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Synthesis of methyl tert-butyl ether on sulfur-promoted ZrO,
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Abstract

The synthesis of methyl tert-butyl ether (MTBE) from methanol and isobutylenein agas—solid heterogeneous system over sulfur-promoted
zirconias calcined at different temperatures between 400 and 700°C was studied. The reaction temperature was varied in the range 90—
110 °C, and methanol to isobutylene molar ratios were changed from 1.0 to 1.3. The catalyst acidity was a direct function of the sulfur load,
in turn a consequence of the calcination temperature. Temperature programmed reduction experiments allowed us to observe that the sulfur
reduction process is different according to the calcination temperature. The highest activity was observed on the sample calcined at 600 °C,
which was comparable with that of the reference catalyst Amberlyst 15 under the same conditions. A direct relationship between catalyst
acidity and conversion was not observed. The injection of water completely poisoned the catalyst activity in a reversible manner. © 1997

Elsevier Science S.A.
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1. Introduction

The demand for methyl rert-butyl ether (MTBE) hasbeen
growing steadily since it became one of the main gasoline
additives, playing the double role of octane booster (substi-
tuting lead compounds) and oxygenate component, asacon-
sequence of more restrictive legislation about gasoline
composition [1]. Itscommercia production isbased onwell
known technology which uses strongly acidic ion exchange
resins as catalysts for the highly selective addition of meth-
anol and 2-methyl-propene (isobutylene) [2]. The growing
importance of ethers, and particularly MTBE, hasincreased
the research effort for alternative processes from the stand-
points of (a) raw materias, since isobutylene, which is
mainly supplied by catalytic cracking of hydrocarbons in
refineries, might suffer from shortages [ 3], (b) thecatalysts,
since productivity could be increased with more active cata-
lysts [4], or (c) technology, sincethereaction is limited by
thermodynamics [4,5].

Concerning the catalysts, it is known that strong acidity is
necessary to catalyze the addition reaction between methanol
and isobutylene. As a consequence, aternative catalyst
screening studies have focused on highly acidic materials
like, for example, various zeolites [ 6-8] or heteropolyacids
[9,10]. However, few studies were conducted in order to
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clarify the role played by the acid function of the catalysts.
Kogelbauer et a. [7] controlled the acid strength of HY
zeolites by exchanging various alkali meta cations to the
same degree, observing no differences in the initial rates of
MTBE formation; on the contrary, Y zeolites dealuminated
by different techniques showed a strong influence of theratio
between framework and non-framework Al [8]. The pro-
motion of zirconia with sulfur to produce strongly acidic
catalysts has been investigated intensively lately [11,12];
besides some stability matters, the materials look promising
when appliedto reactionslikeisomerization [ 12],and hydro-
cracking [ 13]. A few studieswere performed associated with
ether synthesis [ 3], but not with the direct methanol— sobu-
tylene addition [14].

It is the objective of this work to determine the influence
of catalyst pretreatment and experimenta conditions on the
gas-phase synthesis of MTBE over sulfur-promoted zirconia
and to establish the role played by different acid sites.

2. Experimental details

The catalyst used was zirconium oxide, synthesized start-
ing from a ZrOCl, - 8H,0 (Strem Chemicals, 99%) solution
by addition of an NH,OH solution (Merck, 25% ammonia)
up to pH 10 [15]. It was utilized without additional treat-
ments and promoted by dipping into a1 N H,SO, solution
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for 1 h at room temperature, filtration and drying at 120 °C.
Sampleswere calcined in situ under air flow at 400, 500, 600
and 700 °C for 3 h to obtain samples designated ZR-i and
ZRS-i (where i indicates the calcination temperature, and S
the sulfur promotion treatment). The sulfur content of the
catalyst was determined by conventional chemical analysis.
Commercid Amberlyst-15  polystyrene-divinylbenzene
ionic exchange resin (Rohm and Haas Company), sample
A-15, was used as a reference catalyst; it was purged in situ
under N, flow at 110 °C for 1 h.

Physical properties of the catalyst were determined by
means of nitrogen adsorption isotherms measured with
Micrometrics Accusorb 2100 equipment.

Acidity was measured by means of NH; temperature pro-
grammed desorption (TPD). Samples were calcined at the
pretreatment temperatures in flowing air for 3 h. After that,
NH; was adsorbed at 100 °C, purged at 200 °C for 2 h under
flowing N, and then desorbed at arate of 10°C min~*upto
600 °C. Desorbing NH; was detected by a thermal conduc-
tivity detector, the response of which was calibrated against
chemical titration of ammoniaabsorbed in an acidic solution.
Sample ZRS-400 was heated only up to 400 °C, owing to
instabilities caused by SO, and SO, losses.

