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KINETICS, CATALYSIS, AND REACTION ENGINEERING

Kinetic Model for the Etherification of 2,4,4-Trimethyl-1-pentene
and 2,4,4-Trimethyl-2-pentene with Methanol

Reetta S. Karinen* and A. Outi |. Krause

Laboratory of Industrial Chemistry, Helsinki University of Technology, P.O. Box 6100,
FIN-02015 HUT, Finland

Etherification of 2,4,4-trimethyl-1-pentene and 2,4,4-trimethyl-2-pentene with methanol was
catalyzed with a novel Smopex-101 catalyst, which is a polyethylene-based ion-exchange fiber.
Several kinetic models were tested to describe the experimental data. The Langmuir—
Hinshelwood-type model, in which the adsorption of alkenes is assumed to be weak relative to
methanol and ether, described the data well. The activation energies obtained for the
etherification of 2,4,4-trimethyl-1-pentene and 2,4,4-trimethyl-2-pentene were 86 + 1 and 80 +
2 kJ/mol, respectively. These values are on the same level as those typically found for similar
etherification reactions. An equally good fit was obtained with the Eley—Rideal-type model, which
assumes that the alkenes react without adsorption. In both models the adsorption constants for
methanol and ether are of the same order of magnitude. This constitutes a significant difference
from the modeling results obtained with conventional ion-exchange resin catalysts and can be

explained by the nature of the polymer matrixes.

Introduction

Ethers have been used in gasoline as octane boosters
for a few decades now. Recently, however, methyl-tert-
butyl ether (MTBE; 2-methoxy-2-methylpropane), the
most widely used ether, was detected in groundwater.
Therefore, the world’s major consumer of MTBE, the
state of California, has banned its use after the end of
2002.1

Refineries in the U.S.A. and Canada are seeking new
applications for the existing MTBE plants and isobutene
feedstock. Some companies have already announced
new process configurations to produce high-octane
gasoline components from isobutene in the present
MTBE plants.2~* In these processes isobutene is first
dimerized to isooctenes, which are then hydrogenated
to isooctane (2,2,4-trimethylpentane). With its high
octane rating, the dimeric stream itself is suitable for
the gasoline pool,® as long as the upper limits for the
olefin (alkene) content are not exceeded.

The main dimeric products of isobutene are 2,4,4-
trimethyl-1-pentene (TMP1) and 2,4,4-trimethyl-2-pen-
tene (TMP2). These components have a double bond at
a tertiary carbon, which makes them reactive in etheri-
fication.® The resulting ether, 2-methoxy-2,4,4-trimeth-
ylpentane, is reported to have a high octane rating with
a blending octane number of 147.7 Although it has
recently been shown that the blending octane numbers
are 99 (BMON) and 110 (BRON),® the octane rating is
still on the same level as those of commercially produced
ethers.® Introduction of oxygen to the gasoline pool via
this ether is thus feasible. The presence of oxygen in
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fuel improves the combustion and reduces the emissions
of unburned hydrocarbons and carbon monoxide. Fur-
thermore, ethers with higher molecular mass have lower
vapor pressure and higher boiling point,® which is
advantageous for gasoline blending. They are also less
soluble in water,® and the problems encountered with
MTBE are not expected.

The kinetics of etherification of C4,—Cg alkenes has
been studied relatively widely, and the mechanisms
generally proposed for the reactions are of Eley—Rideal
type [e.g., for MTBE,1° for ethyl tert-butyl ether (ET-
BE),!! for tert-amyl methyl ether (TAME),'2~14 and for
tert-amyl ethyl ether (TAEE)'®] and of Langmuir—
Hinshelwood type [e.g., for ETBE,'® for TAME," for
TAEE,® and for tert-hexyl ethyl ether (THEE)!®] reac-
tion mechanisms. The Kinetics of the etherification of
Cs alkenes, in turn, has not been studied. As the carbon
number of the alkene participating in the reaction
increases, the reaction rate slows down and the equi-
librium conversion decreases,?° and therefore the ether-
ification reaction of the Cg alkenes is relatively slow
compared with that of commercially produced ethers.621
New catalysts have been tested to enhance the reaction
rate, and lately we have found that, in the etherification
reaction of Cg alkenes, a novel fibrous catalyst is more
active than the traditional ion-exchange resin beads.??
In this work we derive a kinetic model for the etheri-
fication reaction of 2,4,4-trimethylpentenes with metha-
nol where the catalyst is not an ion-exchange resin, as
is usually the case, but a novel Smopex-101 ion-
exchange fiber. Although the reaction rate is slow with
the 2,4,4-trimethylpentenes of the study, the industrial
interest and commercial potential of these alkenes2—4
make our study important.
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Scheme 1. Reaction Scheme for the Etherifica-

