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OBRJECTIVE OF THE RESEARCH

The principal objective of this research project i{s to syunthesize high
octane ethers, primarily methyl tertiary butyl ether (MTBE) but also higher
tertiary ethers, directly from H,/CO/CO, coal-derived synthesis gas via
alcohol mixtures that are rich {n methanocl and 2-methyl-l-propancl
(isobutanol). The overall scheme involves gasification cof coal,
purification and shifting of the synthesis gas, higher alcohol synthesis,
and direct synthesia of ethers.

The last stage of the synthesis involves direct coupling of synthesis
gas-derived methanol and isocbutancl that has been demonstrated by us [1] to
oceur over superacid catalysts to yleld methyl isobutyl ether (MIBE) at
moderate pressures and a mixture of methanol and isobutene at low pressures.
MIBE is an isomer of MTBE and a process is proposed whereby NTBE from the
two alcohols is maximized and MIBE is minimized. This will be achieved by
the proper choice of reaction conditions, f.e. intermediate pressures, and
acid catalysts (organic or inorganic) that are stable at temperatures under
wvhich it might be possible to promote the carbonium ion reaction coupling of
the two alcohols to MTBE more effectively than the oxonium lon or ester
reaction coupling to MIBE.

Both organic and inorganic catalysta will be investigated, and the
better catalysts of these classes will be subjected to long term performance
studies. The long term performance studies of the coambined process will
extend to 1000 hr and derailed analytical data for all products will be
provided. The project i{s divided into the following three tasks:

Task 1. Synthesis of High Octane Ethars from Alcohol Mixtures
Containing Predominantly Methanol and 2-Methyl-l-Propanol
over Superacid Resins,

Task 2. Inorganic Catalysts for the Synthesis of High Octane Ethers
from Alcchols, and

Task 3. Long Term Performance and Reaction Engineering for Scale-Up
of the Alcohols-to-Ethers Process.

The expected result of the proposed research is a novel process for
producing ethers, in particular MTBE, in which all tflve carbons of the
unsymmetric C,-0-C, ethers originate from coal-derived synthesis gas.

SUMMARY OF TECHNICAL.PROGRESS

Industrial acid and superacid resin catalysts were obtained and testing
of these materials under standard sets of reaction conditions toc compare the
activities and selectivities for forming the unrymmetric ethers by coupling
methanol with isobutanol is being carried out. These catalysts include
duPont Nafion H resin and Nafion H microsaddles, Amberlyst-15, Purolite, and
Dow Chemical Co. supported (SiC and Al,0,) and unsupported fluorocarbon
sulfonic acid (FSA) resins. It is found chat both Nafion-H microsaddles and
Amberlyst-15 resins are active for this synthesis reaction, but the Dow FSA
catalyst was less active under the reaction conditions of 123°C and 200 psig
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(13.6 atm) with a methanol/iscbutanol = 2 reactant mixture. While the
Nafion-H catalyst does form the MIBE product fairly selectively under the
reaction conditions utilized, the Amberlyat-15 catalyst forumed MIBE, MTBE,
and dimethylether (DME) under the same reaction conditions. In addition,
significantly larger quantities of the C, hydrocarbon products were observed
over ths Amberlyst-15 catalyst at 123°C and 13.6 &tm than over the Nafion-H
catalyst.

A new Hewlett-Packard (HP) gas chroamatographic (<) anelytical systen
with asutomated injection valves has been interfaced with a PC-based data

station, and new Chrom Perfect software has been installed. The Chron
Perfect software is a complete package that greatly facilitates GC dota
management and wmanipulation. It also outputs corrected and scaled

chromatograms and product yield tables.

The temperature dependence of ether synthesis was carried out over the
Nafion-H microsaddles (MS) catalyst. The principal preduct formed under the
rather severe reaction conditions of 1100 psig pressure and temperatures in
the range of 123-157°C waas the expected MIBE formed directly by coupling the
methanol/isobutancl reactants. In addition, significantly larger quantities
of the dimethylether (DME) and hydrocarbon products were observed than wvere
obtained under milder reaction conditions. Deactivation of the catalyst was
monitored. After carrying out various tests over a period of 2420 hr, with
internittent periods of standing under nitrogen at ambient conditions, ths
yields of MIBE and MTBE at 123°C had decreased by 254 and 41y, reapectively.
This testing demonstrated that the Nafion-H MS catalys® will exhibit very
good stability up to temperatures close to 160°C.

Experimental testing and thermodynamic calculations have been carried
out to probe the effect of temperature on the yields of the ethers and
hydrocarbons that can be produced from methanol and isobutanol. It is shown
that MTBE is a thermodynamically favored product, but kinetic limitations
are playing a role in controlling the experimentally obtained products,

In order to gain insight inte the role of the surface acidity in
promoting the selective coupling of the alcohols to form the unsymmetric
ether, the strengths of the acid sites on the catalysts were probed by
calorimetric titrations with bases iIn mnon-aqueous solutions. It was
observed that the acid strength of the sulfonic groups in the Nafion-MS
catalyst had a ouch more homogeneous distribution wvhen titrated with
pyridine in the solvents than did the Amberlyst-15 resin.



INTRODUCTION
A. Background of Cs:Ce Ether Synchesls

Tha synthesis of high octane ethers is one alternative for the
replacement of environmertally hazardous fuel additives that wmaintain the
high octane rating of gasoline. At the present time, the commercially
produced methyl tertiary-butyl ether (MTBE) and tertiary-amyl metiuyl ether
(TAME) are synthesized according to Equations 1 and 2, respectively.

CHy0H + HpC=C-CHy = H3C-0-C-(CHj)g (1)
o
CHyOH + HyC-CH~C-CHy = H3C-0-C-(CHy)y (2)
oy Oy

These two ethers conatitute the fastest growing use of methanol
produced from synthesis gas, along with petroleun-derived i-C, (isobutene =
2-methylpropene) and i{-Cg (2-methyl-l-butene or 2-methyl-2-butene)
hydrocarbons in both the U.S. and Europe [2-6]. They are both high octane
additives that compare favorably with trimethylpentane (TMP) and iscoctene
(10), as shown in Table 1 {6]. In addition, they both are co-solvents for
small amounts of methanol in gasoline [6]. In these syntheses, ecthanol can
be used in place of methanol to yield the ethyl form of the ethers.

TABLE 1. Comparisons of Octane Numbers RON/MON c¢f Products Formed
from Isobutene.

