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The dehydration of a mixture of methanol and isobutanol has been studied over the sulfonic acid
Nafion H catalyst. Dehydration products consisted of dimethyl ether (DME), di-isobutyl ether
(DIBE), methyl-isobutyl ether (MIBE), butenes. octenes. and traces of methyl-tertiarybutyl ether
(MTBE). At low temperatures and high alcohol pressures ( P = 150 kPa), the dehydration product
slate was dominated by ether formation with selectivity within the ethers significantly in favor of
the mixed ether, MIBE. The rates of ether and butene formation as a function of alcohol pressure
could be described by Langmuir—Hinshelwood kinetics in which competitive adsorption of the two
alcohols on the surface -SO;H sites was the dominant feature. The kinetics of isobutanol dehydra-
tion to isobutene were consistent with a dual-site mechanism involving the cooperative action of
a free surface -SO;H site and an adjacent adsorbed alcohol molecule. Dehydration to ethers was
consistent with the reaction of two adsorbed alcohols, also by a dual-site mechanism. As a conse-
quence, dehydration to symmetric ethers showed saturation-type Kinetics as a function of alcohol
pressure, while the rate of isobutene formation went through a distinct maximum. Due to the competi-
tive adsorption of methanol and isobutanol, the mixed ether MIBE was formed at a maximum rate
with an optimum ratio of partial pressures of the two alcohols. The high selectivity to MIBE was
explained by stronger adsorption of isobutanol on the catalyst surface as compared to methanol.

The absence of MTBE and the predominance of products such as MIBE and 2,5-dimethylhexene
suggests that dehydration to give “‘free’’ carbenium ions that subsequently rearrange to the more
stable tertiary intermediate was not occurring. It was proposed that the alcohols react with the
—SO+H groups to give oxonium ions or esters. These intermediates couple to give the product ethers

or octenes. ¢ 1993 Academic Press, Inc.

INTRODUCTION

Acid-catalyzed coupling of alcohols with
olefins to produce ethers is an important
class of reactions that has given rise to fast
growing industrial processes, including the
synthesis of the octane-enhancing methyl-
tertiarybutyl ether (MTBE) (/), viz.,

CH, CH,
CH,O0H + \C=CH2 ——— CH,0 é—CH3 .
&, du,
MTBE
(0

There is interest, both scientific and techno-
logical, in alternate routes using two differ-
ent alcohols as a source of the two alkyl
groups of a mixed ether,

ROH + R'OH —— ROR’ + H,0. (2)

The four-carbon alcohol isobutanol (2-
methyl-1-propanol) is a desirable source of
a four-carbon alkyl group because it can be
synthesized, along with methanol. directly
from carbon monoxide and hydrogen over
alkali-modified methanol synthesis cata-
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lysts (2). However, the reaction selectivity
to mixed ethers is more difficult to control
in processes of type (2) because a number
of side reactions can occur in the coupling
of two alcohols, in contrast to the simple
and selective course of reaction (1). We
have reported results of coupling methanol
and isobutanol over an acid form of Nafion
resin, wherein methyl-isobutyl ether
(MIBE) and dimethyl ether (DME) were
the dominant products at high pressures
and isobutene (IB) dominated at low pres-
sures (3). Other products were di-isobutyl
ether (DIBE), octenes, and higher molecu-
lar weight products. The same reactants
yielded significant amounts of MTBE over
Amberlyst H, a polystyrene-sulfonic resin
(4), DME over H-mordenite, DME,
MIBE and DIBE over H-ZSM-5, and IB
over sulfonated zirconia (5). Thus it is
evident that selectivity is controlled by the
catalyst used; however, over a single
type catalyst, reaction conditions also play
a very important role by regulating the
kinetics of various parallel and consecu-
tive partial reactions. In this work, we
report a detailed and quantitative study
of chemical and physical factors controlling
the methanol-isobutanol conversions over
Nafion H. The reactions involved are listed
below.

CH, CH,
AN AN

CHCH,OH== C=CH, + H,0 (3)
7 v
IB

2CH,0H === CH,0CH; + H.O (4)
DME

(CH,),CHCH,OH + CH, OH ==
(CH:),CHCH.OCH, + H,0 (5)

MIBE

(CH,),CHCH,OH + CH,OH =
(CH;),COCH, + H,O (6)

MTBE
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2(CH,),CHCH,OH ===
(CH,),CHCH,OCH,CH(CH;), + H,O (7)

DIBE
C\H3
C=CH, > octenes and higher  (8)
s molecular weight
CH; products.

