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A kinetic investigation of the vapor-phase hydrogenation and hydroisomerization of 1-butene
and cis- and trans-2-butene is presented. This investigation is aimed at validating a practical
set of rate equations. The experiments were performed at approximately atmospheric pressure
using a commercial Pd/Al,O3 catalyst of the eggshell type in an integral fixed-bed isothermal
reactor. The outlet composition was measured under 120 sets of operating conditions at six levels
of temperature between —8 and 30 °C. The mole fractions of 1-butene and hydrogen in the feed
were varied between 0.5 and 3% and between 0.5 and 50%, respectively. Space-time covered
the range of (5—55) x 1073 s. Internal diffusion limitations affected the effective reaction rates
and product distribution. Hence, the mass conservation equations inside the catalyst had to be
solved to estimate the intrinsic values of the kinetic parameters. Two rival kinetic models of
the Langmuir—Hinshelwood—Hougen—Watson type were proposed, one of which could be
confidently discriminated as the better of the two models considered. An essential feature of
the chosen model is that hydrogen concentration exhibits distinct effects on the hydrogenation
and hydroisomerization reactions of n-butenes. The selected model predicts the experimental
results with an average deviation of 8.8%. The estimates of the kinetic parameters show inference

intervals in the range of £10—30%.

Introduction

The sources of unsaturated C,4 cuts are streams from
cracking operations. Selective hydrotreatment is the
proper method for upgrading these C, cuts. The selective
hydrogenation of 1,3-butadiene to 1l-butene and the
selective hydroisomerization of 1-butene to 2-butenes
are examples of the hydrorefining of n-butenes-rich
cuts.! These processes involve the hydrogenation and
hydroisomerization of the n-butenes. We expect the
kinetic study proposed in this work to provide valuable
information on factors that affect the selectivity of
hydrorefining processes, such as catalyst features and
operating conditions of industrial reactors.

Bond and Wells?2 and Webb?® previously discussed
product distribution patterns, possible mechanisms, and
other relevant kinetic trends concerning the reactions
of n-butenes over Pd catalysts. Boitiaux et al.# proposed
a kinetic model for the hydrogenation and irreversible
isomerization of 1-butene. Their model is based on
gualitative information obtained from the liquid-phase
reaction of 1-butene over a laboratory Pd/Al,O3 catalyst.
Vergel et al.® calculated the ratios between the kinetic
coefficients of the hydrogenation and isomerization
reactions of 1-butene according to the model proposed
by Boitiaux et al.* The experiments were performed in
the liquid phase at 40 °C on a commercial Pd/Al,O3
catalyst of the eggshell type. However, the work of
Vergel et al.> was not aimed at a kinetic study. Goetz
et al.® studied the vapor-phase reactions of 1,3-buta-
diene and n-butenes at 0 °C over an experimental Pd/
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y-Al,O3 catalyst. They developed a kinetic model based
on a catalytic mechanism and estimated relations
between kinetic coefficients rather than their individual
values. The experimental data were collected at a
constant hydrogen/hydrocarbon ratio. Thus, an insight
to some kinetic features could not be assessed.

We conclude that, despite the fair understanding of
this system, the validation of a set of practical rate
equations remains to be done. The chief target of this
work is to present a kinetic model that describes the
hydrogenation and hydroisomerization of 1-butene and
cis- and trans-2-butene. The experiments designed to
validate the model explored a wide range of composition
at six levels of temperature between —8 and 30 °C. The
vapor-phase reactions were carried out on a commercial
Pd/Al,O3 catalyst of the eggshell type.

Experimental Section

Experimental Setup and Materials. Pd-based
catalysts are universally used in selective hydrotreat-
ment processes.! The main features of the commercial
Pd/Al,O3 catalyst used in this study are summarized
in Table 1.

The kinetic data were obtained in a continuous-flow
fixed-bed reactor that consisted of a 3-mm-i.d. tube
enclosed in a 15-mm-i.d. jacket operated with a thermo-
stating liquid. The inner tube contained the catalyst bed
and inert material.

The first length of the tube was filled with only an
inert solid to allow the reacting mixture to attain the
desired temperature. Inert Al,Os in a weight ratio of
1:10 was used to dilute the catalyst sample. Both
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Table 1. Catalyst Features

shape sphere

type eggshell

diameter 2.5 mm

active layer thickness 2.4 x 1071 mm
mass fraction of active shell 0.47

Pd loading in the catalyst pellet 0.214 wt %
specific surface area (BET) 71.00 £ 18.26 m?/g
mean pore radius 36.7 £ 5.5 nm
bulk density 1150 kg/m3
porosity 0.397

specific surface area of Pd 0.55 M?/Qactive shell
metal particle size 3.64 nm
dispersion 27%

catalyst and inert were milled to an average size of 3.35
x 1071 mm.

A pressure gauge was connected to the reactor inlet
to measure the pressure drop. Two thermocouples
positioned above and below the catalyst bed indicated
the temperature of the reactive mixture.