Temperature programmed reduction (TPR) experiments
were performed using Ohkura TP2002S equipment with a
thermal conductivity detector. Samplespretreatedinsituwere
heated from 100 to 800 °C at 10 °C min~* in agas stream of
4.8% hydrogen in argon.

The conversion of methanol (Carlo Erba, 99.9%) and iso-
butylene (AGA, >99%) was conducted in a conventional
gas phase flow fixed bed tubular reactor (0.26 mx 0.0125 m
i.d.) inthe 90-110 °C range. Pure reactants were mixed after
methanol vaporization and fed at atmospheric pressure.
Experiments, considered isothermal, were performed for
approximately 4 h, with 1.4 g of catalyst particlessized inthe
7x 107 %4.47 X 10~ * m range. The same catalyst masswas
used for the reference catalyst A-15. Liquid methanol was
injected at aconstant volumeflow rateof 3.7xX 10" °m3s™*
and gaseousisobutylenewasfed at different flow rates. Molar
methanol toisobutyleneratiosand weight hourly spacevel oc-
ities (WHSV, defined as the ratio between total mass flow
rate and catalyst mass) were varied between 1.0 and 1.3, and

Tablel
Catalyst properties as afunction of pretreatment conditions

2.05 and 1.75 respectively. In order to avoid secondary reac-
tionslikeisobutylene oligomerization, methanol wasinjected
first over the fresh catalyst. Water injection experiments at
100 °C were performed by stopping the reactant feed and
injecting pureliquid water at arateof 3.7 X 10" **m3®s™* (at
room temperature and 1 atm) for 20 min, with a neat excess
over the amount of catalyst acid sites. After that, a nitrogen
flow of 3.33%x 1077 m®s~* was passed over the sample for
10 min to purge the system; finally the reactants flow was
restored. The methanol to isobutylene molar ratio for the
mentioned experiments was unity. Effluents were analyzed
by on-line gas chromatography using athermal conductivity
detector.

3. Resultsand discussion

Sulfur-promoted zirconias have received widespread
attention owingto their propertiesas superacid solid catalysts
[16]. Concerning applicability to ether synthesis, they have
been tested in the compound conversion (dehydration and
addition) of isobutanol and methanol [3].

Since the properties of SO3~/ZrO, catalysts are highly
dependent on pretreatment conditions [15], various calci-
nation temperatures were chosen to produce different sam-
ples. Resulting catalyst properties are shown in Table 1.
Concerning specific surface area, it can be seen that the
unpromoted sample calcined at 600 °C showed a vaue of
3.4x10* m? kg~ *, which can be considered typical for the
precursor used; sulfur addition produced a significant
increase in specific surface area (ZRS-600, 1.1X10°
m? kg™1), afact that had been observed [12,17] and attrib-
uted to an increase in the Zr—Zr atomic separation due to the
replacement of hydroxo bridges (3.3-3.7 (10~° m)), by
sulfate bridges (3.5-4.3 (10~°m)) [18]. For the series of
promoted catalysts, the higher the calcination temperature,
the lower the specific surface area. Considering that all the
samples had the sameinitial sulfur loading (8.38 wt.%) after
impregnation, it can be seen that thereisadirect relationship
between the calcination temperature and the loss of specific
surface area, which also holds true for the sulfur content and
total catalyst acidity.

Catalyst T calcination (°C) Sulfur load (wt.%) Acidity (eqNHz kg™) Surface area X 10~° (m? kg™ 1) X 10%°¢ (m)
ZR-600 600 0.0 0.0637 0.34 35
ZRS-400 400 53 0.2892 2.15 na
ZRS-500 500 4.0 0.317 1.37 26
ZRS-600 600 1.8 0.152 1.10 27
ZRS-700 700 1.3 0.106 0.78 na
A-15 48eqH* kg 1P 0.43 125

2Final desorption temperature 400 °C.
® Determined by proton exchange and chemical titration.
¢ Wheeler mean pore radius.
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Fig. 1. Ammonia temperature programmed desorption profiles for unprom-
oted and sulfur-promoted zirconia calcined at various temperatures.