Product RON /MON
MTRE 118/101
TAME 112799
THP 95 /92
10 98 /80

The synthesis reactions are typically carried out at =70-110°C in the
liquid phase over cation exchange resins in their superacidic form at
pressures of 7 to 14 atm [6,7]. The currently used resin catalysts tend to
decompose above ~90°C, and thus the temperature is usually maintained in the
70-90°C range, which requires good temperature control since the MTBE
synthesis (from methanol and isobutene) reaction is exothermic. The rate of
the synthesis is enhanced by pressure, and the pressure also aids in the
removal of unreacted methanel in the debutenizer tower, whcre a
methanol/butene azeotrope that contains 6% methanol at 7 atm but 12§ at 17
atm is removed [8]. The main impurities in MTBE are t-butanol (TBA) and
diisobutene (DIB). In the Gulf Canada TAME process [6,9], methanol is used

in a two-fold excess and the unreacted methanol {s removed by absorption in
glycol rather than by distillation.



The first MTBE plants were huilt in Europe (in Italy in 1973 and {n
West Germany in 1976), while the first plant in the U.S. began production in
i979 [6,10-12]. By the end of 1983, there were 14 MTBE plants in operation
in the U.S., and all but two of those used relatively concentrated steam
cracker feedstock as a source of the C, reactant [6]. However, it is
possible to syntheslze the entire feedstock from coal-derived synthesis gas,
and its utilization is the primary objective of the proposed research.

B. Statement of the Problem

Beginning in the 1970s, environmental concerns led to a phasing out of
lead in gasoline. To maintain the octane lavel of gasoline, approaches such
as adding oxygenates, eo.g. ethers and alcohols, and light hydrocarbons, e.g.
butane, to the gasoline were taken. However, there are now health and
environmental concerns and legislative pressures to reduce the volatility of
gasoline, and this has forced the reduction of the light hydrocarbons in
gasoline, especially in the summer season and in tue southern part of the
U.Ss. There is also legislation to reduce the level of carcinogenic
aromatics such as benzene to very low levels., Even substituted aromatics
such as toluene, which constitute 27-28% of current gasolines, are severe
carcinogens. These high octane componenta must be replaced, and MTBE and
mixtures of alcohols have been utilized to fulfill this need.

However, the supply of MTBE i{s limited by the availability of
izobutene, which is produced as a by-product of several processes,
especially from petroleus refinery catalytic crackers. There are about 18.
refineries in the U.S. and the number of fluid catalytic cracking (FCC)
units has remained con&unt at 52 since 1981 [13]. These FCC units have a
capacity of =800,000 m~/day, and the average product selectivities include
50 wty gasoline and 8 wts Cqs [13]. Thus, the availability of isobutene for
the manufacture of MTBE has been limited using this principal source and
other smaller (but more costly [8]) sources such as dehydration of t-butanol
and dehydrogenation of {scbutane hava been developed [12,14].

It would be very advantageous to develop another route to the synthesis
of MTBE and other ethers that would not be supply limited and that did not
depend upon i{mported petroleum. OQur research program will investigate and
develop a process for producing high octane ethers from alcohols via a
catalytic route begimning wich ccal, as indicated in Scheae 1 on the next
page. BStage One and Stage fwe lase been demonstraced on a commerical ncale
and Stage Three has receatly bzen developed under DOE.sponsored reusarch
[15-22] for alkali-promnted catalysts that produce a mixture of alcohols
consisting predominantly of the C and branched C, components.
Specifically, the alcohols are formed from low ratio H,/CO synthesic gas,
typical of that produced by coal gasifiers, at moderate temperatures
{5325°C) and pressures (<100 atm).

Considerinyg Stege Four, we have recently demonstrated that the C, and
branched C, al2ohols formed (wethanol + 2-mechyl-l-propanol) cen be directly
coupled to form a high octane cther or produce an fsobutene and alcohol
mixture suitable for manufacturing MIBE [1). Specifically, a wmixture of
methanol and 2-methyl-l-pronanol has been shown [l1] to form the
methylisobutylether (MIBE, also designated as 1-methoxy-2-methylpropane)

24



BCHEME 1

U.S. Coal

Siage One Lurgi or Texaco Gasifier

H.,/C0/CO
8yn€hesis as

Stage Two Purification and Shifting

Clean
Synthesis Gas

Stage Three Higher Alcohol Synthesis

Mixture of Alcohols,
Primarily Methanol
and Isobutanol

Stage Four Direct Synthesis of Ethers

MTBE
and Other Octane
Enhancing Ethers

25




over highly stable superacid Nafion H resins, as indicated by Equation 3 and
in Figure 1. In this example of the e{fect of the partial pressure of the

CH30H + H3C-TH-CH20H = H4C-0-CHy-CH-CH,q (3)
CHy CH,

mixed alcohols in N, (total Ny, + alcohol feed = 250 mol/kg cat/hr) on the
yields of products, the total reactor pressure was 13.2 atm and the
experiment was carried out with 2.0 g (particle size = 0.4-1.4 mm) of the
non-porous Nafion H resin. At the higher partial pressures, MIBE was the
principal product, while an appreciable quantity of dimethylether (DME) was
also formed. The minor products observed were butenes and diisobutylether
(DIBE).

An example of the product ylelds observed at 116°C and a total pressure
of 7.5 atm with the porous Nafion H microsaddles (1 g) is shown in Figure 2.
Once again, the unsymmetric ether MIBE was the preferred ether synthesiz 4,
while about one-third of the product mixture was observed to bpe
dimethylether. Increasing the pressure led to a substantial suppression of
the alkene fovmatior. In both Figures 1 and 2, if the ether forming
reaction were to proceed with equal reactivities of 2-methyl-1l-propancl and
methanol, the statistics would dictate the product composition to be
MIBE/DME/DIBE = 4/4/1 for the methanol/2-methyl-l-propanoci iatic employed.
Remarkably, the product composition was found to be NIBE/DME/DIBE = 19/9/1
at alcohol pressures greater than 1.5 atm, significantly in favor of the
mixed MIBE ether. Also notably, at low pressures it is the butenes (mainly
isobutene) that dominate, and thus the selectivity can be switched from
ethers to their hydrocarbon precursors by operating pressure only.