The experimental system was designed to minimize
interparticle gradients and to ensure isothermal and
isobaric operation.”

1-Butene (99%, Alphagaz), the only hydrocarbon
present in the inlet stream, was fed to the reactor after
flowing through a guard bed loaded with the same
catalyst as used for the tests. H, (99.998%, AGA) and
N2 (99.999%, AGA) were purified on a 4A molecular
sieve (UOP), followed by an O trap (Alltech).

The commercial catalyst was prereduced, but follow-
ing standard recommendations, the catalyst samples
were exposed in situ to a Hy/N» (1:3) stream for 9 h at
54 °C before being used in the tests.

The compositions of the hydrocarbon mixtures fed into
and flowing from the reactor were analyzed by gas
chromatography. To this end, we employed a 2-m-long
2-mme-i.d. column packed with 0.19% picric acid on 80—
100-mesh Graphpac packing at room temperature. In
general, three to four chromatographic analyses were
made for each set of experimental conditions.

Preliminary Tests. Two blank tests were performed
at 30 °C. One of them consisted of feeding 1-butene
without hydrogen to the catalyst bed. In the second test,
a mixture of 1-butene and H, was flowed through a bed
of the solid used to dilute the catalyst (Al,O3). 1-Butene
remained unaltered in both cases, indicating that
1-butene isomerization requires the presence of hydro-
gen to occur and that the diluting solid was effectively
inert.

The results shown in Figure 1 are useful for a
discussion of some relevant features concerning the
experimental setup and the operating protocol. The exit
1-butene and n-butane mole fractions are displayed for
different catalyst samples of either 50 or 100 mg, which
were the smallest and largest sample sizes employed,
respectively. Each catalyst sample, identified by a
distinct symbol, was run continuously for about 24—36
h. The pair of values for each catalyst sample in Figure
1 corresponds to the results at the beginning and toward
the end of each run. Itis clear that the catalyst exhibited
a stable activity during the runs.

Figure 1 also makes clear that the exit compositions
measured for different samples of the same mass of
catalyst exhibits a remarkable constancy. This observa-
tion indicates the very good reproducibility level of the
experimental protocol and the homogeneity of the
catalyst samples.
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Figure 1. Exit 1-butene and n-butane mole fractions for different
catalyst samples at the same space-time value and operating
conditions. Replicates for two 50-mg catalyst samples are identified
by a and O. Replicates for three 100-mg samples are identified by
®, A, and <. The pair of values for each catalyst sample corre-
sponds to results at the beginning and end of each experimental
run.

The data plotted in Figure 1 correspond to the same
value of space-time, 7, i.e., the ratio between the catalyst
volume and the volumetric flow rate. To keep 7 constant,
the flow rate for the 100-mg samples was twice that for
the 50-mg samples. No significant difference was ob-
served between the exit compositions in the experiments
with 50- and 100-mg samples. This evidence strongly
suggests that external mass and temperature gradients
were negligible, as was also concluded on the basis of
theoretical estimations.”

As described in depth by van den Bleek et al.?
dilution of the catalyst sample can cause unpredictable
behavior when the degree of dilution is high and the
ratio between reactor length and particle diameter is
low. The smallest catalyst sample, which corresponded
to a loading of 50 mg, was checked with the aid of the
criteria for avoiding such effects provided by van den
Bleek et al.8 The results with 50- and 100-mg samples
in Figure 1, which correspond to the same 7, confirm
that dilution effects were negligible.

All aforementioned conclusions were verified for all
of the experimental conditions investigated.

Experimental Results

The major trends shown by the experimental results
are outlined in this section. They will be used later in
this paper to support the proposed kinetic models. The
discussion is based on the reaction network sketched
in Figure 2.

The set of experimental conditions is summarized in
Table 2.

Figure 3a and b shows the dependency of the product
composition on the space-time. In this and subsequent
figures, the curves correspond to results from the
selected model, which will be described later. The
distribution of products from the 1-butene reactions can
be evaluated at low enough values of 7 that the
hydrogenation of the 2-butenes has not yet become
noticeable. In Figure 3, the experimental data corre-
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Figure 2. Overall reaction network.

Table 2. Experimental Plan and Settings?

feed composition

temperature space-time
(°C) Yine (%) YT (0) (x 1072s)
-8 0.5-3.0 0.5—50 5-50
0 0.3-2.7 3.6 10.2
5 0.3-2.7 0.5-50 10.1
18.3
10 0.5-3.0 3.6 9.91
20 0.5-2.7 0.5—20 9.74
17.3
30 1.4-2.7 3.6 9.48

a Catalyst load = 50—100 mg. Volumetric flow rate = 75—300
cm3/min.

sponding to T < 20 x 1073 s show that the hydrogenation
and hydroisomerization of 1-butene take place at similar
rates and that trans-2-butene is the main isomer
produced. The ratio yise/ysae at low 1-butene conver-
sion decreases slightly with temperature, ranging be-
tween 1.5 and 2 within the range of temperatures
analyzed. This result agrees with reported data on
stereoselectivity.? _

Figure 3a shows that ySgt decreases linearly with
increasing 7 up to about (20—25) x 1073 s. This observa-
tion suggests that 1-butene consumption follows a
zeroth-order rate at high enough concentration. This
trend is confirmed by the results in Figure 4, where the

difference (yine' — y&it) is nearly constant for values of

yinet greater than about 1.5%. This behavior indicates
that 1-butene can saturate the active sites of the
catalytic surface. At high values of 7 in Figure 3a or low
values of y'lnE:eEt in Figure 4, the mole fraction of 1-butene
is lower. Thus, the surface covered by 1-butene de-
creases, and the apparent reaction order increases.