tion of 2,4,4-Trimethylpentenes with Methanol
M \\CiaoH

/:
2- methox -2,4,4-
/g/k\ + CH,OH v

trimethyl pentane
2,4,4-trimethyl-2-pentene

2,4,4-trimethyl-1-pentene

Experimental Section

Reactor. The experiments were carried out in an 80
cm?® stainless steel batch reactor equipped with a
magnetic stirrer (stirring speed 1000 rpm) and a mixing
baffle. The reactor was placed in a water bath, through
which the temperature of the reactor (60—90 °C) was
adjusted. The reaction pressure was maintained at 0.8
MPa with nitrogen to ensure that the reaction mixture
remained in the liquid phase. Liquid samples were
taken from the reaction mixture manually via a sample
valve by overpressurizing the reactor. In a typical
experiment, samples were taken at reaction times of 20,
40, 60, 90, 120, 240, and 360 min.

Chemicals. The reactants were methanol (Riedel de
Haén, 99.8%), a mixture of 2,4,4-trimethyl-1-pentene
and 2,4,4-trimethyl-2-pentene (diisobutylene; Fluka
Chemica AG, 95%), 2,4,4-trimethyl-1-pentene (Fluka
Chemica AG, >98%), and 2,4,4-trimethyl-2-pentene
(Fluka Chemica AG, >98%). The ether, 2-methoxy-2,4,4-
trimethylpentane (>98%), was synthesized by Fortum
Oil and Gas Oy. Isooctane (2,2,4-trimethylpentane;
Merck, >99.5%) was used as an inert solvent, and
nitrogen (Aga, 99.5%) was used for pressurization of the
reactor.

Catalyst. The catalyst was Smopex-101 (Smoptech
Ltd.), a polyethylene-based ion-exchange fiber prepared
by grafting a polyethylene fiber with styrene and then
sulfonating the grafted fiber with chlorosulfonic acid.
The acid capacity of the fiber was 3.75 mmol/gcy, the
length 0.25 mm, and the diameter 30 um. Before the
experiment the catalyst was washed with ethanol and
dried to remove moisture and other possible impurities.
Water must be removed as completely as possible before
the reaction because it readily reacts with alkenes to
form tertiary alcohol. In addition to accelerating the
undesired side reactions, water also inhibits the etheri-
fication reaction and decreases the selectivity toward
ether.2324 Approximately 0.7 g of Smopex-101 was
placed in the reactor as a slurry.

Analytical Methods. Samples were analyzed with
a Hewlett-Packard 5890 series Il gas chromatograph
equipped with a capillary column DB-1 (J&W Scientific;
length 60 m, film thickness 1.00 um, diameter 0.250
mm) and a flame ionization detector. The products were
guantified by an internal standard method.

Reaction Scheme. The general reaction scheme of
the etherification of 2,4,4-trimethylpentenes with metha-
nol is presented in Scheme 1. All of the reactions are
equilibrium-limited, and the net rates for the formation
of each component are

Mveon = (A T 1) T (—re+rp)=-r;,—r, (1)

Fvpy = (Cra+rg) +(=rg +re)=-r,—r; (2
Fvpe = (Tt rp) T (re —rg) =—-r,+r;  (3)
Fegn = (Fa —Tg) T (Frc —rp) =r; +r, (4)

where subscript 1 refers to the etherification of TMP1,
subscript 2 the etherification of TMP2, and subscript 3
the isomerization of TMP1 to TMP2.

The equilibrium constants K; for each reaction were
obtained from our previous work,?>26 and the equations
for the Kj's were

Ky = KK )
K, = exp(—8.74 + 27?r0'7) ©)
K, = exp(—o.056 - 42#67) @

Eley—Rideal (ER)-Type Model. In the noncompeti-
tive adsorption model, an ER-type model, a molecule
adsorbed on the catalyst reacts with a molecule from
the bulk phase. Here we assume, as is generally
proposed for etherification reactions, that methanol is
adsorbed on the catalyst and alkenes react from the bulk
phase. It is assumed that all of the active surface sites
(S) are equal and each component occupies one surface
site when adsorbed.

