
comes more mobile on t,he surface. We then 
envision a combined process with the major 
reaction at lower temperature due t.o 
weakly adsorbed hydrogen and increasing 

TABLE 1 

Best Correlations for the Reaction of Thiophene 

Model Rate equat,ion Comments 

kPTPH 
(1 + KTPT + KSPS)“’ 

Two sites: CaHdS and H$ on one, HP on t,he 
other (low coverage) ; surface reaction rds 
(or Hz weakly adsorbed). 

2 
kPTPH 

(1 + KTZ'T + Ksf’~)~‘[l + (KH’PH)~] 
As for 1 but with higher surface coverage of H,. 

3 
kPT(PHP Sites of t,he same kind; competitive adsorpt,ion 

[l + KTPT + Ksf's + (KHPHI“I~+~ between C,H,S and Hz; surface reaction rds. 

*rn = 1 for one-point adsorption of thiophene; ?n = 2 for two-point adsorption. 
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2 4 6 8 10 I2 14 

Computed combined model 

Computed ($)x 109 combined model 

FIG. 2. (a) Computation vs experiment, combined 
model, 249’C: 44 5 PT < 153; 564 < PE 5 731; 
7.2 5 Ps 5 51.6. (b) Computation vs experiment, 
combined model, 313’C: 30.9 < PT 5 87.4; 529 
_< PH 5 786; 19.5 5 Ps 5 105. 

provides a slightly better correlation than 
Model I. Final discrimination between t,he 
two is not possible in view of experimental 
reproducibility, so results for both are 
given in Table 2. Figure 2 provides a 
confrontation of experiment and correlation 
of the combined model at the extremes of 
the temperatures investigated. 

The Reaction of Tetrahydrothiophene 

The rate of reaction of tetrahydrothio- 
phene (THT) was determined at 313°C 
for this catalyst; it is about twice that of 
thiophene at comparable conditions of 
reactant and hydrogen sulfide partial 
pressure up to the highest pressures in- 
vestigated (130 Torr). Thiophene and n- 
butanethiol were produced along with the 
major products; the n-butanethiol was 
always less than 2% of the reactant, but 
thiophene ranged up to 2075 of the partial 
pressure of THT. As stated before, THT 
was detected in small amounts (up to 

TABLE 2 

Correlation Parameters for Thiophene 
Reaction Rate 

Parameter Model 1 Combined 
(m = 2) model 

ko 
& 

KTll 
- AHT 

KS0 
-AH, 

KHll 
- AHH 
ko” 
E,” 

3.4 x 10-e 1.23 X 1O-4 
11.9 12.9 

4.91 X 1O-8 5.89 x 10-s 
12.2 13.9 

3.93 x 10-n 4.77 x lo-” 
20.6 29.6 

- 1.19 X 10-23 
- 53.6 
- 2.81 x 10-1 
- 16.2 

Mean square error ( X 1014) 

Temperature Model 1 Combined 

m (m = 2) model 

249 4.36 3.90 
275 4.81 3.95 
300 32.91 25.6 
313 19.0 13.4 

contribution from more strongly adsorbed 
hydrogen with increasing temperature. The 
corresponding kinetics involve a combina- 
tion of Models 1 and 2: 

TT = - 
kPTPH 

(1 + KTPT + KsPs) 

1 
X + k” 

(1 + KH'PH) 1 , (4) 

where k” is a temperature-dependent 
constant. Indeed, this form consistently 



KINETICS OF DESTJLFURIZATIO~ 3’5 
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P n-tmtene ’ torr 

FIG. 3. Rate of formation of butane vs total hutene partial pressure at tcmprmt~ures in the 
range of 24%313°C for t,he overall thiophene react,ion system. 

-3%, based on partial pressure) with 
thiophene reactant, so the reaction is 
reversible. The rates of butene formation 
with either thiophene or THT were about 
the same, so the higher net rate of reaction 
of THT is due t’o dehydrogenation to 
thiophene. 