Nafion H, a solid perfluorinated sulfonic
acid resin, was chosen for this study be-
cause of its thermal stability and for being
a proven catalyst for many acid-catalyzed
reactions such as alkylation (6-8), isomer-
ization (9, 10), oligomerization (/ /), hydra-
tion (/2), etherification (/3, [4), esterifica-
tion (/5), carbomethoxylation (/6), and
dehydration (6, /3). Further, thermometric
titrations of Nafion H by pyridine indicated
that the acid strength of the ~SO,H groups
is uniform and independent of the degree
of ionization (4), and therefore kinetic data
obtained over this solid acid are amenable
to interpretation based on simple physico-
chemical models. In particular, it is shown
in this paper that alcohol coupling to ethers
and dehydration of isobutanol to isobutene
obey simple rate laws that are characteristic
of competitive activation of the reacting al-
cohols on the acid sites. As a consequence,
selectivity to the different products of reac-
tions (3)—(8) is determined in a predictable
fashion by concentrations of the reactants
and total pressure.

EXPERIMENTAL

The alcohol dehydration reactions were
carried out in a stainless steel continuous
flow reactor at pressures ranging from0.10 to
7.29 MPa (1 atm = 101.325 kPa) total pres-
sure, with nitrogenasacarrier gas. Thereact-
ants, methanol and isobutanol (purity >
99.9%), were fed as liquids to the inlet line at
the top of the reactor using a Gilson HPLC
pump, Model 302. The alcohols were vapor-
ized and homogeneously mixed with nitro-
gen in a preheater section of the reactor be-
fore coming in contact with the catalyst bed.
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The total reactor pressure was controlled us-
ing a Tescom back pressure regulator Model
No. 26-1700. One- to two-gram portions of
catalyst having a particle diameter between
0.4 and 1.4 mm were used, and the catalyst
was diluted with four times its volume of 3-
mm Pyrex beads. The exit gas from the reac-
tor was sampled every 22 minusinganin-line
automated heated sampling valve and ana-
lyzed using an on-line Hewlett-Packard
Model 5730A gas chromatograph that was
coupled with a Hewlett—Packard Model
3388A integrator/controller unit. Reaction
products were separated on Poropak P col-
umns and were identified by comparison of
their retention times with those of known
standards and also from their mass spectro-
scopic fragmentation patterns as determined
by a Finnigan Model 4000 GC/MS/DS spec-
trometer. The fragmentation patterns of
MIBE (major m/e peak at 45) and MTBE
(major m/e peaks at 57 and 73) are very dis-
tinctive for these compounds.

Steady state activities were readily
achieved within 2 hr of initiating alcohol in-
jection or after altering a reaction variable
such as pressure or temperature. No cata-
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lyst deactivation was observed over several
hundreds of hours of testing and upon
change of reaction conditions, the steady
states were established reversibly.

Porous and nonporous forms of the
Nafion H resin were used. Both forms had
the same ion exchange capacity, i.e., 0.9
meq/g, and were in the fully acid form. The
porous form was obtained under the trade
name Nafion H-MicroSaddles and is re-
ferred to as Nafion H-MS, while the regular
or gellular form is referred to simply as
Nafion H.

RESULTS

Toobtainreliable and interpretable kinetic
data, reaction conditions were established so
that the reactor was operated in the differen-
tial mode. In Fig. 1is shown the effect of re-
ciprocal space velocity (areaction parameter
proportional to the contact time) on the de-
gree of conversions of methanol, isobutanol,
and 2: | methanol: isobutanol mixture. All
three plots are linear with zero intercepts, in-
dicatingthatinthe conversionranges studied
neither reverse reactions nor external mass
transfer imitations occurred within the cata-
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F1G. 1. Plot of the molSz conversion of methanol (l), isobutanol (4), and alcohol mixture (methanol :-
isobutanol = 2: 1) (@) to products vs contact time /U over the Nafion H catalyst (2.0 g). T (methanol)

= 373 K: T {isobutanol) = 395 K: 7T (alcohol mixture) = 390 K: Py, =
103.0 kPa. U is the gas space velocity in liters (STP) of reactant

kPa; Py = 66.5 kPa; P, mixture =
gas per liter of catalyst per minute.

1.34 x 10° kPa, Py = 143.0
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FiG. 2. Effect of methanol partial pressure ( py) on
the steady state rate of formation of dimethyl ether
(DME) over 2.0 g Nafion H at 375 K, total pressure of
1.34 x 10° kPa and N, + alcohol feed rate 250 mol/kg
catalyst/hr. Circles are experimental points and the full
line is a theoretical curve according to Eq. (4) in Table
[, using &, = 5.54 x 10 ? mol/kg catalyst~! hr~! and
Ky =222 x 107 kPa™',

lyst bed, the degree of conversion being a di-
rect measure of the reaction rate. Kinetic
data were subsequently obtained within
these conversion ranges. For methanol de-
hydration, DME was the only product by re-
action (4), and the rate of DME formation
reached a constant value at high methanol
pressures, as shownin Fig. 2. Forisobutanol
dehydration, the products were isobutene,
DIBE and octenes, and the rates of formation
of these products are shownin Fig. 3. Of par-
ticular interest is the dependence of the rate
ofisobutene formation on the reactant isobu-
tanol pressure, which shows a maximum at
14 kPa. Methanol when present was a retar-
dant of the isobutanol dehydration to isobu-
tene, and this effect is demonstrated by com-
paring the rates of isobutanol dehydration to
isobutene in the absence and presence of
methanol.
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In another set of experiments, the rate
of dehydration of the alcohol mixture was
followed as a function of partial pressure
of each individual alcohol while maintain-
ing the partial pressure of the second alco-
hol constant. The rates of MIBE formation
represented in Fig. 4 show maxima on the
dependences on partial pressures of both
methanol and isobutanol, indicating retar-
dation, or self-poisoning. of the MIBE syn-
thesis by either reactant: a stronger self-
poisoning by isobutanol and weaker by
methanol.