MeOH + S < MeOH-S (8a)

MeOH-S + TMPi <= ETH-S i=1,2 (8b)
ETH-S<ETH+S (8¢c)
TMP1 < TMP2 (8d)

If it is assumed that the surface reaction is the rate-
determining step, the reaction rate for the etherification
of TMPL1 is obtained from eq 8b as

I = KiOueondrmpr ~ K-1Oetn )
where ©; denotes the surface coverage of component i
on the catalyst (3©; = 1) and a; the activity of compo-
nent i in the bulk phase. In reaction rate equations, the
rate constant k; presents the forward reaction and k-_;
the backward reaction. The Arrhenius-type equation of
the rate constant was rewritten as

Eawtfl 1
- ?(? T )] (10)

where ket is an average rate constant at the tempera-
ture Tyt In the modeling, 80 °C was used as the
reference temperature. To enhance the convergence of
the parameters, the equation was further reparam-
etrized?’ to

k = exp(—P,) exp

—exp(Pz)(% - T%)] (11)

where P; and P, are the parameters to be fitted. The
same reparametrization was used for the reaction rate
constants in all of the modeling.



Here it was assumed that isooctane, which was used
as an inert solvent, is not adsorbed on the catalyst,
because the adsorption of nonpolar saturated hydrocar-
bons on ion-exchange resin is minor.28 The surface
coverages of MeOH and ether are solved from eq 8a,c.
Because these are not the rate-determining steps, the
rate is set to zero and the adsorption constants are

K; = ©,/a,0 (12)

The surface coverages of MeOH and ether obtained from
eq 12 are inserted into the reaction rate equation (9) to
obtain

o= K Kmeor@meon@rmpr — K-1Kein@etn
L=
1+ Kyeon@umeon 1 Ketn@etn

(13)

The first term in the denominator of eq 13 is assumed
to be small because of the strong adsorption of the polar
components on the catalyst,’31417 and it can be ne-
glected. We also modeled the case where the first term
is included in the model, and dropping out the first term
of the denominator is discussed also later in the paper.
The thermodynamic equilibrium constant of the overall
reaction can be expressed as

KMeOH
Keth

kl
K, = P (14)

When the equilibrium constant is inserted in eq 13 and
the equation is rewritten, we obtain

Kk aeth
il @meonH@TmpPi — K

i
i K
eth
Aveon T K Qeth
MeOH

i=1,2 (15

and the rate equation for the isomerization of TMP1 to
TMP2

Iy = Kearmpr — K_gawpz = Ka(@rypr — amupa/Ks) (16)

The adsorption constants are temperature-dependent
parameters, and thus also their ratios are temperature-
dependent. This was neglected in our models because
the temperature dependency of the adsorption is small
relative to that of the reaction rate: for example, the
adsorption enthalpy for methanol on the ion-exchange
resins is reported to be —3.8 kJ/mol,?° whereas activa-
tion energies of etherification are typically over 70 or
80 kJ/mol. Also the narrow temperature range (60—90
°C) enables us to neglect the temperature dependency
of the adsorption constants and to use constant values
instead. Furthermore, when ratios of the adsorption
constants are used, the temperature dependencies of the
individual constants reduce each other and the temper-
ature dependency of the ratio is smaller than that of
the individual constants.

Langmuir—Hinshelwood (LH)-Type Model. In a
competitive adsorption model, the LH-type model, all
of the components are adsorbed on the catalyst and the
adsorbed species react. Also here it is assumed that each
component occupies one active site and all sites are
equal.