Figure 5 illustrates that, at higher temperatures,
the value of (y{ae — yise) does not remain constant
throughout the entire range of y'2', This result can be
explained by the fact that the adsorption of 1-butene is
exothermic® or also by the possibility that concentration
gradients inside the catalyst particles might influence
the reaction.

The effect of the hydrogen concentration on the
production of cis- and trans-2-butene from 1-butene at
two different temperatures can be observed in Figure
6. A sharp increase in the production rates of both
2-butenes can be observed for low values of |7
Comparing parts a and b of Figure 6, it can be concluded
that temperature exerts a significant effect on the
hydrogenation rates of both isomers.

It was verified that, at high enough values of space-
time, Hy input, or temperature, the mole fractions of
the n-butenes almost reach their thermodynamic equi-
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Figure 3. Dependence of product distribution on space-time.
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Figure 4. Variation of 1-butene consumption with 1-butene mole
fraction in the feed at —8 °C.

librium values. For instance, at 20 °C and y:j‘z'et = 20%,

the experimental result ySSL/yestyeit = 1:8:23 is close
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Figure 5. Variation of 1-butene consumption with 1-butene mole
fraction in the feed between 0 and 30 °C.

to the equilibrium ratio. This observation called for a
consideration of reversible driving forces in the reaction
rate expressions developed for the hydroisomerization
reactions.

Kinetic Models

Given the fact that the reactions taking place in the
studied system are strongly interrelated, the option of
proposing empirical expressions for the set of reaction
rate expressions was not regarded as a practical ap-
proach. Instead, if a sensible catalytic mechanism is
proposed, the resulting set of kinetic expressions will
naturally incorporate the coupling factors. In accordance
with this concept, we next present two alternative
mechanisms to support the kinetic models developed.

Catalytic Mechanisms. The two catalytic mecha-
nisms are denoted “A” and “D”. First, we will describe
mechanism D, which is displayed in Table 3. The
description of mechanism D will serve as a basis for
detailing the distinctive features of mechanism A.

Dissociative adsorption of Hy, step 1 in Table 3, is
assumed to occur on sites of type ¢ which are
different from the sites of type “®” involved in the
adsorption of hydrocarbons, steps 2—4. This hypothesis
that there is no direct competition between the H; and
the C4 hydrocarbons for the same site has been em-
ployed by other authors.6910 We will also analyze the
case involving the adsorption of H, and hydrocarbons
on the same site later in this paper.

The adsorption of the n-butenes on sites of type &
leads to sw-adsorbed olefins, which can react with an
adatom, H<}, to form two adsorbed butyl radicals, steps
5—8. Whereas only 1-butene can yield the 1-butyl
radical, CLHgO, all three n-butenes can produce the
2-butyl radical, C}/Hy#, steps 6—8. The radical C}/Hg®
is a common intermediate for cis—trans isomerization
and for double bond migration.

The hydrogenation of the n-butenes is completed by
the addition of a second adatom, H<>, to the radicals
C4Ho® and C}'Hg#®, steps 9 and 10. The hydrogenation
of 1-butene can follow two routes either through the
radical C;Hg# or through C}'Hy#. Instead, the hydro-
genation of the 2-butenes proceeds only through the
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Figure 6. Dependence of 2-butenes production on H; mole
fraction in the feed at (a) —8 and (b) 5 °C.

radical C}'Hg®. The formation of n-butane is thermo-
dynamically favored and thus considered irreversible.
The fraction of active sites occupied by n-butane was
neglected in view of its weak adsorption.

Essential features of the hydrogenation and hydro-
isomerization of the n-butenes are generally described
in terms of the above-mentioned surface hydrocarbon
species.36:9.11

However, the assessment of the source of surface
hydrogen is less certain.2 The hydrogenation of unsatu-
rated hydrocarbons over Pd has been described in terms
of two possible hydrogen sources. One source is hydro-
gen adatoms arising from dissociative adsorption, as in
the case of model D.61213 The other source considered
is adsorbed molecules of H,.2:914.15