The Reaction of Rutene 

Two experiments were used to study 
butene rates. First the rate of butene 
formation in the thiophene reaction was 
measured, as shown in Fig. 3. The inhibition 
of this reaction by H$ is much smaller 
than for thiophene; the PS varied from 1.5 
to 108 Torr in these experiments, and, with 
few exceptions, the data are represented 
by a single line at any given temperature. 

In the second experiment, the rate of 
hydrogenation of pure 1-butene (or with 
H2S added) in the absence of thiophene 
was measured to investigate possible differ- 
ences between hydrogenation and hydro- 
genolysis sites. These results are given in 
Fig. 4. 

A set of correlations similar to those 
detailed for thiophene were evaluated for 

butene hydrogenation. The major points 
considered were : (i) similar or different 
active sites for hydrogenolysis and hydro- 
genation; (ii) competitive adsorption of 
thiophene with butene on the hydrogena- 
tion site (if they differ); (iii) nature of 
hydrogen chemisorption. The most satis- 
factory correlation of the data in Fig. 3 
is given by Eq. (2), in agreement with 
Satterfield and Roberts (6); parameter 
values are given in Table 3. There is a 
much larger H2S inhibition in the experi- 
ments with pure I-butene, so the correlation 
does not pertain to these data. Experi- 
mental versus computed values for the 
rate of butene hydrogenation are given in 
Fig. 5. 

Hydrogenation and Hydrogenolyds Sites 

A series of experiments with 2% (v/v) 
pyridine in the thiophene feed was con- 
ducted to investigate poisoning of the 
hydrogenolysis and hydrogenation func- 
tions at 250°C; the results are shown in 
Fig. 6. I’yridine was detected in the 
reactor effluent at approximately 2.5 hr 
after initiation of the experiment, corre- 
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p,.,,,, torr 

80 

FIG. 4. Rate of hydrogenation of n-butene in the 
absence of thiophene. (-•-) No HsS present; 
( l (313, 30.1)) 313’C, 30.1 Torr H&. 

sponding to an uptake of approximately 
3 X 1013 molecules/cm2 catalyst surface. 
These data indicate that butene hydrogen- 
ation continues to be poisoned by pyridine 
well after the thiophene rate has equil- 

TABLE 3 

Correlation Parameters for Butene Hydrogenation : 
Equation (2) 

Parameter Value 

ko’ 1.37 x lo-’ 
E, 3.2 
KBO' 4.38 x 10-E 
- AHB’ 17.8 
GO’ 1.86 X lo-I6 
-AHs’ 35.5 

Temperature Mean square error 
(“C) ( x 10’4) 

275 2.93 
300 6.68 
313 56.2 

ibratrd. This is suggestive of diffcrrnccs in 
the hydrogenation and hydrogenolysis sites, 
although the similar initial declines in 
activity indicates some parallelism between 
the two. In particular these results do not 
preclude hydrogenation on the primary 
desulfurization site as well as on the 
hydrogenation site; however, a detailed 
analysis of the relative hydrogenation and 
hydrogenolysis rates (2) has shown that 
this postulate is not consistent with the 
data. 

Direct Hydrogenation 

A confrontation of the results of experi- 
ments on hydrogenation of pure 1-butene 
with model predictions based on parameters 
determined from the thiophene reaction 
system is given in Fig. 7. The solid lines 
correspond to the experimental data of Fig. 
4 for no H,S present, and the dotted lines 
are computed values from Eq. (2) (experi- 
mental points have been omitted for 
clarity). The prediction falls well below 
experimental values, although the compari- 
son is somewhat beclouded by the fact 

(re/F) x lOe, gmole/g-min- torr 

FIG. 5. Experimental vs computed values for 
butene hydrogenation from Eq. (2) : data from the 
thiophene experiments. 