A third example shown in Figure 3 describes the effect of temperature
in the range of 116-157°C on the activity of the Nafion microsaddles resin
(1 g) when tested at 75 atm with the alcchol partial pressure of 6 atm, In
this temperature range, the current commercially used organic resins are not
stable but the superacid Nafion H type resins are. We see that at =135°C
the Nafion resin selectively produced the methylisobutylether/dimethylether
pair relative to the alkenes and DIBE. At higher temperatures, the C, and
Cqg alkenes are produced at increasing rates.
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These experiments demonstrated that reaction (3) occurred fairly
selectively at high pressures, while at low pressures iscbutene was formed
from isobutanol cover the same catalyst, Equation 4. As pointed out above,
it is well-established (6-8,10] that isobutene can be further coupled with
methanol to produce nethyltertiarybutylether (MTBE), Equatior 5. At the

CHyOH + HyC=C-(CHy)p = H30-0-C-(CHy), (5)

higher pressures, dimethylether was also formed as a side produst, but the
Nafion resin selectively produced the wmethy ‘l1isobutyl-ether/diusthylether
pair relative to the alkenes and dlllobutylether (DIBE), as shov: in Figure
1. However, at higher temperatures the C, and Cg alkenes are ;' ,duced at
increasing rates.

It should be pointed out that dimethylether 1is not nece;sarily an
undesirable product because it can be easily separated fros the higher
molecular wveight ethers and is a very useful chemical intermeciate for the
conversion to other useful products. It can also be used as th¢ reactant in
the Mobll methanol-to-gasoline (MTG) s nthesis process utilizing ZSM-5
zenlite.
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IECHNICAL FROGRESS

A. Selection of the Catalvsts

Task 1 of thi. research is centered on acid crganic resins, principally
those containing -SO4H u-1d functional groups. The two general groups of
these resins are

(1) polystyrene ion exchangs resins, and
(11) fluorocarbon sulfonic acid (FSA) polymers.

The first class of FSA polymers wers developed by duPont and similar
materials were subsequently developed by Dow Chemical Co. Both are
copolymers of tetrafluorcethylene and fluorinated vinyl ethera that contain
fluorcsulfonyl groups as shown below.

F ¥ F
| i |
-C---C---C-
b |
F [X]n F Dow Chem. Co.; n =0
| duPont; n = 1,2,3 with X = -0-CF,-CF-
o |
I CFy
CFZCFZSOBH

B. Experimental Testing of the Catalysts

During the course of this ressarch project, the catalysits will be
tested for ether synthesis from binary methancl/2-methyl-l-propancl and
methanol/ethanol/propanol/2-methyl-l.propanol mixtures in the vapor phase in
a continuous flow stainless steel bench-scale reactor system thar s
automated sc that testing can be carried out under continuous operation at
designed exparimental conditions. A schematic of che reaction system is
shown in Figure 4, where typically only the N, gas is utilized at the inlet
gas and the alcohol mixture is added at the top of the reactor via the
Gilson high pressure pump. The [furnace consists of three independent
hesting elements and maintains a very constant steady staie temperature.

A tvpical catalvti:z test is the use of methanol/2-methyl-l-propancl =
2/1 in the temperature range of 90-123°C and a pressure of 6-25 atm (0.6-2.5
MPa) using N, carrier gas. The conversion and product conposition can be
monitored by continual sampling, e.g. semi-hourly, of the exit stream by gas
chromatographic analysis using in-line, heated, automated sampling valves
and by collection of the liquid product for subsequent analyses by CC, NMR,
and GC/MS

The dedicated Hewlett-Packard Model 5890 Series I! gas chromatograph
(HP GC) has automated heated Valco sampling valves, both thermal
conductivity (TCD) and flame iornization (FID) detectors, and both packed
column and capillary column capabilitles, and is interfaced and controlled
by a PC data station (complete Cateway 2000 personal computer system) using
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a complete package of menu-driven chromatographic software (Chrom Perfect)
trom Justice Tnnovations, Inc. At the same time, the GC is interfaced with
a Hewlett-Packard Model 3396 Serjes II recorder/integrator, which can also
produce a hardcopy of each chromatogram and listing of the associated
integrated peak areas. The initial testing of the catalysts was carried out

vhile the new GC and PC/software portions of the reaction system were being
installed.

The more recent catalyst testing was carried out with the new
aralytical GC/data station, and a 25 » x 0.32 mm ID wall coated open tube
(WCOV) capillary column with a chemically “ovad 5.0 u thick methyl silicen

coating was purchased from Chrompack Inr "* inlet system incorporated the
standardsplit/splitless capillary inje. --th an automated gas sanpling
valve {nstalled between the regulated r- ., . supply and the injector commun
supply. This arrangement delivers ta. gas sample {nto the GC iniector
exactly as if it were {njected manually by syringe. However, this
configuration does make the split and eplitless Injection modes identiral
for automated sampling. Since these injections deliver a homogeneous gas

phase sample, the splitless mode of operation {s unnecessary.

A syuthetic mixture composed of water, DME, metharol. tertiary butanel,
MTBE, MIBE, and {sobutanol was injected, and a chromatogram was collected
for use as a qualitative standard for retention rime assignmente. - Figure 5
shows the GC trace and the peak assignments that resulted.

Test! f Nafion-Hi Mj 1dles

Methanol and {scbutanol were utilizea as reactants by injecting them as
liquids by means of a Gilson high performance liquid chromatography pump
Into a nitrogen gas stream a* a deslignated pressure, 13.6 atm (200 psig) in
the inftial experiments tr be described. The inlet and outlet lines were
heated to prevent condrnsation of the reactant alcohols and the products.
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PIGURE 5. Ch-umatogram of a synthetic mixture of reactants and producte.

reior to this test, the Nafion-H microsaddles (1100 EW obtained from C.
G. rrocessing, Inc. of Rockland, DE) was pretreated with acid to insure that
all exchangeable sites were in the acld form and that any organic lmpurities
were removed. The pretreatment consisted of three consecutive washings with
3 N HNO, at BO*C for 3 hr each. After the final equilibration, the reain
was filtered, washed with distilled water, and dried,

After weighing 2.0C g of the dried Nafion-H MS sample, it was mixed
with about 8 ml Pyrex beads and centered in the reactor using additional

Pyrex beads. After increasing the pressure of the N, flow through the
reactor to 13.6 atm (200 psig). the reactor was heated to the reaction
temperature of 123°C. A mixcure of methanol and 1iscbutanol was then

injected in the N, stream at a constant rate to vlield the followling Inlet
conditions:

Component Molar Flow (mol/br} cartiel Prs.sure (kPa)
Nitrogen 0.444 =1,190
Methanol 0.0373 =100
Isobutanol 0.0187 =50

The flow rate of the N, carrier gas corresponded to 10.7 2/bhr.