MeOH + S < MeOH-S (17a)
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TMPi +S < TMPi*S i=1,2 (17b)

TMP1-S < TMP2-S (17¢)
MeOH-S + TMPi*S < ETH-S+S i=1,2 (17d)
ETH-S < ETH + S (17¢e)

The rate-determining step is assumed to be the surface
reaction (17d). The adsorption constants are determined
as presented in eq 12. The adsorption constants for
TMP1 and TMP2 were assumed to be approximately the
same, and the terms were combined. With a procedure
similar to that presented with the ER model, we obtain
for the etherification of TMP1

r,=

K1KnveonKrmp@meor@tmpr — K- 1Keth@etn

[1 + Kueor@meon T Krmp(@rmpr T atmp2) + Kethaeth]2
(18)

Now the equilibrium constant of the overall reaction is

k, K K
K, = "1 PmeoH™NTMP (19)
kfl Keth
and by inserting and rearranging, as presented with the
ER model, we obtain for the etherification of TMP1 and
TMP2

K Krvp a a _ aeth)
i MeOHATMPI
. Kwmeon Ki
i K 2
T™P eth
(aMeOH + Ky, OH(aTMPl + arwpo) Ky, OHaeth)
e e

i=1,2 (20)

and the rate equation for the isomerization of alkenes
is

K Krwvp armp2
s |\@tme2 T T
_ MeOH 3
M= K. K (21)
T™P eth
Ayieon T K (@rmpy T @rmp2) + K Aeth
MeOH MeOH

Results and Discussion

Data for the Modeling. The experimental data
consisted of 43 batch experiments. Some experiments
were repeated to test the reliability of the data, but only
one experiment for each set of conditions was included
in the modeling. All of the experiments were evaluated
carefully prior to the modeling, and all of the experi-
ments where the carbon mole balance was less than 95%
were rejected. The experiments that were included in
the modeling are presented in Table 1, and in these data
the carbon mole balance was, on the average, 99%.

The initial etherification rates are presented in Table
1. In the experiments where ether was in the feed the
rates refer to the decomposition rate of the ether.
Typical alkene conversions, which were achieved within
6 h with a stoichiometric feed of alkene and methanol,
were up to 9% with the isomer mixture, 22% with pure
TMP1, and 45% with pure TMP2. These figures refer
to the highest reaction temperature, 90 °C. The conver-
sions were higher with the pure TMP1 and TMP2 than
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Table 1. Experiments for the Modeling

MeOH/alkene

mole fractions in feed

initial etherification

T/°C reactant? molar ratio MeOH alkene isooctane ether rate/[mmol/(s Kgcat)]
60 DIB 0.2 0.1 0.5 0.4 0.4
80 DIB 0.2 0.1 0.5 0.4 2.3
60 DIB 0.5 0.27 0.53 0.2 0.5
70 DIB 0.5 0.27 0.53 0.2 14
80 DIB 0.5 0.27 0.53 0.2 4.1
90 DIB 0.5 0.27 0.53 0.2 8.1
60 DIB 1 0.45 0.45 0.1 0.8
70 DIB 1 0.45 0.45 0.1 1.9
80 DIB 1 0.45 0.45 0.1 4.4
90 DIB 1 0.45 0.45 0.1 10.6
60 DIB 2 0.53 0.27 0.2 0.5
70 DIB 2 0.53 0.27 0.2 15
80 DIB 2 0.53 0.27 0.2 3.7
90 DIB 2 0.53 0.27 0.2 7.6
60 DIB 5 0.5 0.1 0.4 0.2
80 DIB 5 0.5 0.1 0.4 11
60 TMP1 1 0.15 0.15 0.7 0.7
70 TMP1 1 0.15 0.15 0.7 2.0
80 TMP1 1 0.15 0.15 0.7 4.6
90 TMP1 1 0.15 0.15 0.7 10.2
60 TMP1 2 0.27 0.13 0.6 0.5
80 TMP1 2 0.27 0.13 0.6 3.6
60 TMP1 0.5 0.27 0.53 0.2 0.5
80 TMP1 0.5 0.27 0.53 0.2 3.7
70 TMP2 1 0.15 0.15 0.7 0.5
80 TMP2 1 0.15 0.15 0.7 1.0
90 TMP2 1 0.15 0.15 0.7 1.8
60 ether 0.7 0.3 7.1°
70 ether 0.7 0.3 8.7b
80 ether 0.7 0.3 18.30
90 ether 0.7 0.3 57.0°

a DIB = mixture of 2,4,4-trimethyl-1-pentene and 2,4,4-trimethyl-2-pentene. TMP1 = 2,4, 4-trimethyl-1-pentene. TMP2 = 2,4 4-trimethyl-

2-pentene. ° Ether decomposition rate.

with the isomer mixture because, in addition to the
etherification, isomerization of alkenes occurs.