(0) 275% 2.4 5 Pg < 32.8Torr 
(+) 3o0°c 9.3 5 F’S 5 123.2 Torr 
(X) 313V 465.0 5 Pn 5 800.1 Torr. 
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FIG. 6. Poisoning of thiophene and but,ene reactions by 2%, (v/v) pyridine in t.he feed at 250°C. 

that the hydrogenation without thiophene the point is not clear because kinetic 
present, occurs on an incompletely sulfided models for hutene hydrogenation including 
surface; this is also the reason that inhibi- t,hiophene adsorption terms wcrc not, as 
tion by hydrogen sulfide was so large in sllcccssflll as TQ. (2). 
comparison to its effect on hydrogenation 
in the thiophene reaction system. The 
discrepancy observed in Fig. 6, however, 

Buten,e Isomerization: Equilibrium 

may he due to the thiophene itself competi- At higher t,emperatures it was found 
t,ively adsorbed on the hydrogennt’ion sites ; that1 t,he mole fraction ratio among the 

TABLE 4 

Butene Isomerization Eclnilibri~~rn 

a. Equilibrium constants 

T (“C) Xl XC2 Xt2 KlC K1t Kt 

249 0.156 0.328 0.516 2.10 3.30 1.64 

275 0.173 0.327 0.501 1.89 2.90 1.60 
300 0.191 0.321 0.489 1.68 2.56 1056 
313 0.196 0.321 0.484 1.64 2.47 1.54 

Reaction 

b. Equilibrium parameters 

AR” (cal/mole)* 

This work Ref. (14) 

AS” (Cal/mole-“K)a 

This work Ref. (14) 

l-to cis-2 -2460 -2.540 -3.23 -3.04 
l-to trans-2 - 3040 -2960 -3.43 -3.20 
cis-2 to tram-2 -620 - 630 - 0.20 -0.20 

(1 Determined for 406-560°C in Ref (14). 
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!-bulene* ‘Or‘ 

FIQ. 7. Comparison of direct hydrogenation 
results for 1-butene with the prediction of Eq. (2). 
(-) Data with no H& Present (cf. Fig. 4); 
(- - -) computed from Eq. (2). 

isomers 1-butene and c&2- and trans-B 
butene was invariant with total butene 
partial pressure. At low temperatures 
(249°C) there was a small trend in these 
ratios, approaching a limiting value at low 
conversion levels. These results agree with 
those of Owens and Amberg (4) ; the 
limiting low conversion ratios were taken 
to represent equilibrium compositions, and 
the corresponding equilibrium constants 
were determined and are given in Table 4. 
The values of AH” and AS” from: 

AH’ AS” 
In(K) = --+y (5) 

RT 

were obtained from these data via non- 
linear estimation, and the results are 
compared with the reported values of 
Happel et al. (14) in Table 4. The agree- 
ment is excellent, verifying that the butene 

TARTX 5 

CorreMion Paramet,ers for RIitene Isnmerhtion : 
Equation (6) 

Parameter Value 

k1” 1.71 x 10-G 
El 2.9 
KI” 2.45 X 10-4 
-AHI 7.6 
K*O 1.98 x 10-S 
- AH2 5.6 
KS” 3.05 x 10-11 
- AH8 22.5 

isomers are present under the conditions 
of the present experiment at equilibrium 
compositions. The kinetic correlation ob- 
tained for butene hydrogenation thus 
represents a lumping of these three species 
together and reflects the changes in 
equilibrium composition with temperature 
level. 

Butene Isomerization: Kinetics 

From data on the net rate of disappear- 
ance of 1-butene, the net rate of appearance 
of 2-butenes, the equilibrium constants in 
Table 4, and the relative rates of hydrogen- 
ation of l- and 2-butenes, as reported by 
Taylor and Dibeler (15), it was possible 
to determine the isomerization rate of 
1-butene to 2-butenes as shown in Fig. 8. 
The cis-2 and trans-2 isomers are lumped 
in this analysis. Again, significant inhibition 
due to H&3 was observed (only some 
example points are given on the figure to 
avoid clutter), so it was not possible to use 
simple power law correlations, as is nor- 
mally done for this reaction over silica- 
alumina catalysts. The rate equation was 
of the form: 

ih (KIPIPHml - KzPzPd”*) 