The yields of products formed over the Nafion-H MS are shown in Figure
6. As expected from our earlier work {1}, more MIBE was formed than was DME
and DIBE, although the reactant mixture was rich {in methanol
{methanoi/isobutancl = 2). Consideration of the selectivity demonstrates
that 60 wols of the product consisted of the unsymmetri{c MIBE product.

Testing of Apbeplyst-15

The Amberlyst-15 resin was tested for ether synthesis from alcohels,
and In this case 1 g of catalyst was used end the feed rate of the reactants
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FIGURE 6. Product Yields Over the Prsireated Nafion-H MS Catalyst.

was adjusted accordinply (molar flow rate = 0.25 mol/hr; pressure = 200 palg
with 22.4 psig of the alcohol mixture). The yleld of products ia shown in
Figure 7, where it i{s evident that DME was the major product. It is shown
that as the temperaturs was increased from 113°C to 123°C, the ylelds of all
productas increased It {s evident from Figure 7 that the biggest influence
of temperature cn the product yields was to increase the selectivity toward
the C, hydrvocarbon products, butane and butenes. These hydrocarbona
constituts =25 molt of the products formed at 123°C, along with =45 moly of
DME ard =3G molt MIBE + MTBE. During this testing, a packed analytical
cotumn (Poropak Q) was used for the GC analyais, and MIBE and MTBE were not
separated under the analytical conditions used. However, subsequent GC/MS
analysis of the product demonstrated that both MIBE and MTBE were present in
the product in comparable quantities.

These experimenta show that the Amberlyst-15 resin is a more active
catalyst than is the Nafion-H MS. However, the selectivity is nshifted
tovard the symmetric DME and unsymmetric MTBE rather than the higher
molecular weight unsymmetric MIBE product that is desired.

Dow Chemical Co. Fluorocarbop Resin/SiC Cacalyst

The Dow catalyst conaiating of the fluorocarbon sulfonlc acld (FSA)
polymer on SiC was tested under steady atats conditions that were utilized
with the previously described catalysts. The preparation of thir catalyst
for testing involved crushing of the 1 mm x 3 mm hollow cylindrical pellets
as received and sjeving to 9-20 Mesh.

Because each individual pellet was not homogeneous and resembled a
lightly frosted cake, there was some concern about generating a
representative batch of crushed catalyst for testing. Specifically, the
underlying SiC support seemed to shatter into a fine powder leaving behind
large, resilient flakes of the FSA polymer sticking to some remaining SiC
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FIGURE 7. Product Yields Over the Amberlyst-15 Catalyst.

support. It is possible that the differing fracture characteristics betwaen
the polymer catalyst and its SiC support resulted in some segregation into
two different Mesh ranges. A 1.0020 g portion of crushed catalyst was
weighed and loaded into the reactor with 10 ml of 3 mm Pyrex beads as
diluent. The reactor was then flushed with N, for several hr and then
heated to 175°C as per manufacturer instructions to achieve dehydration.

The DOW FSA/SIC catalyst was tested under conditions similar to those
used previously for other organic acid catalysta. Those conditions are the
following: temperature = 123, 150, 175, and 123°C, pressure = 200 psig,
CHSV = 250 mol/kg cat/hr, molar flow of N, = 0.22254 nol/hr, and molar flow
of methanol = 0.0i864 mol/hr. Each temperature was studied long enough to
provide sufficient steady state data. Therefore, the catalyst was
maintained at each temperature for at least 24 hr, but often as long as 72
hr for the higher temperatures wheve the catalyst was more active. Average
product ylelds wvere calculated only from those injections for which the GHSV
vas well-equilibrated. Averaged product ylelds are plotted in Figure 8.

From Figure B, it can he seen that increasing the reaction temperature
increased catalyst productivity. Upon increasing the temperature from 123°C
to 150°C, DME, MIBE, and the C, all Increased in yield at a comparable rate.
However, the largest increases in product yield upon increas:ng the
temperature further to 175°C, expressed as mol product/kg cat/hr, were
observed for DME and the C, products. This flgure also show thut the
temperature effect is reversible 1 {ndicates that the catalyst did not
degrade ar high temperature.

C. FPreparaticn of a MIBE Standard
Since MIBE could not he found as a commercial analycical standard with

which to callbrate the CC retention time of this compound and the GC/MS
fracture pattern, as compared with MTBE, it was necessary to synthesize MIRE
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as a pure reagent. A number of synthesis methods were utilized, and it was
found that the following procedure gave the best purity of the MIBE product.

In this sodium alkoxide preparation method, MIBE was produced by the
classic Williamson synthesis that combines an alkyl halide with an alkoxide
salt to form an ether and a halide salt. Using this approach, methyl iodide
and sodium 2-methyl-l-propoxide were combined to form MIBE. However, since
no commercial source of sodium 2-methyl-l propoxide was located, it was
necessary to prepare the compound in situ by reacting 2-methy-1-butanol with
metallic sodfum, as shown In Equation 6. Once sodium 2-methyl-1-propoxide
wvas formed, the methyl iodide was introduced to form MIBE and sodium lodide,
Equation 7. The quanititles and physical properties of the reactants are
given in Table 2, where B.P. = hoiling point.

CHll + NAOC“?CH(ﬁH3)? C"30C“2CH(C”3)2 4 Nall (7}

TABLE 2. Quantlties and Physical Properties of the Reactants and Products
of the MIBE Synthes|s Reaction Using Metallic Sodium.

REACTANTS Holes Mol Wt., Mass(g) Density(g/ml) Vol.(ml)  B.P.

{ - BuGH 1.719 4 128.0 0.R0) 159 .8 108
Na 0.870 23 20.0 .97 20 .6 892
CHaq1 0.8/0 142 127,95 2.279 54 7 472
PRODUCTS

MIRF 0870 R S 0.731 1047 58
Nal 0. B 150 1305 3.667 15.6 1304




Procedure. The apparatus used consisted of a glaszs reaction flask
containing a thermometer, a distillation water-cooled sidearm, a septum,
ports for nitrogen flushing, and a stirring bar to provide homogeneity to
the reaction mixture. All of the preparation steps were carried out in an
inert atmosphere. In a nitrogen-filled glove bag, approximately 20 g of
metallic sodium was placed into a pra-weighed 300 ml round bottomed flask.
The flask was sealed, removed from the glove bag, weighed, and attached to
the rest of the reaction system. After establishing a flow of nitrogen
through the apparatus, 20 ml of anhydrous isobutanocl was drawn inteo a
syringe and then slowly injected into the flask through the septum. After
several min, the isobutanol injection was repeated and continued until che
total volume of 159.8 ml of isobutancl was transferred. The nitrogen flow
was periodically confirmed. 1t was sometimes necessary to encourage the
reaction between the metallic sodium and iscbutanocl, which was effected
through careful heating of the mixture, while maintaining a constant vigil
against runaway reactions, especially at the melting point of sodium metal.
After all of the sodium had reacted, the mixture was allowed to ccol to room
temperature.

