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A kinetic study of 1-butene dehydroisomerization over chromia-alumina at 510, 530,
and 550°C is reported. The kinetics of cracking side-reactions has been also investigated.
The coke deposition has been analyzed with a microbalance flow reactor system. A com-
plete kinetic scheme has been formulated, taking into account both dehydroisomerization

and coke formation reactions.

INTRODUCTION

In a previous paper (1) a kinetie study of
n-butane dehydrogenation reaction over
chromia—alumina has been reported. Such a
research has been successively extended to
1-butene and the results are given in the
present work, in which the kineties of both
dehydrogenation and isomerization processes
have been studied in a temperature range
between 510 and 550°C. These reactions take
place together with cracking side reactions,
leading to coke deposition on the catalyst
surface, and to a consequent progressive
deactivation. These side reactions are more
notable with an olefinic than with a paraffinic
feed, so that a careful examination of the
influence of such processes on the dehydro-
isomerization reactions became necessary.
This study allowed us to formulate a com-
plete kinetic scheme, by which both dehydro-
isomerization and coke formation processes
are taken into account.

ExpERIMENTAL METHODS

Materials. 1-Butene was a “pure grade”
Phillips Petroleum Co. product. Its purity,
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tested by gas chromatography, was > 99.59,
the remaining part being n-butane with
traces of propane and propylene. Nitrogen
was >99.9999%, pure. The catalyst, pre-
viously described (1), was 20-40 mesh alu-
mina impregnated with 109, (wt) chromia.

Equipment. The dehydroisomerization
runs were conducted in the previously de-
scribed (f) stainless steel tubular flow
reactor.

Procedure. All runs were performed with
fresh catalyst as follows: after the weighed
quantity of catalyst had been introduced
into the catalyst basket, the reactor was
flushed with a small nitrogen flow (50
ml/min) to eliminate oxygen. During this
flushing the reactor temperature was raised
up to 100°C below the chosen reaction tem-
perature and at this point the feeding of gas
mixture (l-butene and nitrogen) at the
desired flow rates and ratios was started.
After stationary conditions were obtained
(during next 0.5 hr), three samples of re-
acted gases were taken at every 0.5 hr. In
Table 1 a typical run analysis is given.

Some runs were performed with the aim
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TABLE 1
Tyrica. RUN ANALYSIS
Temp (°C) 550
P, (atm) 0.181
1-Butene feed rate (ml/min) 42.5
Nitrogen feed rate (ml/min) 195.5
Outgoing gas flow rate (ml/min) 235.8
1-Butene: nitrogen feed ratio 1:4.5
Catalyst wt (g) 1.000
Outgoing gas analysis (% by vol)
Nitrogen + hydrogen + methane 83.555
Ethane + ethylene 0.100
Propane Traces
Propylene 0.095
n-Butane 0.070
1-Butene 8.310
trans-2-Butene 3.820
cis-2-Butene 3.050
Butadiene 1.000

of determining the catalyst resistance to the
fouling and have been conducted in the same
way, but for a period of time up to 7 hr,
taking samples every 0.5 hr.

In alast run the reacting gases were passed
over a catalyst sample placed on the pan of
a Cahn microbalance, working at the tem-
perature of 510°C and 1-butene partial
pressure at the feed of 0.250 atm, determin-
ing the increase in weight of catalyst due to
coke formation. This run has been conducted
for over 14 hr.

Analysis. The analysis of the gases enter-
ing and leaving the reactor was performed

>
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by gas chromatography, as previously de-
seribed (2).

Resurts

A set of runs have been performed at 510,
530, and 550°C and at different 1-butene
partial pressures, ranging from 0.071 to
0.250 atm, and the results are graphically
shown in Figs. 1-5. The results of “long”
runs are graphically shown in Figs. 6, 7.
The deactivation run, performed with the
Cahn balance, is shown in Fig. 8.

From the increase in weight of catalyst
with time, a mean value of about 2.5 X 10—
moles/hr g cat for butene cracking reaction
rate has been calculated. On the other hand
the mean value of 1-butene disappearance
rate, due to isomerization and dehydrogena-
tion, was about 0.15 moles/hr g cat.