The dehydration of the alcohol mixture
over porous Nafion H-MS was studied over
a range of pressures and temperatures.
The overall pressure dependence of the
synthesis is shown in Fig. 5 and the tem-
perature dependence in Fig. 6, both with
methanol : isobutanol ratio 2:1. The gen-
eral feature of the pressure dependence, a
dramatic increase of selectivity to MIBE
and DME with concomitant suppression of
isobutene and octene formation (Fig. 3),
was also reported in the preliminary com-
munication (3). Aside from the dominant
mixed ether product MIBE, its isomer
MTBE was formed in small amounts. In-
crease of temperature increased the rates
of all product formation, with MIBE and
DME still dominant products, but with
increased selectivity to butenes and oc-
tenes. Within the butenes, the selectivity
between isobutene and the linear butenes
variec. between 75 and 100% isobutene so
that the greater the reaction rate, e.g., at
low isobutanol partial pressures and high
temperatures, the lower the selectivity for
isobutene. The octenes formed by reac-
tions (3) and (8) were identified as predomi-
nantly 2,5-dimethylhexene at low tem-
peratures and predominately 2.2.4-tri-
methylpentene at higher temperatures,
with a smooth variation of composition of
these two isomers at intermediate tempera-
tures within this range. For example, at
409 K the 2,5-dimethylhexene was the only
octene detected, while at 430 K it ac-
counted for 28% of the total octene product
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FiG. 3. Rates of formation of isobutene (&), di-isobutyl ether (DIBE) (A), and octenes (O) from
isobutanol over 2.0 g Nafion H as a function of isobutanol partial pressure py at T = 396 K, 1otal
pressure of 1.34 x 10* kPa, and N, + alcohol feed rate 250 mol/kg catalyst/hr. For comparison, the
rates of isobutene formation in 2: 1 methanol:isobutanol mixture are shown as (@), under similar
conditions to isobutanol dehydration but with T = 400 K.
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F1G. 4. Rates of methyl-isobutyl ether (MIBE) formation from methanol/isobutanol mixtures as a
function of partial pressure of methanol, py, with partial pressure of isobutanol kept constant at pg =
8.82 kPa (@), and of partial pressure of isobutanol, pg, with constant py = 20.16 kPa (B) over 1.0 g
Nafion H at 400 K, total pressure 1.34 x 10° kPa, and N, + alcohol feed rate 125 mol/kg catalyst/hr.
Circles are experimental points and full lines are theoretical curves, using Eq. (5) in Table 1 for the
dependence of vyge on py with k&, = 2.78 mol/kg catalyst/hr, Ky = 1.37 x 1072kPa™!, Kz = 2.43 x
1072 kPa"', and Eq. (9) for the dependence of vy on py with K§ = 1.0 x 107%kPa~?, K% = 1.5 x
10-% kPa~?, and &,, Ky, and Ky as above.
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F1G. 5. Variation of product yield with methanol : iso-
butanol 2:1 alcohol mixture partial pressure at a
steady-state reaction rate at 389 K over 1.0 g Nafion H
MicroSaddles (alcohol feed = 15.59 mol/kg catalyst/
hr, N, feed = 186 mol/kg catalyst/hr, © = MIBE. @
= DME, & = butenes. & = DIBE. O = octenes).

with 2,2,4-trimethylpentene accounting for
the remainder.

DISCUSSION

Properties of Nafion H and the Nature of

Its Acidity

A correct interpretation of catalysis, both
mechanistic and kinetic, over Nafion H can-
not be undertaken without an appreciation
of the unigue physico-chemical properties
of this resin. Similar to the sulfonated cross-
linked polystyrene resins, the reactions are
considered to occur to a greater or lesser
extent within the catalyst mass, wherein the
reactants, products, and solvent are in equi-
librium with the external solution or gas
phase (/7, 18). Access to the resin phase is
brought about through resin swelling in the
presence of polar molecules such as alco-
hols or water. However, resin swelling by
polar solvents could in principle also change
the efficiency of the catalytically active acid
sites. Gates and Rodriguez (/9) have shown
that excess water or alcohol can modify the
acidity from the more active undissociated
sulfonic acid that gives rise to general acid
catalysis to the less active solvated proton,
giving rise to specific acid catalysis. This
hypothesis was substantiated by IR studies
(20) that showed a network of -SO;H groups
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in the anhydrous resin that break up in the
presence of polar solvents, first through the
insertion of a few molecules in the hydrogen
bonded structure, which finally leads to
their dissociation and solvation of the pro-
tons. Similar effects of polar solvents have
been shown to occur over Nafion H using
IR (27).