For the synthesis of the ether, the reaction flask containing the
sodium isobutoxide/isobutanol mixture was centered in a large container, and
sufficient i{ce was added to cover two-thirds of the flask. The addition of
methyl iodide was then carried out while the mixture was near thermal
equilibrium by carefully drawing 2 ml of methyl iodide (¥wmethyl fodide 1is
very poisonous*) into a glass syringe and inject the reactant through the
septum of the reaction flask. Equilibration was then carried out for 30 min
as an induction period. The ice level was adjusted to compensate for
melting and anotner 5 ml of the methyl iodide reactant was added. After
waiting for an additional 15 min and maintaining the ice level, addition of
the remainder of the methyl iodide, for a total of 54.2 ml, was carried out
at a rate that did not cause the mixture to boil excessively. The resultant
liquid mixture was then filtered through severai hundred g of activated
alumina and stored without distillation.

This preparation method resulted in a high yield of MITT, and the final
solution, as stored and as used fer GC/MS analysis, consisted of =50/50
MIBE/isobutanol.

D. GC/MS Identification of MIBE and MTBE

MIBE and MTBE are isomers that can be difficult to separate by pgas
chromatography if the proper analytical conditions are not used. To verify
the GC analytical data, GC/MS analysis (with the Finnegan GC/MS using a SPB-
1 WCOT column (C.25 mm ID x 15 m in length with 0.25 u film thickness) at
35°C) of the reactor outlet stream was carried out for each initial
experiment afrer the CC/MS was calibrated using standard samples of MIRE
(prepared as described in the previous section) and MTBE {obtained
commercially), as well as methanol and {isobutanol. The fragmentation
vatterns for these two ethers are distinttly different, with MTBE having
intense m/e peaks at 73.0 (the CQHQO- fragment), 57.1, 40.9, and 29.0 and
MIBE having its principal intense m/e peak at 45.0 (the -CH,-0-CH,
fragment) .



E. Iemperatyre Dependence of Ether Svnthesis and Catalvat Stability

The objective 1s to determine the effect of temperature on the yields
and selectivities of products when methanol and isobutanol are pumped over
Nafion-H microsaddles (MS) at high pressure.

A second sample of the duPont Nafion-H MS catalyst
(1.0039 g) wu«s used as received from C.G. Processing, Inc., of Rockland,
DE and was mixed with 10 ml of 3 mm Pyrex beads as diluent. The reactor
containing the catalyst was connected to the testing unit and flushed with
nitrogen for several hours to remove any residual OXygen or water,

After adjusting the helium-nitrogen carrier gas mixture to the desired
flow rate, the reactor was pressurized and then the reactor was heated to a
designated temperature. Once therpal equilibriua was ichieved, one or two
blank injections were made to check for a smooth GC baseline. The 2:1 molar
nethanol/isobutanol solution was then pumped into the Hy/He gas feed at a
previously calculated rate using a Gilson Model 302 punp. The Nafion
catalyst was cested under the following conditions:

TABLE 3. Catalytic Test Conditions

Reactor Temperature 123, 137, 147, 157, 123°C
Reactor Pressure 1100 paig
Total GHSV 248 mol/kg cat/hr
Catalyst Weight 0.0010039 kg
Nitrogen flow 0.0206 mol/hr
Helium flow 0.21027 mol/hr
Methanol flow 0.01222 mol/hr

12.172 mol/kg cat/hr
lsobutansl flow 0.00611 mol/hr

6.086 mol/kg cat/hr

Besults. The catalyst was maintained at each temperature for atleast
48 hr so that a steady state could be verified. The effects of temperature
on product yields for the reaction conditions shown in Table 3 {(note that
the pressure is 1100 psig rather than the 200 psig pressure used previously)
are shown in Figure 9, where DME is dimethylether, C4 are butenes, tBuOH 1is
tertiary butanol, MTBE is methyl tertiarybutyl ether, and MIBE is methyl
isobutyl ether.

The long term deactivation of the Nafion-H MS was tested at 123°C with
the same pressure and reactant flows rates as shown in Table 3. The
catalyst had been subjected to manv different reaction conditions, e.g. even
MTBE decomposition studies, after being loaded into the stainless steel
reactor. These included periods of standing under N, at ambient temperature
and pressure. The times given reflect total time in the reactor, not total
reaction time at elevated temperatures and pressures. The results of the
deactivation study beginning and ending at 123°C at high pressure (1100
psig) wher the catalyst was 0-24, 360, and 2420 hr in the reactor are shown
in Figure 10. The tests in Figure 1 up to 157°C are represented 1in the
first 450 hr in Figure 10. Other rests were conducted and then the catalyst
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FIGURE 9. Effects of Temperature on the Yield of Products Over Nafion-H.

was retested under the initial conditions of the 123°C experiment. It is
important to note that the tent at 360 hr is probably not under true steady-
state conditions. Fluctuations occurred im the 360 hr test, and the
corresponding data points in Figure 9 were obtained by averaging the data at
360 hr. In any case, a comparison of the time at 0 hours and 2420 hours
shows deactivations of 508, 4%, and 258 for DME, MTBE, and MIBE,
respectively.

Avg. Yield {mol/kg cat/ht)

1.0
=== DME
osl] T uree
-0~ uing

0.0 =
o 380 2420C

Time (hr)

FIGURE 10. Deactivation of the Nafion-H MS Catalyst Under the Reaction
Conditiens In Table 3.
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Activation Energies.