‘I = (1 + KIP, + KzPz + KsPs)” ’ 
03) 

with the best individual fit provided by 
ml = m2 = 0 and n = 1. Values of the 
parameters for this model are given in 
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0 I 2 3 4 5 6 

IO 20 30 40 Computed 5 x IO’, gmole/g-min 

7, torr 
FIG. 9. Experimental vs computed values for 

FIG. 8. Isomerization rates for I-butene to 2- hut,ene iaomerization from Eq. (6). (0) 275%; 

butenes in the thiophene experiments as a function (+) 300%; (X) 313T. 

of I-butene partial pressure. (-•-) no HzS 
present; ( l (313, 30.1)) 313’C, 30.1 Torr HZS. 

Satterfield and Roberts (6), but not 

Table 5, and the fit provided to the experi- observed here. The combined model re- 

mental data is illustrated in Fig. 9. quires no such maximum. 
Single-site adsorption of thiophene, im- 

DISCUSSION 
plied by the combined model, has been 
visualized as via the heteroatom on the 

The differences in correlation of thio- metal site created by an anion vacancy on 
phene kinetics provided by Model 1 and the oxide surface (10, 16), associated with 
the combined model is small, and discrimi- MO in an oxidation state lower than MO 
nation is hampered by the limited range of (IV). Recent studies of deuterium exchange 
P,,. The smaller number of parameters in with various heterocyclic sulfur compounds 
Model 1 should, perhaps, make it prefer- over cobalt-molybdenum oxide surfaces 
able; however, that model predicts a provide evidence that single-site bonding 
maximum in rate with PT, reported by may occur via P complexes as well (I 7). 

TABLE 6 

Some Reported Values for the Temperature Dependence of Kinetic Paramet.ers 
for the Reaction of Thiophene 

This work 

Model 1 Combined 
(kcal/mole) model 

(kcal/mole) 

Ref. (6) 

Model 2 Model 3’ 
(kcallmole) (kcal/mole) 

Ref. (7) 
(k&/mole) 

- ALIT 12.2 13.9 24 18 - 

- Alis 20.G 29.6 19 12 - 

.Y a 11.9 12.!1 3.7 0 20.1 (230-270°C) 
9.0 (300-3ao”c) 
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In accord with prior findings (6, 7), we 
have found no kinetic evidence for dissocia- 
tive adsorption of hydrogen. Incorporation 
of a competitive adsorption term for butene 
in Model 1 or the combined model for 
thiophene kinetics resulted in a very small 
statistically insignificant adsorption con- 
stant, which we take as evidence for a 
difference in hydrogenation and hydrogen- 
olysis sites. Furthermore the large difference 
between -AHs for the thiophene corre- 
lation and - AHs’ for the butene correlation 
provides additional support for this view. 

The values of - AHT, - AHs, and - AHH 
given in Table 2 are, in theory at least, 
related to some averaged heat of chemi- 
sorption on the surface, but intercomparison 
with other results is risky because such 
values are obviously dependent on the 
model employed and the details of catalyst 
formulation. On this basis, the most 
appropriate comparison is with the results 
of Satterfield and Roberts (6) and Morooka 
and Hamrin (7). For the former, their 
Model 2 is equivalent to Model 1 (m = 2) 
here, and their Model 3 is equivalent to 
Model 1 (m = 1) here. The latter have 
used Model 1 (m = 2) for correlation of 
their data. In both cases, the catalysts are 
similar: 3.5oj, COO, 10% MoOa on activated 
A1203, 343 m2/g for Satterfield and Roberts 
(6); 3.5% COO, 12.5% Moos, on AL03, 
270 mz/g for Morooka and Hamrin (7). 
Some comparisons are given in Table 6; 
there is good agreement between -AHs 
values here and Model 2 (6), but large 
discrepancies for thiophene and the ap- 
parent activation energy. Differences in 
the thiophene parameter may reflect differ- 
ences in pretreatment procedure [presulfi- 
dation with H&S at 662°C for 3 hr in Ref. 
(6)], and this may also be reflected in the 
apparent activation energy since the ad- 
sorption parameters are lumped into this 
value. The apparent activation energy 
obtained in Ref. (7) for the higher tem- 
perature range is in agreement with the 
present results from either thiophene model. 