Resulting NH; TPD profilesarepresentedin Fig. 1. Sulfur-
promoted zirconiaprofilesare characterized by asingle, wide
desorption peak, its maximum being located at about 310—
335 °C for al the samples, while non-promoted zirconiacal-
cined at 600 °C has a very low acidity and aflat desorption
profile. It has to be pointed out that Xiao and Le Van Mao
[19] observed a second peak at higher desorption tempera-
ture on sulfur-promoted zirconia produced from zirconyl
nitrate and calcined at 600 °C. The mechanism by which
sulfur promotes acidity on the surface is accepted to be of
inductive type [11], although there is not complete agree-
ment about the actual sulfur species on the surface [16].
Then, the promoting action of varying loads of sulfur isbuilt
on the amount of acidity, though the strength of acid sitesas
expressed by the desorptiontemperaturein NH; TPD profiles,
isnot modified significantly. The resulting amount of acidity
onthese modified zirconiacatalystscan bedirectly correlated
with the sulfur loading that remains on the surface (refer to
Table 1 and Fig. 1): the higher the loading, the more acidic
the catalyst. It isto be noticed that a quasi-linear relationship
prevails among the samples calcined at 500, 600 and 700 °C,
atrend that could also apply to the sample ZRS-400, whose
final desorption temperatureis|ower.

Fig. 2 shows TPR profiles obtained for samples ZRS-400,
ZRS-600 and ZRS-700. When experiments were carried out
in argon atmosphere, without hydrogen, no peaks were
detected; moreover, unpromoted ZR-600 did not show reduc-
tion pesaks, thus indicating that the peaks observed on the
other samples correspond to the reduction of sulfur species.
The diminution of the total area defined by the profiles as
calcination temperature increases would indicate the loss of
sulfur caused by pretreatment, although a direct relationship
between area and sulfur content cannot be established, since
the amount of sulfur being reduced changes with calcination
temperature. The profiles are characterized by the presence
of a single, wide reduction peak with the location of the

maximum changing between 620 and 650 °C, in the order
ZRS-700 < ZRS-600 < ZRS-400; since thisis not the order-
ing followed by the activities of the samples, this
phenomenon might show that different sulfur species are
present as afunction of calcination temperature whichwould
have different catalytic influence. Dicko et al. [ 20] observed
a very similar profile for a sample calcined at 600 °C, but
those calcined at lower temperatures exhibited two reduction
peaks, both of them generating SO,. TPR profilesin Fig. 2
might reflect the different degree of hydration on the various
samples, since FTIR analysison sulfated zirconiacalcined at
different temperatures showed that highly hydrated sulfates
are mainly in an ionic configuration resembling that of inor-
ganic (bidentate) sulfate complexes, whereas on dehydrated
surfaces the sulfates tend to acquire a highly covalent config-
uration, resembling that of organic sulfonic derivatives[21].
Thecatalyst calcined at 400 °C al so showed avery sharp peak
at lower temperaturesthat might correspond to easily reduced
sulfur specieswhich were not compl etely eliminated or trans-
formed in the cal cination treatment.

The activities observed at 100 °C for the various samples
for different molar methanol to isobutylene ratios r and
WHSV are shown in Table 2. In al the cases the selectivity
to the formation of MTBE was 100%, and catalyst stability
wasobserved constant for thelength of the experiment. While
the oxide without promotion calcined at 600 °C (ZR-600)
and sulfur-promoted catalyst calcined at 700 °C (ZRS-700)
showed no activity, all the other catalysts were active, max-
imum activities corresponding to the promoted sample cal-
cined at 600°C (ZRS-600). Conversionsover ZRS-600 were
comparable to that of the Amberlyst-15 sulfonic resin. It can
be seen that as the molar ratio of the reactants increases,
isobutylene conversion decreases for al the catalysts. This
observation is consistent with results published about liquid
phase MTBE synthesis on sulfonic resin catalysts (e.g. see
Ref. [4]), onwhichthereaction rate decreaseswith methanol
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Fig. 2. Hydrogen consumption profiles (TPR) for sulfur-promoted zirconia
calcined at various temperatures.
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Table2

Catalyst activity at 100 °C and various molar methanol to isobutylene ratios » and weight hourly space velocity WHSV

Catalyst Isobutylene conversion (%)
r=1.0 r=11 r=12 r=1.3
WHSV =2.05 WHSV =1.93 WHSV =1.83 WHSV =175
A-15 35.1 33.7 32.2 30.7
ZR-600 0.0 0.0 0.0 0.0
ZRS-400 9.0 8.6 8.3 7.9
ZRS-500 22.3 21.0 19.6 18.3
ZRS-600 321 317 313 na
ZRS-700 0.0 0.0 0.0 0.0

n.a. not available.

concentration under acertain range; a so theisobutylene con-
centration decreases, thus impacting negatively on the
observed conversions.