Hence, we decided to include a second mechanism
based on the hypothesis that H, is adsorbed associa-
tively to produce Hp<>. In this mechanism, called A, the
m-adsorbed n-butenes react with Hy<>- to form the
already described butyl radicals and the surface species
H-<}- in reactions equivalent to steps 5—8 of Table 3. In
turn, the H¢ thus formed is responsible for the final
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Ho + 26— 2(H<)
1BE + & — 1BE®
cBE + ¢ = cBE®
tBE + & — tBE®
1BE® + H<> = CiHo® + <>
1BE® + H<> = C'Ho® + <>
CBE® + H<> = Cl/Ho® + <>
tBE® + H<> = Cl'Ho® + <>

© 00 ~NO O WNE

=
o

Table 4. Kinetic Expressions for the Overall Reactions

CiHo® + H<> —nBA + & + <>
Cy'Ho® + H<> — nBA + & + <>

H, adsorption
n-butenes adsorption

formation of the 1-butyl radical
formation of the 2-butyl radical

hydrogenation of the 1-butyl radical
hydrogenation of the 2-butyl radical

I ad I ead
K; KigeYise 1 KigeYige

— I 1
= DENHCDENH: n(Ha) + DENHCDENH: n(H2)
= k2KggEycBE f”(H)

27 DEN,cDEN, "% 72
k3KtalgEthE "
rs=sen peEn | h(H2)

®  DENyDEN,,

k4Ki‘gE I YeBE
M= DENHCDENHZfi (H)|Yiee — Ke?
ksKigE m Yige
Is = DENHCDENHZfi (HZ) Yige — Kgq
kGK?gE m Yiee
e = DENHCDENHZfi (HZ) YeE — Kgq

DENpc = 1 4+ K3cyise + K8eyee + Kaeyiee

model A
DEN, = 1 + Ky,

f(H2) =f1'(H2) = f!'(H2) =yn,

hydrogenation of C}H,® and C}'Hg#®, just as in steps 9
and 10 of Table 3.

Kinetic Expressions. To derive the overall kinetic
expressions from the elementary steps of mechanism
D, we assume that all adsorption steps, 1—4 in Table
3, are fast enough to remain equilibrated. We also
assume that the fractions of sites of type 4 occupied by
butyl radicals and by n-butane are negligible. The same
assumptions are made for mechanism A. In the case of
model A, we additionally assume that the amount of
sites of type <> covered by the intermediate H<> is
negligible.

The rate equations thus derived for the set of overall
reactions in Figure 2, from either mechanism D or
mechanism A, are listed in Table 4. The procedure
followed to derive the rate equations was detailed by
Bressa.”

The following features are common in both sets of
kinetic expressions, which are denoted A and D in
accordance with the corresponding mechanisms. The
driving forces and the hydrocarbon adsorption term,
DENc, are linear with respect to the mole fractions of
each hydrocarbon compound. As a result of the hy-
pothesis of noncompetitive adsorption between H,
and hydrocarbons, the adsorption term corresponding
to H,, DENy,, is independent of that corresponding to
hydrocarbons. Regarding all of these attributes, our
kinetic expressions coincide with those derived by
others.+69

model D
DEN,, =1+ ,/Kily,,
. Yh,
fr(Hy) =

1+ oy /Kifyy,

FlH,) = YH,
h 2 1+/3M
filH) = ———

L+ By,

As mechanisms A and D differ only in the type of H,
adsorption, the differences between the two sets of
kinetic expressions lie in the dependence on the H;
concentration.

Table 4 shows that the dependence on the H, con-
centration is the same in all reaction rate expressions
from mechanism A. The driving forces and DENy, are
all first-order in H,. Other authors have also em-
ployed first-order functions of the H, concentration to
quantify the hydrogenation of n-butenes on Pd.*° As a
consequence of the undiscriminated effect of Hy, only
the sum (k} + k}') in the rate expression for 1-butene
hydrogenation, r1, can be estimated from experimental
data.

In the case of model D, DENy, depends on the square
root of yu,. The factor fL in rate expression r; arises
from n-butane formation through the route involving
the radical C}Ho®. The factor f|' in rate expressions ry,
r2, and rs arises from n-butane formation through the
route involving CJ'Ho®. Both factors, f{ and f|', can
behave at most as first-order terms if the coefficients o
and g are low. Instead, all isomerization reactions
contain the factor f!' that, at most, can behave as a
one-half-order term.

The overall kinetic coefficients in Table 4 can be
written in terms of the Kkinetic coefficients of the
elementary steps.” From these relationships, it is pos-
sible to conclude that not all of the overall coef-
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ficients can take independent values. The following
constraint is valid for both models

_ koks KEGe/KiSe )
5k, K

In addition, the parameters k' and 8 in model D can be
expressed as

K,k

1 __ 275
k1 - kG (2)

and
PO "
koK (1 - 5) - e
6/ \cBE
¢ Ks K3

Highlights of the Kinetic Models. An examination
of the kinetic expressions displayed in Table 4 will
reveal whether they are able to capture the most
significant trends exhibited by experimental data.

If the concentration of 1-butene is high enough to

saturate sites of type @, then the product K’;‘gEleE will

be the only significant term in DENyc. Hence, 1-butene
reactions will be zeroth-order in 1-butene, in accordance
with the experimental results.