Reacrion KINETICS

Influence of cracking. The influence of
cracking reactions on dehydroisomerization
reactions may be evaluated by means of a
material balance on a small catalyst volume
element dVy of cross section A and thickness
dz. Applying the continuity equation we
have:

[Fx _ F(x _ ‘?ﬁdzﬂ dt,
0z

= dV5 a ((';_J; di, + dVg dtcTs, (1)

0

Fic. 1. Reaction of 1-butene at 510°C: (left), Ps = 0.071 atm; (right), Pa = 0.111 atm, (@), 1-butene;
(M), trans-2-hutene; (O), cis-2-butene; (A), butddiene; (—), calculated from Egs. (5).
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F1a. 2. Reaction of 1-butene at 510°C: (left), Pa = 0.181 atm; (right), Pa = 0.250 atm. Symbols and

solid lines as in Fig. 1.

where F is the l-butene feeding flow rate
(moles/hr); z the 1-butene molar fraction,
referred to 1 mole of fed olefin; a the ratio:
moles of 1-butene/total volume at the feed;
75 the rate of coke formation (hydrocarbon
cracked moles/hr catalyst volume); ¢, the
time (hr) that 1-butene molecules are in
contact with the ecatalyst. Dividing by
dVge = A dz we have:

Fos_
Adz
The first term of the right member in Eq.

(2) gives the disappearance of 1-butene in
the volume element dVr, due to all reactions,

oz
[24 E + 7. (2)

x
1

0

except coke formation reactions. At 510°C,
on the basis of experimental results obtained
with the microbalance, such term was some
600 times greater than the second term, so
that we can neglect the second with respect
to the first and write:
R )
Poat

where 7 = W/F is the time factor of the
olefin, being W the catalyst weight in grams
and F the 1-butene feeding rate in moles/hr;
Vr the catalyst volume (em?®) and pe.; the
catalyst density (g/em?). Equation (3) gives
a relationship between the time ¢, and the

x
1.
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Fie. 3. Reaction of 1-butene at 530°C: (left), P» = 0.071 atm; (right), Pa = 0.111 atm. Symbols:and

solid lines as in Fig. 1.
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F1c. 4. Reaction of 1-butene at 530°C: (left), P, = 0.181 atm; (right), Py = 0.250 atm. Symbols and

solid lines as in Fig. 1.

time factor . Even for the runs performed
at the highest butene concentration (partial
pressure = 0.250 atm), the value of r was
about 3 X 105 t,. Since the highest time
factor for flow reactor runs wasr = 15 hr g
cat/moles, the catalyst fouling corresponded
to a time not exceeding f. = 5 X 10~ hr.
Therefore catalyst fouling, for flow reactor
runs (Figs. 1-5) may always be neglected,
except for a minor effect which takes place
when the reactor is going to reach stationary
conditions. For this reason special care was
taken in reaching the steady state always by
rigorously constant conditions, so that the
collected kinetic data would be perfectly
comparable.

Kinetical analysis. The general scheme

x
1

of 1-butene dehydroisomerization reactions
may be represented as shown in Fig. 9. The
reaction kinetics is then expressed by the
following equations:

d.%'1

~ —— = s+ T3+ T4 — T — T3,
dr
dxz

— == = To + Teg + Tos — T12 — T3a,
dr
d.’L‘3

— —= =731 + 132+ T34 — T13 — T3,
dr
dIL'4
E‘r- = 714+ 721 -+ T34, (4)

where z; are the molar fractions, referred
to the fed olefin, of the substances shown in
Fig. 9 and r,; are the rates of transformation
of the ith substance in the jth one.

x
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Fig. 5. Reaction of 1-butene at 550°C: (left), Po = 0.071 atm; (right), Pa = 0.111 atm. Symbols and

solid lines as in Fig. 1.
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Fic. 6. Change in 1-butene conversion vs. reaction time (hr): 7 = 530°C; (A), 0.071 atm; (0O), 0.250

atm; (—), calculated from Eq. (20).