It is apparent that thereis not adirect relationship between
activity for MTBE synthesis and total acidity in sulfur-pro-
moted catalysts, as had already been observed over other
typesof catalystincluding partially dealuminated zeolites|[ 8]
and various zeolites and fluorine promoted silica—alumina
samples [22]. Y et the catalyst activation (calcination) proc-
ess seems to be critical, as shown by the maximum activity
on the sample calcined at 600 °C, aso observed over other
reaction systems, such as n-butane isomerization, with the
same catalyst [12]. However, this peak activity cannot be
associated with the crystalline structures present since,
depending on the zirconium source and the calcination tem-
perature, sulfur-promoted zirconia may show either asingle
phase or mixtures of the tetragonal, the thermodynamically
favored monoclinic, or amorphous phases. Crystalline struc-
tures would start to form at about 400 °C and, for the tem-
perature range we studied (400-700 °C), sulfur addition
would favor and stabilize the formation of the metastable
tetragonal phase, which is essentialy the only one present
[12].
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Fig. 3. Water injection experiments. Conversion as a function of time on
stream on samples ZRS-600 and A-15, temperature 100 °C: (&) interruption
of reactant flow and start of water feed; (b) restitution of reactant flow.

The acidic sites on the surface of sulfur-promoted zirconia
areof both Lewisand Bronsted type [ 16,19,23], their relative
amounts depending on thetreatment conditions [ 24,25]. The
presence of Bronsted sites at the surface of sulfur-promoted
zirconiasystemscal cined at rather high temperatureshasbeen
demonstrated as long as thermal treatments did not exceed
600 °C [25,26]. The partia interconversion of Lewis into
Bronsted type acid sites follows a rather complex pattern in
which the form of the acidic-OH groups depends on the
degree of hydration [ 25]. In order to confirm therole played
by Lewis acid sites in the synthesis of MTBE, we decided to
adsorb an important amount of water on samples calcined at
600 °C, just stopping the reactant feed and shifting to water.
Results are shown in Fig. 3, in which it can be seen that after
water injection, ZRS-600 completely lost its activity. How-
ever, this effect wasreversible, since after restoring the orig-
inal reactant flow rate, the activity was gradually recovered
without increasing temperature, suggesting that water was
loosely bound to those sites accepting it and was removed by
reactants. Again selectivity to MTBE was 100% all through
the experiment. It can be concluded that Lewis acid sitesare
responsible for catalyst activity in methanol—isobutylene
addition reaction over sulfur-promoted zirconias, as shown
by their reversible poisoning (though never eliminated,
Bronsted sites are expected to be present in very small
amounts, consistent with the degree of hydration reached
when the sample was calcined at 600 °C). Acidic protons
involved in multiple H-bondings, expected at the high degree
of hydration due to the adsorption of water at 100 °C [25],
would not be able to promote the addition reaction.

However, performing the same experiment onresinsample
A-15, on which Lewistype sites are not expected, produced
a different pattern: the loss of activity was only partial and
again reversible (refer to Fig. 3), which showsthat the inhi-
bition of active sitesislimited under those conditions. More
significantly, a transient change was observed in reaction
selectivity, since rert-butyl alcohol coming from the addition
of water to isobutylene was detected, declining among prod-
ucts as long as the catalyst was recovering itsinitial activity
and selectivity and there was water remaining adsorbed on
the catalyst surface. When water isadsorbed on aresin of this
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Fig. 4. Conversion as a function of temperature for various methanol to
isobutylene ratios, sample ZRS-600.

type at atemperature closeto 100 °C, anetwork of hydrogen-
bonded water and —SO;H groups is expected, while no free
—OH groups are observed [27]. Results would show that
water cannot fully displace reactants from the resin surface
under our experimental conditions.

I sobutylene conversions obtained over the sample ZRS
600 in the 90-110 °C reaction temperature range, with dif-
ferent molar reactant ratios r, are shown in Fig. 4. It can be
seen that the maximum conversion was obtained at 100 °C
and unity molar ratio. The evolution of the surface defined
by the experimental values in the conversion-temperature—
molar ratio space, pointstointrinsic reactionthermodynamics
limitations, which, in the range of interest, under small tem-
perature changes woul d produce notorious methanol equilib-
rium conversion variations. In fact, after defining the
maximum conversion at 100 °C, experimental valuestend to
equilibrium conversion (not included in the graph for the
sake of clarity). Though the effect has been described else-
where [ 8], comparisons should be carefully performed, since

there is a certain dispersion in published thermodynamic
parameters [ 28].

4. Conclusions

Sulfur promotes the amount of acidity in zirconiaaccord-
ing to the load remaining on the surface, which isafunction
of pretreatment temperature, making it an effective catalyst
for the synthesis of MTBE. Activity was the highest for the
sample calcined at 600 °C, with values close to those of the
reference catalyst Amberlyst-15, but aclear relation between
acidity and activity was not observed.

TPR showed that sulfur isreduced differently according to
the calcination temperature, thus suggesting the existence of
distinct species or environments. Water injection produced
reversible poisoning of active sites and showed that Lewis

type acid sites are responsible for catalyst activity in this
reaction over sulfur-promoted zirconia.
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