In the decomposition of ether, respective conversions
of up to 93% were achieved within 6 h, which shows
that the decomposition of ether is noticeably faster than
the formation. The thermodynamic equilibrium plays
a role here: the equilibrium limits the formation reac-
tion in the early stages, and the rate of formation is
decreased; the thermodynamic equilibrium is not en-
countered in as early a stage in the decomposition
reaction, and the driving force for the decomposition is
higher.

Etherification was the main reaction to occur with
pure TMP1 with initial rates 3—6 times as high as for
the isomerization reaction. With the TMP2 feed, initially
the etherification was the main reaction, but the
isomerization soon overtook the etherification. TMP1 is
thermodynamically the more stable isomer,?®> and thus
the driving force for the isomerization of TMP2 to TMP1
is greater than that for the reverse reaction.

The selectivity to the ether was good. Hydration of
the alkenes to 2,4,4-trimethyl-2-pentanol was observed
as a side reaction, but the conversion remained low. The
water required for this reaction originates from the
impurities of the reactants and the catalyst. Special at-
tention was accordingly paid to the drying and handling
of the catalyst to ensure that it was as dry as possible.
In the ether formation experiments, the conversion to
2,4,4-trimethyl-2-pentanol was less than 0.1%, which is
less than 2% of the total reacted alkene. The ether
contained more water as an impurity than the other
feeds, and the maximum conversion to 2,4,4-trimethyl-
2-pentanol was 0.75% in the ether decomposition ex-
periments. Traces of another side product, dimethyl

ether, were detected in a few experiments. Dimethyl
ether is formed from methanol at higher temperatures,
and here it was not detected below 80 °C.

Fitting of the Kinetic Parameters. The Kkinetic
parameters were estimated with Kinfit software3° by
minimizing the sum of squares of the residuals between
the measured and calculated compositions of the reac-
tion mixture. The minimizing was performed by the
Levenberg—Marquardt method. Because of the nonide-
ality of the reaction mixture, activities instead of
concentrations were used in the rate equations, and the
activity coefficients were determined by the UNIFAC
method.3! The activity coefficient of methanol varied
between 1 and 10 and that of alkenes between 1.0 and
2.3.

ER-Type Model. Altogether seven parameters had
to be fitted in the ER model. In addition to activation
energies and rate constants, the ratio of Kein/Kyeon Was
estimated. It was observed that, as the Kein/Kpeon ratio
was varied between 2 and 3, the activation energy of
the isomerization reaction (Es) varied between 110 and
121 kJ/mol, while the activation energies of etherifica-
tion varied only between 88 and 89 kJ/mol (E;) and
between 79 and 82 kJ/mol (Ez). It was assumed that
the fitting of the isomerization reaction was sensitive
because half of the data was from experiments done
with the mixture of alkenes, in which the molar ratio
of isomers is close to the thermodynamic equilibrium
ratio and isomerization is minimal. Thus, the isomer-
ization was modeled separately with the data from the
15 experiments where the feed was pure TMP1, TMP2,
or ether (see Table 1). Now we obtained 99 kJ/mol for
the activation energy of the isomerization reaction. This
value was then fixed in the further modeling, and the
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LH without adsorption

ER model rearranged ER model LH model term of alkene
E1, kd/mol 89+1 94+1 87+1 86+ 1
E>, kd/mol 81+2 90 +2 83+2 80 +2
Ejs, kd/mol 99+ 3 101+ 4 103 + 20 137+ 5

0.0064 + 0.0001
0.0064 + 0.0001
0.0015 + 0.0001
24+0.1

Ky,rer, mol/(kg s)

Ko ref, mol/(kg s)

K ref, mol/(kg s)
Keth/Kveor

Kmeon/Keth

Krmp/Kmeon

residual sum of squares

A) ER-model

0.16 s

0.14
0.12
0.10
0.08
0.08
0.04
0.02
0.00

R?=0.9911

estimated amount, mol

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
measured amount, mol

B) LH-model

0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00

R?=0.9907

estimated amount, mol

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
measured amount, mol

C) LH-model without adsorption term of alkene

0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00

R?=09926

estimated amount, mol

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
measured amount, mol

Figure 1. Estimated amount of ether as a function of the
measured amount: (A) ER model; (B) LH model; (C) LH model
without the adsorption term of alkene.

whole data set of Table 1 was used to model the rest of
the parameters. The results of the modeling are col-
lected in Table 2, and Figure 1 presents the estimated
amount of ether as a function of the measured amounts.
As an example, Figure 2 shows how the ER model
interprets the experimental data at 80 °C with a
stoichiometric feed with the three alkene feeds.