Swelling of Nafion H depends on the na-
ture of the polar solvents used. Alcohols
lead to greater swelling than water at room
temperature (22), with the degree of swelling
decreasing in the order methanol > ethanol
> l-propanol = 2-propanol > 1-butanol, but
within this range the differences are quite
small. Further, a phenomenon known as ex-
change site clustering occurs in Nafion H
resins (23). The exact nature of these ion
clusters is not known, but it has been sug-
gested that exchange sites, counterions, and
polar molecules, such as sorbed water or
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FiG. 6. Effect of temperature on the observed reac-
tion rates over 1.0 g of the Nafion H MicroSaddles
catalysts with methanol : isobutanol 2: 1 at total pres-
sure of = 7.58 x 10’ kPa (alcohol feed = 15.59 mol/
kg catalyst/hr; N, feed = 186 mol/kg catalyst/hr; O =
MIBE, B = DME, A = butenes, O = octenes, A =
DIBE).
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FiG. 7. Standard free energies for dehydration reactions in the methanol-isobutanol (2-methyl-1-
propanol) mixtures. Sources are Lewis, G. N., and Randall. M., **Thermodynamics.” McGraw-Hill,
New York, 1961: Freifelder, D., *Principles of Physical Chemistry,’” Jones & Bartlett, Boston, 1982:
and ““T.R.C. Thermodynamics Tables for Hydrocarbons and Non-Hydrocarbons,'” Texas Research

Institute.

alcohols, exist as separate microphases in
the polymer.

In the reactions studied, the partial pres-
sures of all the reactants and products
were below their saturated vapor pressure.
The lowest saturated vapor pressure was
that of isobutanol, 202 kPa at 400 K, and
in some experiments partial pressures of
isobutanol were used that, even though
lower than the saturated vapor pressure,
were high enough for capillary condensa-
tion to occur. The degree of intraporous
condensation and swelling could not be
determined under the present experimental
conditions, temperatures 380-400 K and
alcohol pressures 0-600 kPa, and it was

not a priori known whether the complex
physical properties associated with swell-
ing would influence the intraporous reac-
tions. However, the high reaction rates
observed indicate that the acid sites of
the catalyst were readily accessible. Since
Nafion H was used in most of the present
kinetic studies, it is highly probable that
swelling by the reactants had occurred to
open up the pores in which the sulfonic
groups are located. Further, the simple
linear relationship between the conversion
to various products and the contact time
(Fig. 1) indicates that the system estab-
lished steady states that corresponded to
a well-behaved differential kinetics regime.
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TABLE |

Kinetic

Laws for Dehydration Reactions of Methanol and 2-Methyl-1-Propanol

Reaction Rate law Linear form of rate law
" o = AR = o L[tk
7 oise = Katlp = a + 2KA;I:Z%Z%KN1PN|): \/(UD:BE - \/ZT—: [‘-%ﬁ;ﬁlﬂ ’ 2]
3 U = kel = a< K:;I:TF;(MPM): Vﬂ% = \/“‘;TI_B“ + Kypg + Kupwml
) Umige = kyfmbp = m +/\';?;[17/:\1fsllé:pﬁjz V‘““)EE = \/‘%[1 + Kupwm + Kgpsl

Because the —SO;H groups were shown to
be equivalent by enthalpimetric titrations
that were carried out In suspensions at
room temperature (4), it is deemed reason-
able to assume that they were also equiva-
lent under the catalytic reaction conditions
employed here. Based on the above obser-
vations, the physico-chemical model
adopted here is one in which mass-transfer
phenomena play no role in influencing the
kinetics even when intraporous condensate
is present, and in which all acid sites are
equivalent in their catalytic action. Since
alcohots are the reactants and water is the
reaction product in all our reactions, it is
believed that the ‘*dry’” general acid sites
are converted under the reaction condi-
tions to specific acid sites comprising sol-
vated protons (/9) or adducts with alcohols
such as oxonium salts or esters.

Thermodynamic Considerations

In general, the absolute values of the stan-
dard free energies, AG®, of reactions (1)-(8)
are not large, and within the temperature
range employed, the reaction equilibria can
be shifted from right to left or vice versa
by changes of concentrations, temperature,
and pressure. The AG®° values for the key
reactions involved in the set (1)—(8) are rep-
resented in Fig. 7 for two temperatures, 298
and 400 K. At 400 K and above, the synthe-
sis of MTBE from methanol and isobutene
(1) becomes a thermodynamically uphill

process, while if methanol and isobutanol
are the reactants in reactions (5) and (6), the
paths to the mixed ether isomers MTBE and
MIBE are exoenergetic. Further, MIBE,
that is readily formed over Nafion H (3), is
a thermodynamically less favorable product
than MTBE. Elevated pressure will favor
the ether-forming reactions (4)~(7) over the
dehydration of isobutanol to isobutene (3)
in which the molar volume increases when
going from the left to the right.