It is worth analyzing the features of the kinetic
expressions that result if direct competition between H,
and hydrocarbons for the same type of active sites
as suggested in the literaturel® is considered. The
driving forces remain as in Table 4, but the product
DENpcDENg, in models A and D becomes

DENy,DENy, =

(1 + KigeYiee + KieYeee + KigeYeee + Kna-a(inz)z 4)

and
DEN,,cDEN,, =
(1 + KigeYiee + KEeYeae + KigeYise + Kﬁdzsz)z ®)

respectively. These inhibition functions lead to negative
orders of 1-butene if its concentration is high enough.
However, the experimental results do not sustain this
behavior.

Bond and Wells? predicted that the relative yield of
trans- to cis-2-butene from the isomerization of 1-butene
through the 2-butyl radical should be 1.85 and 1.2 at 0
and 150 °C, respectively. Our experimental results show
that the trans/cis ratio lies between 2 and 1.5 for
temperatures between —8 and 30 °C. This finding
prompted us to propose that the isomerization reactions
proceed through the 2-butyl radical.

Data Analysis

To simulate the experiments from the proposed
kinetic models, the conservation mass balances along
the catalyst bed should be solved. Plug flow was as-
sumed, and isothermal and isobaric conditions were
verified for all experimental settings. The routine

DDASAC was employed to obtain the numerical
solution. (The code DDASAC has been superseded
by the code DDAPLUS described at http://www.
athenavisual.com and available from Stewart and As-
sociates Engineering Software, Inc.)

According to Weisz's!® criterion applied to the experi-
mental data, intraparticle mass-transport limitations
cannot be ruled out. Thus, effective reaction rates should
be evaluated by integration over a representative par-
ticle for each cross section of the bed. Standard conser-
vation equations were formulated within the active
layer of the catalyst and solved” by the orthogonal
collocation method. The tortuosity factor of the porous
catalyst that arises from the internal diffusion model
was regarded as an additional fitting parameter.

Intraparticle temperature gradients proved to be
negligible because of the very low concentration of
1-butene, and as stated above, external limitations could
be safely ignored.

Starting from initial guesses for the set of parameters,
i.e., the kinetic parameters of either model A or model
D and the tortuosity factor, the optimal values were
computed by minimizing an adequate measure of the
difference between the outlet composition predicted by
the model and the experimental observations. In the
case of the experimental results reported here, no data
are missing in the matrix of observations, experimental
errors are interdependent and the covariance matrix is
unknown. For these conditions, the suitable criterion
for parameter estimation is'®

mgin|Y| (6)

where 0 represents the vector of parameters; Y] is the

exit exit

determinant of the matrix of residuals y;," and y,/, are
Y= Wi = % 0kn — Jin) (7)
n

the measured mole fractions of hydrocarbons j and k,
respectively, in experiment n; and ¥;» and i are their
estimates predicted by the model.

We recall that the observed variables are the mole
fractions of the four hydrocarbons. To solve the mini-
mization problem posed in eq 6, we employed the code
GREG?7 (which has been superseded by the code GREG-
PLUS described at http://www.athenavisual.com and
available from Stewart and Associates Engineering
Software, Inc.).

Results from the Regression Analysis

Model Discrimination. First, we analyze the ex-
perimental data obtained at —8 °C, as this set of
observations yielded significant results about model
discrimination.

Parameter estimates, i.e., modal values and inference
intervals, can be useful criteria to use for rejecting
models. In accordance with their physicochemical mean-
ings, the modal values of the parameter estimates were
all positive for both models. Thus, on this basis, neither
of the models could be rejected.

Stewart et al.?° recommended posterior probability
as a natural criterion for model discrimination among
rival candidates on the basis of multiresponse data.



Accordingly, the posterior probability share held by
model D is

S | ¢ i ©
DT % —Vel 7| Ve
|YD| /2 + |YA| /2

where Y = Yim(0m), 0 is the optimal vector of param-
eters for model m, m represents model D or A, and ¢ is
the total number of replicate events minus the number
of distinct settings at which replicates were done.

The result is overwhelmingly in favor of model D, as
7p exceeds 99.99%.

A comparison of the average relative error from the
two models is also useful for model discrimination. The
average relative error is defined as

1Rf1 N
R=— —Z
R&\NE

where %j, stands for the residual deviation of compound
j in experiment n

©)

Py

& exit
yj,n y] n
exit

% =100
Yin

(10)

R = 4 is the number of responses, and N = 70 is the
number of experiments at —8 °C.

The values of 92 are acceptably low, 11.15% for model
A and 7.17% for model D. However, the precision of
model D is 50% higher than that of model A. An analysis
of some individual deviations ¢, should reveal the
causes for model D yielding a significantly better
description of the experimental data.