The activatlion energies for the different

products were calculated by assuming that the yields are proportional to the

reaction rste constants. Tables 4 and 5 1ist the calculated
activation energies {cr the major products observed to be formed
Nafion-H MS catalyst under the rather severe reaction conditions
Table 3. It is evident that DME and MIBE have the lowest
activation energles.

apparent
over the
given {n
apparent

TABLE 4. Apparent Activation Energies for the Ethers and t-Butanol Using
the Arrhenfus Equation.
X - Axis Yy - Axis
DME t BUoOH MTBE MIBE DTBE DIBE
T (k) /T log ¥ield | log Yield | log Yield | log Yield | log Yield | log Yield
430 0.002126 0.273 ~ 1.00% - 0,883 0.468 - 1.059 - 0.307
420 0.002381 - 0.031 - 1.449 -~ 0.9%6 0.280 - 1.166 - 0.725
410 0.002439 - 0.29% - ~ 1.3%% 0.0796 - 1.521 - 0.872
196 0.00252% ~ 0.562 - - 1.926 -~ 0.167 ~ 1.882 - 1.128
———
Slope Log v& 1/T] = 4181 | - aols ~ 5467 - 3187 - 4320 - 1888
'HP'F‘: in Keal/mol 19,0 | 36.7 25.0 14.56 19.8 17.8
TABLE 5. Apparent Activation Energies for the C, and Cg Compounds Formed

During Ether Synthesis via Alcohol Coupling (Calculated by Using
the Arrhenius Equation).

X - Axis Y - Axis
isoButene | 1-Futene 2-Butene | isoOctenel |isoOctenes

T (k) /T log Yield | log Yield | log Yield | log Yield | log Yield

430 0.002326 ~ 0.034 - 0,834 - 1.095 *0.3158 - 0.7712

420 0.0023)81 - 0,385% - 1.680 - 1.897 - 1.849 - 1,81)

410 0.0024239 - 1,088 - - -

396 0.002525% - 2.3%6 - - -

Slope Log vs 1/T - 1186) - 18279 -14582 - 27690 - 18815
B ivarien " ¥cal/mol 54,4 69.9 6€6.7 126 Bé6. !

F. MIBE Decomposition Study

The temperature dependence study of ether synthesis via coupling of

methanol and {scbutancl over the Nafion-H MS catalyst was Interrupted by an

MTBE pumping experiment to determine
decomposed on the catalyst.
to be optimized in future studies

the major products formed when MTBE
This experiment will allow reactlon conditions
for the synthesis of MTBE. MTBE was

iR



injected into the inert gas stream pumped over the Nafion-H MS catalyst at
123°C under 1 atm of pressure at *hree different flow rates. The results
are giver in Table 6. It {s evident that MTBE very reacdily decomposed over
this catalyst, principally to methanol and isobutene, under these reaction
conditions. Calibration of the GC thermal response factors is being carried
out to increase the accuracy of this data, but the semi-quantitative ylelds
clearly show that MTBE is decomposed at 1 atm and 123°C, and thus lower
pressures and lower temperatures will be investigated in planned¢ alcohol
coupling experiments in order to probe the prevention of MTBE decomposition
if 1t 18 directly synthesized from the alcochols.

TABLE 6. Fermation of Products via MTeE Decomposition.

Yield at ilfferent GUSV, 123°C and | atm {10].327 kPa)
Catalyst: Nafion-H MS
Catalyst wejght: 0.0010039 kg

GHSY GHSV GHSV
Compound 230 496 1748
(mol\kg cat\hr} (mol\kg cati\hr) (mol\kg cat\hr)
MTBE &n 6.11 12.22 46.55
MTBE out Q.73 0.20 1.93
Water .98 0.39 0.130
DHE 0.86 .22 0.26
Rt 5.39 10 21 _Ma.l?
1sobutene 7.55 1.99 41.08
1-butene z 0 0 _
2-butene ¢ 0 44 B
n- butane 0,0} 0 0
MIBE 0 0 4]
Isooctenel 3.38 0.41 0.33
Isooctens? 1.18 0.14 0.12
lsooctenel 0.47 0.06 0.01
[sooctened 0.80 0.08 ¢
Iscoctene5 2.1} 0.75 0.11
c-12 3.07 0.42 1.07
c-12 G.€a 0 0.01
G. Thermodynamic Consideratious for Ether Synthesis from Alcohols: MIBE vs
HMIBE
As discussed here and elsewhere (1], MIBE can be obtained as a major

product over a Nafion-H resin at high pressures and moderate temperatures
(123°C) from a 2:1 molar mixture of methanol and isobutanol. This invention
peinted out that a "new" ac{d catalyzed chemistry is occurring at the acidic
sulfonic groups at the surface of the Nafion resin. Kinetic studles

39




obtained for the same catalyst system [23] showed that the chemistry is
mainly characterized by the following features: (a) a bimolecular process at
the catalyst surface 1s occurring, l.e. the ether is formed after
interaction of two separate surface-held intermediate complexes, (b) the
interaction between the sulfonic acid groups and the adsorbing alcohols is
competitive and a preference for 1isobutanol exists, and (c) the nature of
the adsorbed transition state complex is of primary importance in
determining which ether will be formed. If the complex were carbonium-like,
MTBE would be expected to be formed visa an initial dehydration of iscbutanel
to isobutene and subsequent reaction of the isobutene with methanol. If
instead the transition state complexes would be oxonium or ester complexes,
then MIBE would be formed from isobutanocl and methanol. The axact nature of
the transition state complexes in the formation of MIBE is yet to be proven.
More recent catalytic tests (discussed here) with the Nafion-H resin showed
that MTBE could also be found in small concentrations in the product stream.
Testing results obtained vwith the Amberlyst-15 resin under similar

conditions showed that MIBE and MTBE were both present as products but in a
more equal amount.

Both reaction mechanisms probably occur at the surface of the Nafion-H
and Amberlyst-15 resins. Since the experimental testing conditions were
equal for both catalysts. one can conclude that the nature of the local
environment around the sulfonic acid groups plays a role in determining
which process will be favored.

Since one of the major commercial uses of non-petroleum derived C
ethers, as being investigated in this research, would be as add{tives to
gasoline to maintain or improve the high octane rating of this gasoline, it
1s essential that their octane enhancement behavior be known. An extensive
scudy describing the effect of the addition of oxygenates on the research
octane number of a regular gasoline was published in 1986 by Spindelbalker
and Schmidt [24]. Different alkylbutylethers, including MIBE and MTBE, were
included in this study as represented in Table 7,

TABLE 7. Effect of Small Additions of Alkylbutylethers and
Butanols on the QOctane Numbers of a Gasoline Basestock
with 82.4 RON and 76.6 MON (from Reference 24).