Kinetic Models and Quantitative
Treatment

From the data presented in Figs. 2-6, the
following general patterns emerge: (a) the
dehydration of methanol to DME (4) and
dehydration of isobutanol to DIBE (7) fol-
low *‘saturation’ kinetics wherein the rate
of formation of these symmetrical ethers
first increases with the alcohol pressure and
then becomes constant at higher alcohol
pressures; (b) the dehydration of isobutanol
to isobutene (3) shows a maximum with the
isobutanol pressure, demonstrating self-poi-
soning of this reaction at high pressures; and
(c) the coupling of methanol and isobutanol
to the mixed ether MIBE (5) shows a maxi-
mum when the partial pressure of either al-
cohol is varied, indicating a competitive ac-
tivation of these two alcohols. All of these
kinetic features can be cast into quantitative
relationships utilizing the following assump-
tions: (i) the reactants are in equilibrium
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Fic. 8. Langmuir-Hinshelwood linear plot for a bi-
molecular surface reaction in the case of methanol de-
hydration to DME over 2.0 g Nafion H at 375 K with
total pressure 1.34 x 10% kPa and N, + alcohol feed
250 mol/kg catalyst/hr. The slope and intercept give
ky = 5.54 x 1072 mol/kg catalyst/hr and Ky = 2.22 X
10-'kPa™', using Eq. (4) of Table 1. The experimental
data and conditions are those of Fig. 2.

with the acid sites of the Nafion H catalyst,
(i1) all acid sites are equivalent, and (iii) the
reaction rate is proportional to the surface
concentrations of the reacting species. The
partial pressures of methanol and isobutanol
are denoted py, and py , respectively, and the
surface concentrations of empty protonated
sites 6., adsorbed activated methanol 68y,
and adsorbed activated isobutanol . Fur-
ther, the rates of DME, DIBE, isobutene,
and MIBE formation are denoted as vpyg,
Upige » Ui » and Uppe » respectively. The ki-
netic laws following from assumptions
(1)—(iii) are summarized for reactions (3)—(5)
and (7) in Table 1.

Other rate laws have been explored but
those listed in Table 1 give the most satis-
factory account of the experimentally ob-
served kinetics, with one modification for
the dependence of MIBE formation on
the isobutanol pressure that is discussed
below. In particular, steady-state kinetics
of the Michaelis—Menten type, adapted for
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dual-site reactions, was explored. This led
to fairly complex expressions for the reac-
tion rates and the assumption that surface
intermediates are at a steady state but not
in equilibrium with their gas-phase source
molecules was found unnecessary. The
present Langmuir—Hinshelwood kinetics is
a special case in which the gas molecules
are in a rapid equilibrium with their ad-
sorbed species, and provides a satisfactory
account of the observed rates. The linear
forms of the rate laws, also listed in Table
1, are graphically represented in Figs.
8-11.

In each of these graphs, the slope and
intercept were used to determine the appro-
priate kinetic constant &;, equilibrium con-
stants Ky and Ky, or a combination of the
constants from which &;, K, and Ky could
be retrieved. For example, in the DME
synthesis with no isobutanol present (pp
= 0), plotted in Fig. 8, the intercept
2/Vk, and the slope k;'"K,' gave the

10 4

T T T T T T
0.02 0.04 0.06 0.08 0.10 0.12

1/Pg

F16. 9. Langmuir-Hinshelwood linear plot for a bi-
molecular surface reaction in the case of isobutanol (2-
methyl-1-propanol) dehydration to DIBE over 2.0 g
Nafion H at 396 K with total pressure 1.34 x 10° kPa
and N, + alcohol feed 250 mol/kg catalyst/hr. The
slope and intercept give k> = 7.9 x 107" mol/kg cata-
lyst/hr and Ky = 2.4 x 1072 kPa~", using Eq. (7) of
Table 1.
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F16. 10. Langmuir-Hinshelwood linear plot for the dehydration of 2-methyl-1-propanol (isobutanol)
to butenes over 2.0 g Nafion H catalyst at 396 K, total pressure of 1.34 x 10° kPa and N, + alcohol
feed rate 250 mol/kg catalyst/hr. The slope and intercept give &; = 7.72 x 10~! mol/kg catalyst/hr and
Ky = 7.35 x 107 kPa™', using Eq. (3) of Table 1. The experimental data and conditions are those of
Fig. 3.