Recalling that the main difference between the pro-
posed kinetic models lies in the dependence of the
reaction rates on the H, concentration, the experiments
performed by varying the mole fraction of H; in the feed
provide the most relevant information for model dis-
crimination. Figure 7 illustrates the residual deviations
of the 2-butenes and n-butane against the input H;
content up to y:ﬂ'et = 10%. For these data, &2 is signifi-
cantly greater for model A than for model D, being 24.06
and 8.33%, respectively. At low values of y'nlet model A
grossly underestimates the 2-butenes and n-butane
mole fractions, resulting in a noticeable systematic
deviation, whereas deviations from model D are evenly
distributed.

The better fit obtained with model D is due to the
dependence of the driving force of the hydroisomeriza-
tion reactions on ,/y,, . As explained in the next sec-
tion, in practice, the cfrlvmg force for 1-butene hydro-
genation through the 1-butyl radical also becomes
proportional to Y, Hence, the derivatives of these
rate equations with respect to yn, are proportional to 1/

1‘&/yin and tend to high values as yu, decreases. This
eature allows model D to provide a closer fit to the
experimental data.

The inherent difficulty of model A in representing the
experimental data in the lower range of H, forces some
of its parameters to take values that are not the most
appropriated for other experimental conditions. This is
illustrated in Figure 8, where the results covering the
whole range of 1-butene inlet mole fractions are pre-
sented. The deviations for model A show a significant
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Figure 7. Residual deviations of the 2-butenes and n-butane
against the settings of H, input at —8 °C: <, cis-2-butene; A, trans-
2-butene; and O, n-butane.

degree of correlation with yihe, whereas those for
model D are again evenly distributed.

For the aforementioned reasons, the precision of the
parameter estimates also becomes affected, as the
inference intervals are in the range +10—60% for model
A compared to +30% for model D.

The experimental results obtained for the remaining
temperature levels, between 0 and 30 °C, were also
considered for model discrimination. The values of &2
corresponding to the complete database between —8 and
30 °C, which includes 120 sets of operating conditions,
are 12.55 and 8.84% for models A and D, respectively.

On the basis of the whole body of evidence, it can be
safely concluded that model D is the best alternative
between the two rival models proposed here.

Analysis of the Selected Model. Estimates of the
Kinetic Parameters. The regression analysis was car-
ried out in two steps. First, the data at —8 °C were
analyzed to estimate the optimal parameter values at
this temperature. Leaving these values fixed, because
the widest range of composition was covered at —8 °C,
the remaining sets of data were used to estimate the
temperature dependence of the parameters according
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Figure 8. Residual deviations of the 2-butenes against the
settings of 1-butene input at —8 °C: <, cis-2-butene and A, trans-
2-butene.

to the relations

k(T) = k(Tref) exp

Ef1 1
- ﬁ(? o7 )] (11)
and

Kad(T) = Kad(Tref) exp[_ T(T - T_)] (12)

where E is the activation energy, AHad is the adsorption
enthalpy, R is the ideal gas law constant, T is the
temperature, and T is 265 K (—8 °C). This type of
expression is recommended to avoid a strong cor-
relation between the Arrhenius constants (see, e.g.,
Box?21).

The modal values of the parameters and their 95%
inference intervals are reported in Table 5.

It was impossible to estimate reliable individual

values of the 2-butene adsorption constants. Thus, these

values were replaced by an overall term of KggE(ycBE +

yige) in DENpc. Even so, Table 5 shows that the

estimate of K39: presents a large inference interval.

Additional experiments with higher 2-butenes concen-
trations would enhance the precision of K33_. Accord-
ing to expectations from the estimate of K33_ at —8 °C,
the value of AH3%: was not statistically significant.

An unacceptable inference interval was also obtained
for AH2'. The modal value of K2 at —8 °C is rather
low, and it should decrease with témperature. For this
reason, we concluded that the H, mole fraction levels
were not high enough to assess the inhibition effect of
H, at high temperature.

The parameter o in the term fL (cf. Table 4) relates
the elementary kinetic coefficient corresponding to the
hydrogenation of CLHQO, step 9 in Table 3, to that of
the dehydrogenation of CLHgO to 1l-butene, step 5.
Preliminary regression analysis gave high values of a.
This result suggests that the addition of the second
hydrogen atom to CLHQO is very fast, as was assumed
by Goetz et al.®

Because of the high value of a, ki and a were
strongly correlated. Therefore, the hydrogenation rate
of 1-butene through the 1-butyl radical was finally
expressed as

kK aeYise A YH,

DENy,cDEN}, (13)

r=

where ki = Ki/(a,/KR).

The modal values of the adsorption constants at —8
°C indicate large differences between the individual
adsorption strengths, in the sequence 1-butene >
2-butenes > H,.

The five kinetic coefficients independently estimated
were Ki, Ko, Ks, ks, and ke. The inference intervals listed
in Table 5, about 35% for each of them, can be regarded
as being satisfactory.

The dependent parameters ks, ki', and 8, which were
not included in 6 but computed from eqs 1—3, are also
given in Table 5. Some exploratory calculations in which
ks, ki', and 8 were optimized as independent param-
eters were also made. The estimates thus obtained for
K}' and B, (9.919 + 3.993) x 102 mol/(Kgactive shell S) and
(4.053 £ 0.978) x 1071, respectively, agree satisfactorily
with those in Table 5. In the test in which ks was
evaluated as an independent parameter, a strong cor-
relation between k3 and k; led to wide inference inter-
vals for both parameters.