Following the Langmuir-Hinshelwood
model for monomolecular reactions, on the
basis of previous works (7, 2), we assumed
that the rate determining steps are the
surface reactions, with a single-site mecha-
nism for the isomerization reactions and a
dual-site mechanism for dehydrogenation.
Equations (4) then become:

diL‘l_ . 1
% b A{1+B-A

where: A = 1/(1 4 2,4 ¢) and B = by(x, +
%3 + 23) + (bo + bu)rs, being by the ad-
sorption equilibrium constant of butenes
(atm™'), assumed the same for the three
isomers; bp and bx the adsorption equilib-
rinm constants (atm™!) of butadiene and
hydrogen; ¢ the molar ratio between inert

[(kn -+ k13)ﬂ91 — kaxy — /C:sws] + m k14x1},

d 1 1
— 7:.1'? =by-A {m [(k21 + k23)x2 — k1aty — k;:,gxg} + m k24132}’

_%— . “_l__m
T s A{l-}—B-A
dx4

9oy _ __ba-d4
&t~ (1+B-Ay

(k32 + ksn)xs'— kiswy — kagts] + —('H_—;‘W ksws}7

[k14x1 + kasrs + ’Caﬂs], (5)

t

Fig. 7. Change in 1-butene conversion vs. reaction time (hr): T' = 550°C; (A), 0.071 atm; (0), 0.250

atm; (—), calculated from Eq. (20).
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Fra. 8. Increase of catalyst weight with reaction time (hr); run performed with 0.161 g of fresh catalyst.

gas (nitrogen) and l-butene at the feed; k;;
the reaction rate constants.

Reaction paths in triangular diagrams
have been made for all the temperatures
and an example is shown in Fig. 10. On the
same diagram the equilibrium composition
of the ¢is/trans-2-butene system (solid line),
taken from literature data (3), is also drawn.
One can see that experimental data lie on
that line independently from the time factor
and l-butene partial pressure, so that the
integration of Egs. (5) has been done as-
suming that during the whole reaction time
the cis/trans-2-butene system was at equilib-
rium, Such an integration was made numeri-
cally with the Runge-Kutta method, em-
ploying a UNIVAC 1108 computer. Then
the following function

Com

w2 N
D~ | I S
- ___l ko, ____—

£ &

% X //v.:“

F1c. 9. Network of l-butene isomerization and
dehydrogenation reactions.

4 N
Fi(kibs) = E l: z (lcn’ms—— Sn'm[ +
m=1 o

has been minimized with respect to the
parameters k;; and b; by applying the
steepest descent method. C,, ., represents the
calculated value of conversion at the mth
run, performed at 1-butene partial pressure
at the feed characterized by the subscript n,

C

- Sn,m
n,m

4+ N
Cn.m2 - Sn,m2
)] B z 2( Sn.m'Cn.m ) (6)
n=1 m=1

and 8S,. represents the corresponding ex-
perimental value; N is the total number of
runs. The application of such a method
brings to a minimization of the sum of the
differences between calculated and experi-

mental conversions. Equation (6) revealed
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Fic. 10. Reaction paths of 1-butene dehydroisomerization reactions at 510°C, referred to the sum of three
butenes only: (A), 0.071 atm; (A), 0.111 atm; (@), 0.181 atm; (O), 0.250 atm; (—), the equilibrium com-

position of cis/trans-2-butene system.

useful for a fast convergency to the minimum
of function F; (5). Since the minimization
revealed to be quite insensitive to the differ-
ence between the dehydrogenation reaction
rate constants of the three butenes, the same
value has been attributed to such constants.