Iype of Butylether % _gdded —ARON LMON
1-Methoxy-butane 5 -3.1 -2.1

10 -5.7 -4.4

2 -Methoxy-butane 5 -1.1 -0.1

10 -2.4 -0.5

2-Ethoxy-butane 5 -1.0 +0.1

10 -2.0 0.0

Z2-Ethoxy-2-methyl-propane 5 +0.5 +0.8
(= ETBE) 10 ' +2.1 +2.2
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1-Methoxy-2-methyipropane 5 -1.0 -2.1

(= MIBE) 10 -1.9 3.0
2-Methoxy-2-methylpropane 5 +1.3 +l.4
(= MTBE) 10 +3.4 +2.8
1-Butanol 5 +1.7 +1.1
10 +3.1 +2.2

2.Butanol 5 +l.4 +1.0
10 +2.9 +2.3

Isobutancl 5 +1.5 +1.2
10 +3.1 +2.1

Tert. Butanol 5 +1.0 +0.8
10 +1.9 +2.0

The results presented in this table show that while the butanols were
octane enhancers., the only type of branched alkylbutylether with a positive
effecr on the RON were the ones characterized by the presence of a t-butyl
group. While MTBE was a powerful octane enhancer, the addition of MIBE led
to a small decrease of the RON. Thies indicates that MTBE is a preferred
product over MIBE, and catalysts and reaction conditions should be sought
vhereby the yield of MIBE is maximized.

Two ways can be proposed to achieve this goal: (a) by the
isomerization reaction of MIBE to MTBE aiter the initial highly active
synthesis of MIBE and (b) by enhancement of the selective dehydration of
isobutanol to isobutene followed by selective isobutene coupling with
sethanol to form MTBE. The efficiency and occurrence of the second pathway,
the dehydration step procedure, already seems to be strongly controlled by
the type of catalyst vhen one compares the previously described behavior of
Nafion-H and Amberlysc-15. Therefore, an intensive study to characterize
the acid sites was undertaken as outlined in our technical reports.

It is also Lmportant to know whether the right experimental conditions
are being used to achieve or optimize the synthesis of MTBE via one or both
of the above menticned pathways. The {mportance of the right experiuental
conditinne was proven by recent studies in the fieléd of MTBE synthesis from
isobutene and methanol ove. catal,sts like Amberlyst-15 [25,2Z6], which
indicated thaz the decomposition of MTBE to iscbutene and methanol is an
jmportant factor at higher ctemperatures. Therefore, a detailed
thermodynamic study was initiated and this is discussed in this section of
the report.

The following specific problems concerning the choice of the right
experimental conditions for esther syntheic over acid resin catalysts were
formulated and studied.

(1) What is the overall thermndynamic effect of the rzactor temperzture and
pressure on the different reactions occurring during the Cg5 ether
synthesis from iscbutancl and methanol?



(2) Which reactions are exothermic and which are endothermic?

(3) 1s it possible to make predictions about the selective conversion of
isobutanocl and methanol into MTBE by applying basic thermeiynamic
principles for a specific set of experimental conditions?

Description of the Methodology. The following scheme, showm in Figure
11, can be dravm to describe the main reactions that can occur during the
reaction of isobutanol and methanol over acidic catalysts. In this simple
scheme, the two assumptions made were: (a) the only dehvdration product of
isobutanol considered {s f{sobutene, although one could expect that n-butenes
could also be formed in the dehvdration process [26]. and (b) secondary
reactions such as the formation of octenes, etc. are not considered in this
first reaction scheme.

(1]

Methanol + Isobutanol -» MIBE
lml
Isobutene [4]
(5]

(3] v

v -+ MTBE

DME

Figure 11. Svnthesis Reactions of MTBE, DME, and MIBE from Alcohels.

As indicated bv this scheme. the five different rcactions that can eccur
simultaneously are:

{1] Methanol + Ischutanol -~ MIBE + H,0

{2 1leobutanol = Isobutene + H,0
[3] Isobutene + Methanol -+ MTBE

(4] MIBE ~+ MTRE

{5] Methanol + Me:hanol + DME + H,0.

The rteaction labels (i] wil! be used further in the tables to refer to a
specific reaction. Two standard reference works 27,281 were used as
references for the thermodvnamic calculations.

Effect of Temperature. The enthalpies, frer energies, and enrropies at
room temperature and 1 atm for the different veacticrs were obtained using

the thermodvnamic values of the different compounds as given by the TRC
Thermodvnamirc Tables for Non-Hydrocarbon and Hydrocarbon Compounds [29].



The enthalpies of the reactions (pj8H. 4, rqs - Ti8 actants’ ©f
Figure 11 are given in Table 8  All the ren?tions are exothermic except
the dehydration of isubutancl to isobutene and H,0 (Reaction [2)).

TABLE 8. Enthalpy of Reaction in kcal/mol

Reaction Enthalpy of Reaction (kcal/mol)
(1] -5.53
(2] +5.78
-15.61
-4.3
-5.68

Figure 12 represents a more general overview of the enthalpy changes
that can occur during the synthesis of MTBE or MIBE from wmethanol and
fisobutancl. As shown, MTBE + H,0 are the thermodynamic favored products for
the reaction scheme outlined in Figure 11. Cons.dering the enthalpy
changes, an increase in temperature will have a disadvantagous effect on the
tvo reaction pathways to MTBE, i.e. the MIBE synthesis and its eventual
subsequent isomerization and the MTBE synthesis from isobutene and sethanol .
More detalled calculations via the relationship of Van't Heff should stiil
be perfarmed.

Through the thermodynamic velation of AG; = aH; - TAS,, it is possible
to determine which effect the temperature has on the free enerzy of a
particular reaction and consequently on its thermodynamic equilibrium
constant K. Assuming that the enthalpy and entropy do not change
significantly with a change in temperiture, the values given in Table 9 for
the free energies changes (AGy) can be obtained.

TABLE 9. Free Energies Changes for the Ether Synthesis Reactions.

Reaction aH ., AS AGI (kcal/mol)

(kcal}mol) (cal/éol-K) Temperature (K)
298.15 400 500
(1) -5.53 -12.9 -1.67 0.37 0.92
[2) 5.78 24.1 -1.41 -3.86 -6.,27
3 -15.8l -42.1 -3.05 1.23 5.44
-4.3 -5.1 -2.77 -2.26 -1.75
-5.68 -6.0 -3.90 -3.28 -2 98

Figure 13 gives a schematic overview of the changes in free energy
during the synthesis of MIBE and MTBE at the two temperatures of 298.15 and
400K, At room temperature, all the considered reactions are exo-energetic.
However, an increase in the temperature has a variable effect, e.g. the
synthesis of MIBE from methanol and isobutanol (Reaction [l}) becomers less
exo-energetic at 400K, and Table VII! shows that at 500K, this reacticn nas
become endo-energetic. The same trend exists for the MTBE synthesis from
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{sobutene and methanol (Reaction [3]), where the rcaction has already becoms
endo-energetic at 400K. On the other hand, the three remaining reactions
(isobutanol dehydration, MIBE isomerization, and DME synthesis) are slways
exo-energetic In the studied temperature-range.