Table 5 shows that the inference intervals for the E;1—
Es estimates are remarkably low. Also, AHigE exhibits
satisfactory precision. The low but uncertain value
obtained for Eg indicates that the influence of temper-
ature on cis—trans isomerization is moderate. A tem-
perature range wider than that employed in this work
would be needed to determine its value with higher
precision.

The results from solving the mass conservation equa-
tions inside the catalyst showed that the internal mass-
transport resistance affected the effective reaction rates
throughout the experimental range, but mainly at
higher temperature. For instance, at 20 °C and yLTz'et >
3%, the effectiveness factor corresponding to the global
rate of consumption of 1-butene, i.e., r1 + rs + rs, was
somewhat lower than 0.4. The nonnegligible effect of
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Table 5. Optimal Values of the Kinetic Parameters Corresponding to the Selected Model D

parameter estimates at —8 °C

parameters evaluated by data fitting

dependent parameters

ki = (1.832 £+ 0.661) x 101 mol/(Kgactive shell S)
ko = (4.186 & 1.460) x 10~1 mol/(Qactive shell S)
ks = (6.545 £ 2.178) x 1072 mol/(Kgactive shel S)
ks = (1.036 £ 0.346) x 10~ mol/(Kgactive shel S)
ke = (5.787 + 1.966) x 1071 mol/(kgacti\,e shell S)
K39 = (5.676 + 2.070) x 102

K&Se = (4.049 + 6.684) x 101

Ki = (2.417 + 0.570)

n KyKs -2
kl = K =7.498 x 10 mOI/(kgactive shell S)
6
k2k5 -1
ko =1%o = 1:655 x 107" MOV(KGcqe san )
46
k Kad
B= 2 288 =4.110 x 107*

K k, K2
kGKggE(l + k—“) + —“K:qBE
5 4

activation energy and adsorption enthalpy estimates

E1 = (2.651 + 0.226) x 10! kJ/mol
E, = (4.067 & 0.431) x 10! kJ/mol
E, = (3.319 £ 0.220) x 10! kJ/mol

yexit
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Figure 9. Exit 1-butene mole fraction as a function of 1-butene
input and temperature.

mass-transport limitations allowed us to estimate the
tortuosity factor as « = 1.516 + 0.631.

The chemical equilibrium constants of the isomeriza-
tion reactions were calculated at each temperature from
thermodynamic data.

Data Fitting. Figures 3—6 exhibit comparisons be-
tween experimental data and model predictions. It can
readily be seen that the selected model actually captures
the observed behavior. Figures 9—12 extend the com-
parison to almost the complete range of operating
conditions.

For the data in Figure 9, the 1-butene inhibition term
covers a wide range of variation, from K24_ yinet = 15
at —8 °C to K{.ySt = 0.2 at 30 °C. Thus, the
apparent 1-butene order of reaction varies from zeroth-
order at low temperature and high 1-butene concentra-
tion to nearly first-order at high temperature and low
1-butene concentration. It can be observed that model
D accurately predicts the experimental measurements
along the whole range of settings in Figure 9.

The information plotted in Figures 10 and 11 was
selected to compare the experimental production of
2-butenes and n-butane with the values predicted by
the model. The comparison extends over the whole

Es = (3.796 + 0.190) x 10! kJ/mol
Es = (6.702 + 5.443) kd/mol
AHX_ = —(1.679 & 0.557) x 10! kd/mol
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Figure 10. 2-Butenes production as a function of temperature
for (a) low and (b) high levels of space-time and H, input.

range of temperature at two levels of each space-time
and H; input.
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Figure 11. n-Butane production as a function of temperature for
high and low levels of space-time and H; input.
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Figure 12. Variation of the exit composition with H; input at
20 °C.

The effect of temperature on the production of the
2-butenes can be assessed from Figure 10. In Figure
10b, at the high levels of 7z and yLTz'“, the rate of
hydrogenation of 2-butenes is high enough to render a
neat decreasing trend with temperature. In accordance
with Figure 10, the n-butane production shown in
Figure 11 increases with temperature. We conclude from
Figures 10 and 11 that the model is satisfactorily precise
in describing the experimental product distribution over
the whole range of operating conditions.

The experiments performed at —8 °C at different H,
concentrations were decisive for model discrimination.
Thus, it is important to highlight that model D is able
to accurately describe the effect of y/T®* on the exit
composition at higher temperatures, as shown in Figure
12 for data measured at 20 °C.

Comparison with Background Information

Although a complete set of kinetic parameters for the
system of reactions studied in this paper is not available
in the literature, results for a variety of operating

conditions and catalysts providing partial kinetic infor-
mation are available. Hence, some published results can
be used here for a comparison with our results.