TABLE 2
Reaction RATE AND ADSORPTION
EquiLiBrrum CoNSTANTS

T (°C) 510 530 550

ba (atm™1) 40.0 18.0 10.0

bp + bm (atm™) 142 92 120.85 100.0

ke = koo = kay 0.0068 0.0151 0.0171
(moles/hr g cat)

ki (moles/hr g cat)  0.1096 0.1232 0.131

ks (moles/hr g cat)  0.0918 0.1086 0.11

The results of the calculations are col-
lected in Table 2. The agreement between
calculated curves and experimental data
is shown in Figs. 1-5. In Fig. 11 the plots
of log ba, 1og{1000 X (ki = kas = ksd)],
log(10 X ki2), log(100 X ki3) vs. 103/T are
reported. From the slopes and the intercepts
of straight lines of Fig. 11 the values of ap-
parent activation energies of 1-butene isom-
erization and dehydrogenation reactions and
of standard enthalpies and entropies of
n-butenes adsorption have been calculated.
The values are reported in Table 3.

Catalyst deactivation. At 530 and 550°C
and at 1-butene partial pressure of 0.071 and
0.250 atm some long runs have been per-

TABLE 3
AcTivatioN ENERGIES OF REACTIONS
AND ADSORPTION PARAMETERS

AEL” = AEw™ = AE,™ 29.8 keal /mole

AE;,™ 5.7 keal/mole
AE™ 5.8 keal/mole
AH 0 —44 5 keal /mole
ASy? —49.5 cal/mole °K

formed, analyzing the reaction products
every 0.5 hr for several hours. The results
are graphically shown in Figs. 6, 7, in which
the plots of the ratio X,/X, vs. { are]re-
ported, being X, the conversion that fouled
catalyst gives at time ¢, and X, the conver-
sion that fresh catalyst gives at ¢ = 0.

The rate of a catalytic reaction may be
expressed as follows:

r = Ly ®(P,T), ()

being Lo the number of active sites per unit
mass of fresh catalyst and & a function of
reacting gases partial pressures (P;) and of
temperature (7). If the catalyst deactivates,
Eq. (7) becomes:

r = Lea(P,T), ®

being L, the number of active sites present
at time £. In a first approximation, as pro-
posed by Pozzi and Rase (4), we can write:

L' ~ Xt.

L~ X, ®
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F1c. 11. Arrhenius plots of dehydroisomerization
reactions: (Q), log bs; (A), log{1000(k = k2 =
k)l (@), log(l0 X kia); (X), log{100 X ks3).

Let us assume that the deactivation reaction
takes place with the following mechanism:

B 4+ ¢ 2 By, (10)
BO’ —> Y(T + LG) (11)

where B indicates the reacting substance and
o an active site. The first reaction repre-
sents the adsorption and the second one the
deactivation, which takes place with forma-
tion of a deactivated site (¥o) and light
gaseous products (LG). Let &5 be the frac-
tion of active sites covered by the reagent
B; 8§, the fraction of vacant sites; ¢, =
3y + 8z = L,/Ly the fraction of nondeac-
tivated sites at the time ¢ and 4, the fraction
of deactivated sites. The rate of the surface
reaction (11) will be expressed by:

do

"&Zg = kyt? By (12}
being k, the reaction rate constant. Assuming
that the adsorption process (10) is at equilib-

rium, we have:
dp
Pus. ba, (13)

being ba the adsorption equilibrium con-~
stant. Putting Eq. (13) in Eq. (12) we have:

FORNI ET AL,

ds,
Etﬂ = kb Pady. (14)
The expression defining 9,:
8 = 9y + 5, (15)
by virtue of Eq. (13), becomes:
— 0‘
A (16)
But
dd, dd,
'ﬂ == (17)

so that, combining Eqs (17), {14), and (186},
we can write:

_dd, &y _
dt k bAPA 1 + bAPA = ﬁal) (18)
_ k'ybAPA
where B = Tk 0P,
By integrating Eq. (18) we have:
L _ s
$, = = ¢ (19)
and, recalling Eq. (9),
2. -
X, . (20)

In applying Eq. (20), which gives the
catalyst deactivation as a function of reac-
tion time {, we gave to the adsorption equi-
librium constant bs, appearing in parameter
8, the values of Table 2, corresponding to the
adsorption equilibriurn values of n-butenes.
In such an approach the same adsorption
equilibrium constants have been atiributed
also to butadiene, since its concentration was
always low, with respect to that of butenes.