values k, = 5.54 x 107° mol/hr-kg cata- kPa 'at 396 K from the slope and intercept
lyst and Ky = 2.22 x 107! kPa™' at 375 of Fig. 9. The dehydration of isobutanol
K. Similarly, for the DIBE synthesis with to isobutene in the absence of methanol
no methanol present, k&, = 7.9 x 107" (p, = 0), Fig. 10, gives k; = 7.72 x 10°!
mol/hr—kg catalyst and K; = 2.40 x 1072 mol/hr-kg catalyst and K = 7.35 x 10°*
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FiG. 1. Langmuir-Hinshelwood linear plot for the dehydrocondensation of methanol and 2-methyl-
1-propanol (isobutanol) to MIBE over 1.0 g Nafion H catalyst at 400 K, total pressure of 1.34 x [0}
kPa and N, + alcohol feed rate 125 mol/kg catalyst/hr at a constant pressure of isobutanol, py = 8.82
kPa, and varying partial pressure of methanol py,. The slope and intercept give combinations of rate
and equilibrium constants V' Ky/(k,Kp) = 0.45 and (1 + Kgpg)/ Vk,KyKg = 40.0, where &, is in mol/
kg catalyst’hr and Ky, K are in kPa™'.
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kPa~' at 396 K. The MIBE synthesis with
constant pressure of isobutanol (p; = 8.82

kPa) while varying the pressure of metha-
nol, Fig. 11, yields VK,/(k,Ky) = 4.5 X

107" mol'? hr'°-kg catalyst'® and
(1 + Kypp)/ VkKyKy; = 40.0 mol '?

hr'?~kg catalyst'> kPa "' at 400 K.
When the MIBE synthesis was carried
out with methanol pressure constant (py
= 20.16 kPa) and pressure of isobutanol
varied, as represented in Fig. 4, the kinetic
equation for the MIBE synthesis of Table
I was found not to be valid and the plot
of Vpepm/Usige VS pp Was not linear. This
was attributed to additional retardation of
the MIBE synthesis by side reactions that
became kinetically significant at high pres-
sures of isobutanol. A good account for
this additional retardation was obtained by
adding terms proportional to the second
and the third power of isobutanol pressure
in the denominator of the expression for

UMIBE »
UMIBE
_ ki KupuKppy
(1 + Kypm + Kppg + Kgpi + Kgpp)''

9)

with K = 1.0 x 107 °kPa Zand K} = 1.5
x 10 °kPa *at 400 K. The values of K}; and

& are such that the effects of the additional
retardation (K"pg + K"p3,) are negligible at
e = 30 kPa but become important at higher
pg. Thus, the retardation (K"pi + K"p})
need not be considered in the experiment
represented in Fig. 10, where p;; = 8.82 kPa,
and the linearized kinetic law for vy of
Table 1 is satisfied. The refined kinetic rela-
tion (9) is used for vy With varying py,
and in fact the full line in Fig. 4 is the theoret-
ical curve according to Eq. (9) with &, =
2.78 mol/hr—kg catalyst, Ky, = 1.37 x 1072
kPa !, Ky =243 x 10 2kPa ', K§ = 1.0
X 107%kPa~%,and K3 = 1.5 X 107 °kPa~?%.
The variation of vy g With py, in Fig. 4, is
represented by the theoretical relationship
(9), full line, with the same values of &, Ky,
and K, and with (K§pi + K§p3) negligible.

NUNAN, KLIER, AND HERMAN

-0.82

-0.96 -

-1.04

-1.08

Log 10 Vmiee

-1.12

-1.16

-1.20

-1.24

FiG. 12. The rate of MIBE formation. vy, as a
function of methanol partial pressure py ., where the (@)
data points = log-log representation of experimental
data from Fig. 4 and the full line curve is the theoretical
prediction using Eq. (5) of Table | with A; = 2.78 mol/
kg catalyst/hr, Ky = 1.37 x 1077 kPa™ ', Ky = 2.43 x
10 *kPa™ ', and py = 8.82 kPa.

The competitive adsorption of the two al-
cohols in MIBE synthesis is most markedly
demonstrated in the log-log representation
of the kinetics vy in Figs. 12 and 13. In
these figures, experimental data are shown
as individual points and theory utilizing Eq.
(9) with the above set of constants by full
lines.

The origin of the additional retardation
term (K"p3 + K"”p3) may be physical in na-
ture as a result of isobutanol condensation
at the higher pressures. Alternatively, retar-
dation may result from packing of isobuta-
nol molecules into two- and three-molecule
or oxonium ion-molecule clusters which
form a barrier to accessibility of the sulfonic
group sites in their center.

Selectivities

The most significant selectivity feature of
the present reaction system is the predomi-
nance of the mixed ether MIBE. The absence
of the mixed ether MTBE in the reaction
product suggests that the olfein product of
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Fi1G. 13. The rate of MIBE formation, vypp. as a
function of isobutanol partial pressure pg, where the
(@) data points = log—tog representation of experimen-
tal data from Fig. 4 and the full line curve is the theoreti-
cal prediction using Eq. (9) with &, = 2.78 mol/kg
catalyst/hr, Ky = 1.37 x 1072 kPa ™', Ky = 2.43 x
[0 kPa L Kp = 1.0 x 167 °kPa™", K} = 1.5 x 10°°
kPa ', and py = 20.16 kPa.