The calculation of the standard frees energies for the differenc
reactions at different reaction conditions can also be transformed into
specific equilibrium constants. Table 10 gives an overview of these
equilibrium constants as a function of temperature.

TABLE 10. Equilibrium Constants for the Ether Synthesis Reactions

Reaction Teaperature (K)
298.15 400 500
(1] MIBE synthesis 16.57 1.59 0.396
[2] Ilsobutanol dehydration 10.80 128.52 550.26
[3] MTRE synthesis 172.06 0.210 0.004
[4] MIBE isomeriration 107.25 17.17 5.82

The calculated thermodynaamic data make it possible to make the
following conclusions: (1) an increase in the temperature will disfavor the
carbonium-ion pathway hecause of the appearance of a endo-energetic sub-
reaction, and (2) under all temperature conditions (and in the case of a
thermodynamic control of the occurring reactions) no limitations can be
found that would prevent the isomerization of MIBE to MTBE. The reality
that this isomerization cannot be observed over the Nafion.catalyst
indicates that kinetic factors play an important role in this reaction.

Inftial
studies were carried out to obtain information about the effect of the total
pressure on the reaction equilibria, and only the fr''-~wing two reactions of
the previously shown reaction scheme (Figure 11) - be influenced when
studied independently.

{2] 1Isobutanol + Isobutene + H,0
[3] 1sobutene + Methanol - MTBE

The extent of these reactions as a function of pressure, obtained by using
the earlier calculated equilibrium constants and activity coefficients (see
Table 10), was found to decrease with increasing pressure in both cases. It
was also found that decreasing temperntures also decreased the extent of
reaction at a given pressure. However, the temperature effect on Reaction
{2] was not significant at temperatures in the 400-500K range (extent of
reaction was >97% at pressures up to 80 atm for this temperature range).

Figures 12 and 13 vere calculated for single reaction sytems and show
the pronounced effect of pressure and temperature on these two reactions.
However, more studies would he certainly required in which all the main



reactions are considered at the same time since they would influence each
other. For example, the presence of methanol in the feed would influence
the degree of decomposition of MTBE at reaction equilibrium. In addition,
the calculations can be improved by considering the effect of non-ideal gas
behavior and introducing fugacity coef icients into the calculations,

H. Determination of the Acid Strepngth of Acid Pclvmers

The pugber of acidic sites on a solid catalyst is expressed as the
number of milliequilivalents of acid sites per uni: weight of catalyst
(meq/g), and the two methods being employed in this research are:

(1) ion exchange/acid-base titration, and
{ii1) thermometric amine titration to the equivalence poinr.

The amine that is typically used [30,31] is n-butylamine, and we have also
utilized this base.

The gtrength of acldic sites can be obtained by

(1) the determination of the Hammett acidity function H, and
(ii) enthalpimetric titration.

We have employed the latter methed with a Sanda Facts 2000
thermotitraror, which give temperature vs volume of titrant (for continuous
addition) or time of equilibration for each volume of titrant added (for
batch addition experiment). The temperature {s mocnitored with a thermistor
immersed in the titrand solution, e.g. 25 mol of organic solvent in which 1.
2 g of the acid that is to be analyzad, that is contained in an adiabatic
titration vessel. A detailed description of the theory and applications of
this method is given in References 32 and 33. The thermal titration data
can be used to obtain thermeiynamic information about the strength of the
acid groups heing analyzed,

-15. Thermometric titrations of
vacuum-dried (110°C, 5 hr) Amberlyst-15 samples (0.5-1.0 g) were carried out
in a variety ot solvents including cyclohevane and in acetonitrile, which
were predi-stilled to remove traces of H.O and acetic anhydride. Pyridine
was used as che titrating base, which was added batch-like (in 0.5 to 1 ml
amounts), and the heat releases were monitored as a temperature change of
the solvent slurry. Each of the teaperasture increases could exactly be
determined using the software package connected with the Sanda Facts 2000
Thermotitrater, and subsequently the AT values were converted into enthalpy
values for the specific acid-base reaction.

The results of the citrations of Amberlyst-15 in different sclvents
with pyridine arec represented in Figure 14. The results in Figure 14 give
the following .niormation: (1) the acid base titration could be perforned
with an endpoint reached and (2) the acid strergth of the sulfonic acid
groups ir. the Amberlyst-15 resin showed a heterogeneous distribution.

hal etri Titrations of Nafion H-MS Resin. In a typical
.xperiment, about 2 g of the vacuum-dried (150°C, 24 hr) Nafion sample was
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Figure 14. Enthalpimecric Titrations of Amberlyst-15 with Pyridine in
Different Organic Solvents.

placed into 20 ml of predistilled acetonitrije or acetic anhydride and
allowed to sweli. The titrant was added batch-like (in 0.5 to 1 ml amounts)
and the healt releases were monitored as a temperature change of the
acetonitrlle seluiion. The results were treated in the same way as for the
Amberlyst-15 titrations for converting the AT values into "enthalpy" values
for the specific aclid-tase recnciion. No correction was yet made to include
the endothermic dissociation of the acetonltrile-sulfonic acld complex. The
results for the Rafinn H-MS titrations are represented in Flgure 15.

The titration results, partially shown in Figure 15, gave the following
informacrion: (1) the acid-base titration could be performed in acetonitrile
until equilibrium is reached but could ot be completed in acetic anhydride
vhere anly about 75% of the acid sites could be titrated, (2) the calculated
acid scrength of Naflon-H as measured by the enthalpy/mol of the acid-base
reaction is larger in acetic anhydride than in acetonitrile (wherher this
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Figure 15 Titration of Nofion-H-M5 with 1 N pyridine in various solvents.
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difference should only be contributed to the endothermic dissociation of the
acetonitrile-sulfonic acid group complex is yer unclear), and {3) the acid
strength of the sulionic groups in the Nafion-MS catalyst seemed to have a
very homogenecus distribution when titrated in acetonitrile in contradiction
with tha vesults obtained for the Amberlyst-15 resin. In acetic anhydride,
some uifference can be seen in the acid strength as represented by the
enthalpy values but this is not soc pronounced as for the Amberlyst-15 resin,
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