The bulk of the present data support 
the postulate of separate sites for the 
reactions of thiophene and butene, al- 
though, in experiments on direct hydrogen- 
ation of butene, there is indirect evidence 
of the competitive adsorption of thiophene 
on the hydrogenation sites. The kinetic 
parameters reported here for butene hydro- 
genation are not directly comparable with 
those from Ref. (6), since negative apparent 
activation energies were determined in that 
work. The value of 17.5 kcal/mole for 
-AHa’ is vastly different from the 8.5 
kcal/mole reported by Owens and Amberg 
(4) ; however, a thiophene adsorption term 
may be lumped into the butene constant in 
the present analysis, as discussed above. 

Adsorption parameters obtained from 
the butene isomerization are comparable 
with regard to 1-butene, 7.6 kcal/mole vs 
8.5 kcal/mole from Ref. (4). This must 
be fortuitous, however, since it is difficult 
to believe that the same sites are responsible 
for isomerization and hydrogenation. It is 
reasonably clear from the present data that, 
for the temperature ranges involved, the 
reaction of butene involves the hydrogen- 
ation of an equilibrium mixture of l- and 
2-butenes (no skeletal isomerization). Al- 
though we have investigated the matter 
here, a separate kinetic correlation for 
butene isomerization is thus not required 
for modeling the rates of the overall 
desulfurization reaction system. 

All activation energy values reported 
here and in the comparisons are apparent 
values reflecting the intrinsic activation 
energy lumped with adsorption parameters. 
We have attempted no calculation of 
intrinsic values because of the uncertainty 
in -AHH. The combined model is the only 
one in which an independent value was 
determined for this parameter; the total 
hydrogen adsorption term is small in 
comparison to others, thus, large individual 
errors may be expected due to compensa- 
tion between -AHn and KIQ,. 



E,, E,‘, EI 

- AHT, - AHs, - AHH 

- AHu’, - AHs’ 

-AHI, -AH,, -AHs 

k”, ko 

lCIO 

KT,, KII,, KS, 

K nu f ’ KS; 

K,O, K,O, KS0 

KI,, Kn, K,t 

PT, Ps, PII 

PI,, PI%, Ps 

Pl, Pz, Ps 

1 
Xl, xcz, xt2 
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Apparent activation energies for reactions of thiophene, but,ene 
hydrogenation, and butene isomerizat.ion, kcal/mole 
Temperature dependence of adsorption parameters for thio- 
phene, H$, and hydrogen (Table 2), kcal/mole 
Temperature dependence of adsorption parameters for butene 
and H2S (Table 3), kcal/mole 
Temperature dependence of adsorption parameters for l- 
butene, 2-butenes, and H$ (Table 5), kcal/mole 
Pre-exponential factors for reactions of thiophene and butene 
(Tables 2 and 3), g mole/[min-g of cat (Torr)2] 
l’re-exponential factor of butene isomerization (Table 5) ; g 
mole of 2-butene/(min-g of cat) 
l’re-exponential factor of adsorption terms for thiophene, 
hydrogen, and H2S (Table 2)) Torr-l 
l’re-exponential factor of adsorption terms for butene and H2S 
(Table 3), Torr-1 
l’re-exponential factor of adsorption terms for I-butene, 
2-butenes, and H,S (Table 5), Torr-l 
Equilibrium constants for butene isomerizaCon: 1 t,o cis-2, 1 
to trans-2, and cis-2 to tran-2, respectively (Table 4) 
Partial pressures of thiophene, HZS, and hydrogen (‘l’:~ble 2), 
Torr 
Partial pressures of butene, hydrogen, and H,S, (Tab!e 3), 
Torr 
Partial pressures of 1-butene, Mutencs, and H,S (Tahlc 5), 
Torr 
Temperature, “C 
Mole fractions of l-, &s-2-, and trclns-2-~)ut,cncs, respectively 
(Table 4) 
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