isobutanol dehydration, i.e., isobutene, is
not an intermediate in ether formation since
isobutene reacts with methanol over Nafion
H to give MTBE (/4). In fact, the reaction
of isobutene with methanol was carried out
over the Nafion H catalyst under reaction
conditions similar to that used for the alcohol
coupling reactionand MTBE was found tobe
the only mixed ether product (>99.9% selec-
tivity). The high selectivity of the mixed
ether MIBE as compared to DME or DIBE is
also noteworthy. If the mixed ether forming
reaction were to proceed with equal reactivi-
ties of the isobutano! and methanol at the
methanol : isobutanol ratio of 2: 1 used, the
product composition should consist of
MIBE : DME:DIBE = 4:4:1. However,
the product composition in Fig. 5 was found
tobecloserto 19:9: 1 atalcohol pressures >
160 kPa, significantly in favor of the mixed
ether MIBE. The results indicate that one of
the alcohols is preferentially adsorbed and
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activated. Under the present set of the condi-
tions, the alcohol preferentially adsorbed
and activatedisisobutanol. Thisis supported
by the kinetic analysis, which showed that
K was greater than Ky . The fact that isobu-
tanol is adsorbed preferentially on the acid
sites agrees with the greater basicity of heav-
ieralcohols over methanol. Forexample, the
proton affinities of n-butanol, ¢-butanol, and
methanol are 828, 791, and 753 kJ mol "', re-
spectively (24). Datafor isobutanol are lack-
ing but since this is a primary C, alcohol, its
proton affinity is expected to be close to that
of n-butanol, some 75 kJ mol ! greater than
that of methanol. Inthe sulfonic resin the pro-
tons of the SO;H groups are not free, and the
above trend in the proton attachment will be
tempered by covalent bonding and SO;H-
backbone interactions, but nevertheless the
greater basicity of isobutanol is a plausible
reason for the observed Ky > Ky.

Even though the kinetic equations in Ta-
ble 1 and the modified MIBE kinetics {9]
were obtained by the analysis of data over
Nafion H, they also elucidate the pressure
dependence of the product formation pat-
terns over Nafion H-MS, shown in Fig. 5.
Thus, at low alcohol partial pressures (py
= 4.9 kPa, pg = 2.4 kPa), high selectivity
to butenes as compared to MIBE was ob-
served. This arises at this alcohol pressure
because the fraction of the unoccupied acid
sites is significant. Under these reaction
conditions the dual-site mechanism for iso-
butanol dehydration, in which isobutene
formation from adsorbed isobutanol is as-
sisted by a free acid site, will be dominating
and the primary product will be isobutene.
At higher alcohol partial pressures, the frac-
tion of acid sites occupied by alcohol mole-
cules approaches unity, and the selectivity
moves toward ether formation with the
mixed ether, MIBE, dominating. The ratio
of MIBE/DME was nearly independent of
the total alcohol pressure when pg/py was
kept constant, but it slightly decreased at
elevated pressures due to the additional re-
tardation of the MIBE synthesis by higher
power terms in pg, cf. Fig. 5.
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Temperature Dependence of the Alcohol
Dehydration Reactions

The temperature dependence of the indi-
vidual kinetic and equilibrium constants was
not studied in detail, primarily because of
the limited temperature range employed. It
is nevertheless evident from Fig. 6 that the
effective activation energies for olefin for-
mation over Nafion H-MS are higher than
those for ethers, and therefore selectivity to
ethers decreases with increasing tempera-
ture. The differences are not large, how-
ever, within the range of stability of the
Nafion resin, and at all temperatures below
430 K and the high pressures employed, the
ethers are dominant products.

Reaction Mechanism

The most striking mechanistic feature of
the present reaction system is the predomi-
nance of reaction products, which are not
typically associated with acid catalysis in-
volving carbenium ion intermediates that
are free to rearrange to their more stable
tertiary forms. Coupling of methanol and
isobutanol over a wide range of other cata-
lysts gave substantial amounts of MTBE in
the product mixture (5). This is consistent
with the formation of the tertiarybutyl car-
benium derived from rearrangement of the
primary isobutyl carbenium ion from inter-
action of isobutanol with an acid site. Reac-
tion of methanol and isobutene over the
Nafion H catalyst led to the formation of
only MTBE, thus ruling out isobutene as an
intermediate in the ether forming reaction
under the present reaction conditions. The
absence of linear butenes and the predomi-
nance of 2,5-dimethylhexene in the product
mixture under mild reaction conditions fur-
ther tends to rule out the formation of the
primary isobutyl carbenium ion, which
would be free to rearrange to the more stable
tertiary form. Thus, reaction pathways must
be considered where the formation of the
tertiarybutyl carbenium ion does not readily
occur.