On the basis of Eq. (20) the deactivation
curves, reported in Figs. 6, 7, have been cor-
related attributing to the constant %k, the
following values:

T (°C) ky (hr )
530 0.59
550 1.13

The increase in catalyst weight due to coke
deposition can be expressed by Ap = a8,
being a the coke weight (mg) deposited at
complete deactivation of active sites. Equa-
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Fia. 12. Correlation of weight increase of catalyst
by means of Eq. (23).

tion (18), by virtue of Eq. (17), may be
writien as:
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L= =B1—3) @)
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Fig. 13. Arrhenius plot of coke formation
reaction.
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and by integrating:

a B8

log - =%, = 3303 (23)
Equation (23) was employed to interpret the
increase in weight of catalyst during the run
performed at 510°C with Cahn balance.
Experimental data lie on a straight line on
the logarithmie plot of Fig. 12, provided that
a value of 27.1 is attributed to the constant
a. From the slope of such straight line a
value of 0.19 has been calculated for the
constant 8, from which a value of &, = 0.187
hr! has been obtained. In Fig. 13 the
Arrhenius plot for k, is shown.

Discussion

The kinetic scheme employed in the
present work was adequate for the interpre-
tation of the collected experimental data.
Particularly some previous results (I, 2)
have been confirmed: namely that, while
the isomerization reaction, for which the
presence of a simple alumina surface is
sufficient, follows a single-site mechanism,
the dehydrogenation reaction, for which
chromium ions are the active sites, follows
a dual-site mechanism. Though the isomeri-
zation and dehydrogenation reactions oecur
on different active sites, we neglected the
difference between the two l-butene ad-
sorption equilibrium constants. Actually
such an approximation was wholly
satisfactory.

A confirmation that these reactions tend
to take place on different active sites comes
out also from the fact that dehydrogenation
reaction is more sensitive to deactivation due
to coke formation than isomerization. For
nstance at 550°C and 1-butene partial
pressure at the feed of 0.181 atm, for a reac-
tion time of 3 hr, the decrease in conversion
relative to isomerization reaction was 229,
while for dehydrogenation it was 377%,.

Moreover, the coke formation reaction
takes place, after adsorption of the olefin
on the active sites, with a path parallel to
that of the dehydroisomerization reactions.
This fact was already found in a previous
work (6) on the catalytic dehydrogenation
of ethylbenzene to styrene.

It is worthwhile to speculate about the
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mechanism of the deactivation process, due
to coke formation. The value of constant a
obtained from the correlation of Fig. 12
indicates that the increase of catalyst weight
tends to a limiting value of 170 mg of deposed
coke/g of catalyst, corresponding to a value
of the order of 7 X 10~° mg/cm? of catalyst
surface. It is likely that the first step of
olefin isomerization on alumina is the ad-
sorption on sites on which there is at least a
vacancy of a pair of oxide ions (7). In such
sites a couple of exposed aluminum ions is
present, one of them acting as a weak Lewis
acid center for the olefin adsorption, and the
other one helping the migration of a proton,
that occurs during the isomerization reac-
tion. A reasonable model of the hydrated
v-alumina surface (8) indicates the presence
of one pair vacancy per about 200 K2 of
surface. Previous researches on silica—alu-
mina (9) showed that coke deposition occurs
by formation of condensed ring aromatic
structures. An infrared spectroscopic analy-
sis (9) revealed a low hydrogen content, cor-
responding to a high degree of condensation
toward a pseudographitic structure. In an
ideal graphitic monolayer there is one car-
bonium atom per each 2.8 A2 (10). If the
alumina surface would be covered by a
uniform graphitic monolayer, 7.2 X 1075 mg
of C/em? would be present. This value is
quite close to the limiting value obtained
from the run performed with the Cahn

FORNI ET AL.

microbalance. Actually the coverage of the
real alumina surface with coke should occur
through the formation of different zones of
multilayer graphitic areas and the poisoning
of the catalyst seems to indicate that the
formation of such areas preferentially takes
place in correspondence of active centers.
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