It turned out that the adsorption constant of ether
was higher than that of methanol (Kein/Kyveon = 2.4),
and therefore we made one further modeling to test if
the assumptions made in the derivation of the rate
equations were adequate. For this, we divided the
numerator and denominator of eq 13 by Ketn instead of
Kwmeon. Now the adsorption constant ratio Kyeon/Keth,
which is the inverse of the ratio in the first modeling,
appeared in the denominator. The ratio also remained

0.0058 + 0.0002
0.0056 + 0.0002
0.0019 + 0.0001
11+01

0.00297 0.0051

0.0518 + 0.0105
0.0486 + 0.0101
0.0098 + 0.0022

0.0065 + 0.0001
0.0062 + 0.0001
0.0010 + 0.0001

28401 25401
0.14 £ 0.03
0.00333 0.00294

0.03

©°

E

o 0.02 4

[

=

(4]

S 0.01 -

s

=

[«]

£ 0.00

5]

0 100 200 300

contact time, min g

Figure 2. Amounts of ether measured at 80 °C (data points) and
corresponding amounts estimated with the ER model (solid line).

in the numerator, but to ease the modeling, it was
lumped with the rate constant k;. The results are
presented in Table 2 (rearranged ER model). Now we
obtained a Kyeon/Ketn ratio of approximately 1, which
confirms that the adsorption constants of methanol and
ether indeed are of the same order of magnitude. Thus,
it is irrelevant in the derivation of the rate equations
whether the equation is divided by Kgin or Kyeon.

We also checked the validity of dropping out the first
term of the denominator of eq 13. When this term was
included in the modeling, the parameters showed high
correlation and were not well identified. Thus, dropping
of the first term of the denominator of eq 13 is crucial
from the point of view of the calculation: without this
term the parameters are much more easily identified.

LH-Type Model. The LH model included eight fitted
parameters, i.e., in addition to the parameters included
in ER model, and also the ratio Krmp/Kveon. The larger
number of parameters made it more difficult to model
than the ER model. Furthermore, the parameters easily
correlated with each other, which was not the case with
the previous models.

The activation energy for the isomerization reaction
was determined in the same way as that with the ER
model, i.e., without the data from the isomer mixture
experiments. However, this resulted in poor convergence
of the parameters; the data had to be split, and each
temperature was modeled separately. The activation
energy of 103 kJ/mol was obtained for the isomerization
reaction by regression analysis from the reaction rate
constants, and this value was fixed for the fitting of the
rest of the parameters. However, the parameters were
not as accurately identified in the fit for the three
experiments at 70 °C as they were at other tempera-
tures. As seen in Figure 3, this led to a deviation from
linearity compared with the rate constants at other
temperatures, and as a result the error estimate for Eg,
20 kJ/mol, was high relative to other error estimates.
E; was also fitted by fixing the adsorption constant
ratios and changing the fixed values. The results were
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Figure 3. Determination of E3 with the LH model.

close to our final values, but despite the large error
estimate, the E3 value obtained by the regression was
considered to be the most accurate because none of the
parameters were then fixed in the modeling.

After E3 was fixed at a value of 103 kJ/mol, all of the
remaining parameters could be modeled simultaneously
with the whole data set of Table 1, which was not
possible without fixing at least one of the parameters.
Now, contrary to the respective fit with the ER model,
the values of some parameters changed from the values
estimated with the pure feed data: the reaction rate
constants increased, and the Kyup/Kmeon ratio de-
creased. This was assumed to be due to the high
correlation of the parameters.

The fit was observed to be more dependent on the
initial values of the parameters than in the ER model.
In addition, the correlation between the parameters was
high. In particular, the Krpmp/Kmeon ratio correlated with
the reaction rate constants, and the reaction rate
constants correlated with each other (correlation coef-
ficient >0.97). On the basis of the statistics, this fitting
of the LH model was thus the least reliable, even though
the parameters converged quite well and the residual
sum of squares was similar to those obtained with the
other models.