The kinetic analysis presented above fur-
ther suggests that two acid sites are utilized

in the dehydration process to either isobu-
tene or ethers. In the coupling of two metha-
nol molecules to DME or two isobutanol
molecules to DIBE, or one methanol and
one isobutanol to MIBE, both alcohol mole-
cules have to be activated. The nature of
the adsorbed active state of the alcohols is
unclear beyond exclusion of the tertiary car-
benium 1on. It could involve strongly phy-
sisorbed alcohol molecules bound to the
acid sites via hydrogen bonding, oxonium
ions formed as -SO,H + ROH —
-SO7H,OR®, or sulfonic esters formed as
-S0;H + ROH — -SO;R + H,0. The sec-
ond alcohol R'OH could react with the oxo-
nium ion in a concerted S,2 process with
elimination of water and regeneration of the
acid site, H,OR" + R'OH — ROR’ +
H,O0%. Alternatively, the alcohol R'OH
could attack the ester —SO;R, also with re-
generation of the acid site, -SO;R + R"OH
— -SO:H + ROR’. However, neither of
these two mechanisms is consistent with the
observed kinetics if the alcohol R"OH is sup-
plied from vapor phase. Therefore, a mecha-
nism involving two surface-bound alcohols
must be considered. Several possibilities
arise, one of which is the reaction of oxo-
nium with ester, -SOYH,OR® + —-SO,R’ —
2-SO:H + ROR’.

An interesting feature of the kinetic analy-
sts is that the dehydration of isobutanol to
isobutene was also consistent with a dual
site mechanism, one site that activates
the alcohol and a second empty acidic site
that acts in a cooperative fashion in the de-
hydration step. Once again, oxonium or
ester intermediacy can be invoked. In the
oxonium pathway, the free acid site
may act as an acceptor of water from the
surface oxonium of isobutanol, e.g.,
-SOY[H,OCH,CH(CH4),]* + -SOH —
-SOH + -SO7H;0% + CH,=CH(CH,),.
In the ester path, the acid site of the
Nafion H may act as a catalyst for the
decomposition of the isobutyl ester,
-SO,CH,CH(CH,), + -SO;H —
~-SO;H + -SO{C*CH,), — 2-SO,H +
CH,=C(CH;),. In either case the primary
carbenium jon *CH,CH(CH,), could be the
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precursor that rearranges to the tertiary car-
benium ion (CH;);C¥, which forms isobu-
tene by a subsequent loss of proton.

The details of the mechanistic paths out-
lined here are difficult to distinguish experi-
mentally, even with the use of the most so-
phisticated spectroscopies such as CP-
MASS NMR, Raman, or diffuse reflectance
FTIR. Currently the various oxonium-car-
benium—ester pathways are being examined
by ab initio quantum chemical calculations
on model systems involving short segments
of the Nafion H backbone as carriers of the
catalytically active —SO;H groups.

SUMMARY

Even though the mechanistic details re-
main unresolved, the present study does
provide an insight into the dual-site mecha-
nisms involved and a quantitative account
of selectivities to several key products of
the solid-acid-catalyzed dehydration reac-
tions in the methanol-isobutanol system.
The results of kinetic studies of coupling
methanol with isobutanol over Nafion H
yield the following conclusions:

(i) Dehydration of a mixture of methanol
and isobutanol over the Nafion H catalyst
leads to selective formation of the mixed
ether MIBE. Only traces of MTBE were
detected and the reaction products at low
temperatures were consistent with oxonium
ion or ester chemistry rather than the ex-
pected carbenium ion chemistry.

(ii) The kinetics and selectivities of ether
and isobutene formation could be described
by simple laws, formally of the Lang-
muir-Hinshelwood type.

(i) The formation of MIBE, reaction (5),
requires two sites occupied by the two dif-
ferent alcohols. The consequence of this be-
havior is that there is a maximum rate at an
optimum ratio of partial pressures of the
two alcohols. Quantitative evaluation of the
observed rates shows that isobutanol is ap-
proximately two times more strongly held
by the acid sites of Nafion H than methanol.

(iv) Dehydration of isobutanol to isobu-
tene, reaction (3), requires two acid sites,

419

one of which binds isobutanol and one that
supplies an acid catalyzing function for the
isobutanol dehydration. The consequence
of this kinetic behavior is that at high pres-
sures, isobutanol poisons its own dehydra-
tion and the kinetic order becomes negative
with isobutanol concentration. Methanol
also exhibits a retarding effect on isobutanol
dehydration by competitive adsorption and
blocking of the acid sites.

(v) The formation of DME, reaction (3),
and DIBE, reaction (7), requires two sites
occupied by the respective alcohol, metha-
nol for DME and isobutanol for DIBE. The
consequence of this behavior is that at high
pressures, the kinetics become *‘saturated™
and the rates of DME or DIBE reach con-
stant values.

The dual-site character of all the cata-
lyzed reactions involved imposes a require-
ment that the acid sites be highly concen-
trated on the surface of any prospective
heterogeneous catalyst. Further, pressure is
recognized as an important variable control-
ling the selectivity to ethers (high pressures)
or isobutene (low pressures), and the mixed
cther MIBE is favored by preferential ad-
sorption of isobutanol.
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