Table 5 shows that K34_ > K34_> K2 This ranking
confirms experimental trends found by other authors.422

Boitiaux et al.* and Kiperman4 reported values of
activation energies for the hydrogenation and hydro-
isomerization of n-butenes over Pd in the range of 38—
42 kJ/mol or rather lower. These values agree with our
estimates that, considering the inference intervals in
Table 5, range between 27 and 41 kJ/mol.

Kripylo et al.® studied the hydrogenation of 1,3-
butadiene over a commercial Pd catalyst. From their
experiments, performed between 60 and 140 °C, a
unique value of the adsorption enthalpy for the three
n-butenes was estimated: AH2_ = —15 kJ/mol. This
value compares well with the modal value for the
1-butene adsorption enthalpy in Table 5: AHggE =
—16.79 kJ/mol.

Hub et al.?® calculated the turnover number (TON)
for the overall consumption of 1-butene. They employed
a Pd/Al,O3 catalyst containing 0.45 wt % Pd with 26%
dispersion. Vapor-phase experiments at atmospheric
pressure and 0 °C evidenced zeroth-order behavior in
1-butene. For a H, mole fraction of 5%, the TON was 4
s™1. The intrinsic TON predicted by our model under
the same operating conditions is 5.7 s™1. We conclude
that the two catalysts show similar activity levels under
the same experimental conditions.

The models posed by Zhang and Seaton?* and by
Weisberg?® were used to evaluate the tortuosity factor,
k, from pore structure features of the catalyst employed
in this study. These models predict « = 1.5 and 1.4,
respectively. The modal value of the tortuosity factor
obtained by data fitting, « = 1.52, is in complete
agreement with the values obtained from pore structure
characteristics.

Conclusions

The vapor-phase hydrogenation and hydroisomeriza-
tion of the n-butenes on a Pd-based commercial catalyst
of the eggshell type was investigated at six tempera-
tures between —8 and 30 °C; at atmospheric pressure;
for space-times ranging from 5 x 1073 to 55 x 1073 s71;
and for 1l-butene and H, inputs up to 3 and 50%,
respectively.

We proposed two sets of rate equations to represent
the experimental behavior. These proposals were de-
rived from mechanisms based on dissociative and as-
sociative adsorption of H,, models D and A, respectively.
Hence, the rival sets of rate equations essentially
differed only in their dependence on the H; concentra-
tion. In the case of model D, the driving forces for the
hydrogenation and hydroisomerization reactions turned
out to be first-order and one-half-order in Hy, respec-
tively, whereas model A predicts a first-order depend-
ence for all reactions.

Although both models satisfactorily represent the
experimental results, model D is significantly more
accurate, and unlike model A, it yields uniform residual
deviations throughout the range of operating conditions
investigated.

The relative average deviation from model D, over all
hydrocarbon species and 120 sets of experimental condi-
tions, is 8.84%. The complete set of kinetic coefficients
and the H; and 1-butene adsorption constants were
reliably estimated from data measured at —8 °C. The



adsorption constants of the 2-butenes were poorly
determined because their inhibition effects were not
relevant in describing the available data. The experi-
mental data between 0 and 30 °C allowed us to obtain
precise values of the 1-butene adsorption enthalpy and
activation energies, except for the cis—trans isomeriza-
tion. Additional experiments at lower temperatures and
higher H; concentrations would be necessary to evaluate
the adsorption enthalpy of hydrogen.

The very fast n-butenes reactions on Pd led to
significant internal concentration gradients. Therefore,
the mass conservation equations inside the catalyst had
to be solved to evaluate the intrinsic values of Kinetic
parameters. The catalyst tortuosity factor was intro-
duced as a fitting parameter. The fact that the esti-
mated value of the tortuosity factor agrees well with
values predicted from the characteristics of the catalyst
structure indicates that the role of diffusion was cor-
rectly assessed.
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Nomenclature

E; = activation energy corresponding to the overall reaction
i, kd/mol

AHJTcld = adsorption enthalpy of compound j, kJ/mol

de = adsorption constant of compound j

ki = Kkinetic coefficient corresponding to the overall reaction
i: mOI/(kgactive shell S)

R = ideal gas law constant, 8.314 J/(mol K)

9 = average relative error defined in eq 9

Pjn = residual deviation of hydrocarbon j in experiment
n, defined in eq 10

ri = reaction rate corresponding to the overall reaction i,
mMol/(KYactive shell S)

yj = mole fraction of compound j inside the active shell

y; = mole fraction of hydrocarbon j predicted by the model

eIt = exit mole fraction of compound j

Yj
y}"'Et = mole fraction of compound j in the feed

Greek Symbols

« = tortuosity factor

ve = number of error degrees of freedom in the replicate
comparisons

mp = probability share held by model D defined in eq 8

6 = vector of parameters that are to be evaluated by data
fitting

7 = space-time, s

Y = matrix of residuals defined in eq 7

Subscripts

1BE = 1-butene

cBE = cis-2-butene
tBE = trans-2-butene
nBA = n-butane

2BE = 2-butenes

H, = hydrogen
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