To diminish the difficulties caused by the fixing of
some parameters, we tried modeling the LH-type rate
equations without the alkene adsorption term in the
denominator of eqs 20 and 21; this is reasonable
because, with Kyvp/Kmeon modeled to be relatively small
(0.14), the adsorption of the alkenes is not very strong.
In the numerator, the Krpmp/Kyveon ratio was lumped
with the reaction rate constant and the number of fitted
parameters was reduced to seven. Now the rate equa-
tions of etherification resemble the respective ER equa-
tions, but the denominator is squared.

This effect of removing the alkene adsorption term
was first tested with the whole data set and then with
the data of the isomer mixture experiments excluded.
Results were similar in the two cases, which means that
the isomerization reaction does not disturb the fit with
the LH model when the adsorption term for the alkenes
is not included in the rate equation.

Relative to the first modeling, with the alkene ad-
sorption term included, the results changed somewhat,
as presented in Table 2: the activation energies of the
etherification reactions remained approximately the
same, but the activation energy for the isomerization
was increased by over 30 kJ/mol. The adsorption
constant ratio Kem/Kmeon Was decreased slightly but was
still 2.5. The correlation between the parameters was
essentially weaker than that in the first LH modeling,
and the correlation matrix resembled the corresponding
matrix in the ER modeling. Thus, the system was

mathematically close to the ER model, and the fit was
more reliable.

Comparison of the Kinetic Models. The fitted
kinetic parameters of the different models are collected
in Table 2. As can be seen, the values of all models are
physically meaningful and they also agree well with the
values presented in the literature for similar kinds of
reaction systems. Our activation energies for the etheri-
fication were 80—94 kJ/mol, while earlier values were
82 kJ/mol for ETBE,!! 84—92 kJ/mol for TAME,3 and
93—109 kJ/mol for THEE.® Our activation energies for
the isomerization reaction were 99—137 kJ/mol, and in
similar kinds of systems, values of 91 kJ/mol for Cs
alkenes® and 89—96 kJ/mol for Cg alkenes®?! have
been obtained. This indicates that internal diffusion,
which would lower the activation energies, is not
important in our system. The same was found in our
previous work.??

The rate constants for the two etherification reactions
are closely similar to those of all of the mechanisms,
and they are approximately equal within experimental
error. With other etherification reactions, it has been
observed that the alkene isomer that is thermodynami-
cally more stable is less reactive in etherification (e.g.,
Cs's?? and Cg's?9).

The estimated parameters indicate that more ether
is adsorbed on the catalyst than methanol, and alkenes
are adsorbed least. The ratio of the adsorption constants
Keth/Kmeon shows a similar trend with the ER and LH
models: the adsorption constant of ether is over twice
as large as that of methanol. It has been claimed3? that
alcohol should adsorb more easily than ether on ion-
exchange resin beads, but this was not the case with
the fibrous catalyst. Situations are somewhat different
in an ion-exchange resin bead and on the surface of a
fiber. Although the catalytically active sites are the
same (sulfonic acid), the structures of the catalysts differ
and the adsorbing species do not adsorb on the fiber in
a similar way. Thus, what happens on a resin particle
cannot simply be concluded to happen on a fibrous
catalyst.

The different behaviors of ion-exchange resin and
fiber may depend on the hydrophilic properties of the
two catalysts. Both the polyethylene (fiber) and styrene—
divinylbenzene (resin bead) matrixes are hydrophobic,
but sulfonic acid, which is present in both matrixes, has
hydrophilic properties. Some parts of the polyethylene
matrix are amorphous and some parts crystalline, and
it has been demonstrated that the grafting reaction
occurs mainly in the amorphous region.3* The grafted
styrene is sulfonated, and the sulfonic acid sites are thus
located solely in the amorphous region. Although the
catalyst is heated during the sulfonation, and the
crystalline parts become amorphous, this has no effect
on the sulfonic acid distribution because only the grafted
styrene is sulfonated. Thus, the parts of the polyethyl-
ene matrix that originally were crystalline remain
hydrophobic, while the sulfonated parts have hydro-
philic properties. In the resin matrix, in turn, no
differences between various parts of the matrix should
exist. Another difference between the fiber and the resin
is how sulfonic acid is attached to the matrix: in the
fiber the polyethylene is grafted with styrene and the
grafts are sulfonated, but in the resin the styrene—
divinylbenzene matrix itself is sulfonated. Because of
this, the surface of the resin is likely to be more
hydrophilic, but the fiber contains more hydrophobic



parts and fewer polar components such as ether can
reach the fiber more easily than the more polar metha-
nol. Thus, the ether adsorbs more readily on the fiber,
and the ratio of the adsorption constants Kei/Kmeon
obtains a value greater than 1.

The concentrations of the reacting components near
the active sites may be different in fiber and resin
because of hydrophilic properties. However, once the
components reach the active sites and reaction occurs,
the mechanisms probably are the same, for the activa-
tion energies are similar to those reported in the
literature for similar kinds of etherification reactions
but with ion-exchange resins as catalysts.

The ratio of Krvp/Kmeon appeared only in the LH
model where it obtained a value of 0.14. This result can
be compared with results for TAME in the literature:
namely, a value of 3 x 1078 has been reported for the
adsorption constant ratio of isoamylenes and methanol
on an ion-exchange resin.®® The higher value for the
fiber implies that the adsorption of alkenes is consider-
ably easier on the surface of the fibrous catalyst than
on the pores of the ion-exchange resin. Again, this result
can be explained by the differences in the hydrophilic
properties of the catalysts.

Figure 1 compares the fits of the different mecha-
nisms. If the fit is perfect, the data points are located
on the diagonal of the figure. The R? values of the
mechanisms are almost the same. Thus, all mechanisms
appear to represent the data equally well. Because the
resulting parameters are also physically meaningful in
each case, it is difficult to decide on the basis of the
results which is the best model. The weakness of the
ER model is the isomerization reaction: according to
this model, the isomerization reaction occurs noncata-
lytically. However, the isomerization rate was greatly
affected by the amount of methanol; e.g., the isomer-
ization rate of TMP1 to TMP2 was 3 times as fast with
a methanol—alkene molar ratio of 1 as with a molar
ratio of 2 when the amount of alkene remained ap-
proximately constant. This indicates that the isomer-
ization reaction is not totally independent of the catalyst
and the rest of the reaction mixture. The LH model, for
its part, was not easy to model as such, and the high
correlation between the parameters indicates that the
fit may not be the best possible. Modification of the LH
model by omitting the alkene adsorption term improved
the fit markedly.

As a matter of fact, the model may even change as a
function of the reactant mole fractions, as stated by
Tejero et al.3> They concluded that when methanol was
in excess in MTBE synthesis, the ER model described
the system, and as the fraction of alkene was increased,
the LH model began to predominate. In our system, the
conversion profiles to ether and to isomer did not change
as a function of the reactant mole fractions, which
indicates that the mechanism would not change. Ac-
cording to our modeling, the ER and LH models where
the adsorption of alkenes is assumed to be small gave
equal fits.

Conclusions

Etherification of 2,4,4-trimethyl-1-pentene and 2,4,4-
trimethyl-2-pentene with methanol was catalyzed with
a fibrous Smopex-101 catalyst. ER- and LH-type kinetic
models were derived for the reaction and compared.

The difference between the models was not very
striking, probably because of the narrow temperature
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range. Although the temperature range was narrow, it
was also the commercially interesting range, and thus
it was justified to concentrate the studies on these
conditions. The models represented the data equally
well with physically meaningful parameters, but the ER
and LH models where the alkene adsorption of alkenes
is assumed to be small could be judged to best describe
the data.

The activation energy estimated for the etherification
of 2,4,4-trimethyl-1-pentene was 86—94 kJ/mol, for the
etherification of 2,4,4-trimethyl-2-pentene 80—90 kJ/
mol, and for the isomerization of 2,4,4-trimethyl-1-
pentene to 2,4,4-trimethyl-2-pentene 99—137 kJ/mol.
The estimated adsorption constants indicate that more
ether than methanol is adsorbed on the catalyst. This
can be explained by the hydrophobic properties of the
fibrous Smopex catalyst.
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Notation

a; = activity of component i

E; = activation energy, kJ/mol

ki = reaction rate constant, mol/(kg s)

K;i = adsorption constant of component i (i abbreviation)
Ki = equilibrium constant of reaction i (i numeral)

P = fitted parameter

r; = formation rate of component i, mol/(kg s)

R = 8.314 J/(mol K)

T = temperature, K or °C

®; = surface coverage of component i

Abbreviations

eth = ether

MeOH = methanol

S = active surface site of the catalyst
TMP1 = 2,4,4-trimethyl-1-pentene
TMP2 = 2,4,4-trimethyl-2-pentene
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